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Abstract

In this thesis, the gas sensing properties of single-walled carbon nanotube

(SWCNT) networks and SWCNT-Zeolite composite materials were investigated

in a variety of environmental conditions. The aim of the project was to establish

the effect that adsorbed water vapour had on the electrical properties of SWCNT

networks, along with any subsequent impact on the NO2 sensing responses of

SWCNT-based chemiresistors. Motivated by these investigations, the sensitivity of

the SWCNT networks to water vapour was exploited to develop the water-assisted

regeneration (WAR) method, enabling the improved recovery of the baseline sens-

ing signal. Zeolites, known as molecular sieves due to their selective adsorption

properties, were utilised in SWCNT-Zeolite composite sensing layers to reduce the

cross-sensitivity of functionalised SWCNTs to water vapour.

Functionalisation of the SWCNTs with a range of anionic, cationic and non-

ionic surfactants to aid solution processing was found to enhance the conductance-

humidity effect, in some cases by a factor of 10. An interesting bi-directional

switch in conductance change was observed when anionic (conductance decrease)

vs cationic (conductance increase) were used.

Under experimental conditions, fluctuations in atmospheric humidity lev-

els were shown to alter the gas sensing characteristics of the SWCNT networks.

Formed from interconnected metallic and semiconducting SWCNTs, the chemire-

sistive sensors demonstrated increased response magnitudes, adsorption rates and

recovery rates at higher levels (A 50% RH) of relative humidity.

Raman spectroscopy, UV-Vis-NIR spectroscopy, electron microscopy and

electrical characterisation techniques were used in conjunction with gas sensing
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experiments to study changes in the properties of the sensing elements, helping to

elucidate potential mechanisms. Extraction of key sensing parameters was facili-

tated by the application of a model for completely irreversible adsorption of NO2,

whilst a model based on partially reversible desorption was found to best describe

the sensing data.
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4.2 Schematic representation of (a) the surfactant functionalised HiPco

SWCNTs deposited on an alumina substrate between interdigitated

gold electrodes. The conductance (G) across the formed percolat-

ing network is measured in both dry and humid conditions. An SEM

image of a typical SWCNT network is inset top-left. A represen-

tation of the induced electrostatic potential upon exposure to water

vapour is shown in (b) for cationic and (c) anionic surfactant con-

taining networks, with the respective increase (+∆G) and decrease

(-∆G) in conductance indicated when the relative humidity (RH)

increases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

4.3 SEM micrographs at (a) �1,000 (b) �20,000 (c) �30,000 (d)

�50,000 magnification showing gold coated SWCNT bundles from

a sample of raw HiPco powder. . . . . . . . . . . . . . . . . . . . . . . 129

4.4 UV-Vis absorption spectra obtained using an Elmer Lambda 950

spectrophotometer for aqueous solutions of HiPco SWCNTs non-

covalently functionalised with (a) DOC, (b) SC, (C) CTAB and (d)

CTAT. The inset top-right plot shows the shift in the 705-775 nm

range peaks for the respective samples relative to (e) dry HiPco

DOC on a quartz slide. (a)-(d) are offset by 0.05 absorbance for

clarity and were 100 X dilutions of the initial concentrated solutions. 130

4.5 UV-Vis-NIR absorbance data for (a) HiPco DOC, (b) HiPco CTAB,

(c) HiPco Triton X-100, (d) HiPco SC, (e) HiPco CTAT and (f)

HiPco control (surfactant free) solutions. The legend indicates the

volume of 1 X concentrated HiPco SWCNT solution added to 3.5

ml of deionised water to achieve the dilutions required to measure

absorbance over a range of concentrations. A linear fit was applied

to the Absorbance vs HiPco SWCNT volume data in accordance

with the Beer-Lambert law to calculate the concentration of the con-

centrated 1 X HiPco SWCNT solutions. . . . . . . . . . . . . . . . . . 131
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4.6 Raman spectroscopy data for the dry (i) and wet (Y) HiPco control

(surfactant free) samples. (a) The ratio of the G�-bands at 1594

cm�1 to D-band at 1295 cm�1 indicates good sample purity. (b) The

radial breathing modes (RBMs) in the range 100 cm�1 to 500 cm�1

suggest that nanotubes of different chirality and thus electronic type

are also present in the deposited layer.(c) G�-band feature (2600

cm�1). Laser wavelength λ = 785 nm at 1 mW power. . . . . . . . . 132

4.7 Raman spectroscopy data for the dry (i) and wet (Y) HiPco DOC

samples. (a) The ratio of the G�-bands at 1594 cm�1 to D-band at

1295 cm�1 indicates good sample purity. (b) The radial breathing

modes (RBMs) in the range 100 cm�1 to 500 cm�1 suggest that nan-

otubes of different chirality and thus electronic type are also present

in the deposited layer.(c) G�-band feature (2600 cm�1). Laser wave-

length λ = 785 nm at 1 mW power. . . . . . . . . . . . . . . . . . . . 133

4.8 Raman spectroscopy data for the dry (i) and wet (Y) HiPco CTAB

samples. (a) The ratio of the G�-bands at 1594 cm�1 to D-band at

1295 cm�1 indicates good sample purity. (b) The radial breathing

modes (RBMs) in the range 100 cm�1 to 500 cm�1 suggest that nan-

otubes of different chirality and thus electronic type are also present

in the deposited layer.(c) G�-band feature (2600 cm�1). Laser wave-

length λ = 785 nm at 1 mW power. . . . . . . . . . . . . . . . . . . . 134
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4.9 The normalised Raman spectra of dry and wet SWCNT networks

containing (a) anionic DOC, (b) cationic CTAB and (c) no surfac-

tant. The differences in line-shape of the G� (at 1593 cm�1) and G�

(at 1565 cm�1) band before and after wetting are highlighted in (a)-

(c) by grey shading. The error bars represent the standard deviation

between measurements of 3 different spots on the SWCNT film af-

ter normalisation of intensity. The percentage decrease in full width

at half maximum (FWHM) of the G� band before and after wetting

is shown in (d), where the error bars represent the error on the mea-

surement of the peak FWHM. Raman spectroscopy was performed

using a Renshaw inVia Raman microscope with laser wavelength λ

= 785 nm and 1 mW power. . . . . . . . . . . . . . . . . . . . . . . . . 135

4.10 Real time changes in HiPco SWCNT control network conductances

(where G0 is the baseline conductance at RH = 0% and G is the

conductance at higher RH levels) as the relative humidity of the

testing chamber is modulated between 0% RH and higher humidity

(in the 20% to 70% RH range, as indicated by the top x-axis and

blue shaded regions) for (a) thick (thickness = 19 � 5 µm, dense)

and (b) thin (thickness @ 1 µm, lower-density) networks of HiPco

control SWCNTs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
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4.11 Real time changes in SWCNT network conductances (where G0 is

the baseline conductance at RH = 0% and G is the conductance at

higher RH levels) as the relative humidity of the testing chamber

is modulated between 0% RH and higher humidity (in the 20% to

70% RH range, as indicated by the top x-axis and blue shaded re-

gions) for thick (thickness = 19 � 5 µm, dense) networks of (i)

HiPco DOC, (Y) HiPco SC, (M) HiPco CTAB, (O) HiPco CTAT, (+)

HiPco Triton X-100 and (�) HiPco control samples. Results for

thin (thickness @ 1 µm, lower-density) networks are plotted without

a symbol at the same y-axis offset as their respective sample type.

Plots are offset for clarity. . . . . . . . . . . . . . . . . . . . . . . . . 138

4.12 The potential difference induced by the application and removal

of a soldering iron to the positive measurement probe (hot-probe)

in contact with the HiPco SWCNT control (surfactant free) net-

work. The progressively larger negative change in potential differ-

ence across the SWCNT network between the positive and negative

measurement probes upon heating of the positive probe (hot-probe,

to 160XC, 200XC and 240XC) suggests that the semiconducting nan-

otubes in the network are p-type. . . . . . . . . . . . . . . . . . . . . . 141



List of Figures 23

4.13 The potential difference across the SWCNT networks induced by

the application of the hot-probe method whilst additionally deliv-

ering H2O to the (a) HiPco DOC SWCNT network and (b) HiPco

CTAB SWCNT network. At (i) the potential difference across the

films is recorded using a Keithley 2100/230-240 digital multimeter

in a flow of dry air. At (ii) the soldering iron is applied to the posi-

tive probe (hot-probe) in contact with the SWCNT network, induc-

ing p-type negative increase in voltage. At (iii) wet air is delivered

to a partitioned portion of the film so that the wet air cannot contact

the hot-probe, inducing another change in potential difference, the

direction of which is dependent on the type of surfactant present in

the network. At (iv) the wet air is turned off and dry air flow re-

sumes. The process is repeated with wet air on at (v) and (vii) and

wet air off at (vi) and (viii). At (ix) the hot-probe is turned off and

the potential difference across the film returns to initial levels in dry

air at (x). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.14 Current-voltage characteristics across the SWCNT network (source

to drain, -1 V to 1 V single sweep) when dry (black i) and af-

ter wetting (red M) with 1 µL of H2O for the (a) control film (b)

the SWCNT network containing DOC surfactant (c) the SWCNT

network containing DOC surfactant at different scale to show non-

linearity after wetting and (d) the SWCNT network containing

CTAB surfactant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
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4.15 Current-voltage characteristics across the SWCNT network (source

to drain) when dry (black i) and after wetting (red Y) with 1 µL of

H2O for the (a) thin control film (dry) (b) thin control film (wet)

(c) the thin SWCNT network containing DOC surfactant (dry) (d)

the thin SWCNT network containing DOC surfactant (wet) (e) the

thin SWCNT network containing CTAB surfactant (dry) (f) the thin

SWCNT network containing CTAB surfactant (wet). A bias across

the source-drain electrodes was applied as a duel sweep from -5 V

to + 5V as indicated by the arrows, inducing a hysteresis in the I-V

curve for the wetted films. . . . . . . . . . . . . . . . . . . . . . . . . . 144

4.16 Magnitude and direction of conductance change for SWCNT net-

work humidity sensors. (a) (i) HiPco CTAB thick (dense) network,

(Y) HiPco CTAB thin (lower-density) network and (M) thick HiPco

control sample containing no surfactant. (b) (i) HiPco DOC thick

(dense) network, (Y) HiPco DOC thin (lower-density) network and

(M) thin surfactant free HiPco control sample. The error bars repre-

sent the standard deviation of responses from two identical humidity

sensors of the same type. . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.1 SEM micrographs at (a) �3,300 (b) �40,000 (c) �100,000 mag-

nification showing gold coated bundles of HiPco SWCNTs non-

covalently functionalised with DOC and deposited as a film from

aqueous solution. Cracks are present in the film surface across

which SWCNT bundles are suspended as shown in (a). Networks

of interconnected SWCNT bundles are formed as shown in (b) and

(c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.2 (a) A side on SEM micrograph at �3,000 magnification showing a

HiPco DOC layer of � 10 µm thickness deposited on an alumina

substrate, as indicated by the black arrows. (b) SEM micrograph at

�2,000 magnification showing roughness of alumina (Al2O3) sen-

sor substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
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5.3 TEM micrographs showing (a) interconnected bundles of HiPco

SWCNTs, with blue markings highlighting the100 sampled bun-

dles used to calculate an average bundle diameter of 9 � 6 nm. Indi-

vidual SWCNTs within the bundles are visible in (b) and (c), with

examples of the bundle sampling areas highlighted in light blue,

used to generate the line intensity profile for estimation of individ-

ual SWCNT diameter shown in (d). . . . . . . . . . . . . . . . . . . . 155

5.4 TEM micrographs showing (a) the presence of multiple residual

iron impurities in the HiPco sample, with the dots marked in blue

used to calculate the diameter of these particles (3 �1 nm). (b) and

(c) show the decoration of the SWCNT walls and bundles with iron

impurities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.5 Raman spectroscopy data for HiPco DOC SWCNTs collected using

a Renishaw inVia Raman microscope. The samples were deposited

from aqueous solution to glass slides and heat treated at 100 XC, 150

XC, 200 XC or 250 XC in air using a thermostat controlled furnace

prior to data collection. Laser wavelength λ = 514.5 nm. . . . . . . 157

5.6 (a) TGA profile of the HiPco SWCNTs in dried powder form at a

ramp rate of 5 XC min�1 to 750 XC. (b) TGA profile of the surfactant

wrapped HiPco SWCNTs in aqueous DOC solution at a ramp rate

of 15 XC min�1 to 750 XC . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.7 (a) An example of a conductive response from a HiPco DOC sensor

when exposed to 6 � 10 ppm pulses of NO2 gas for 600 s, each

followed by a recovery period of 1200 s. The slope of the response

is reduced after subsequent NO2 pulses, as well as the magnitude of

the conductance change DeltaG as shown in (b). . . . . . . . . . . . . 159
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5.8 A schematic based on real-time data highlighting the conductive re-

sponse and recovery periods for a HiPco DOC sensor after exposure

to 3 � 10 ppm NO2 pulses. The real-time conductive responses to

the 3 � NO2 pulses (black line) form segments of a modelled re-

sponse curve based on a continuous pulse of NO2 (blue line). Each

new NO2 pulse generates an “up-shifted” change in conduction that

is effectively a continuation of the previous sensing response, due

to irreversible adsorption of NO2. Therefore, seemingly different

response slopes and magnitudes are observed for the same analyte

concentration, problematic for the accurate quantification of NO2

levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.9 A real-time response plot for a HiPco DOC sensor demonstrating

the recovery of baseline conductance G0 after exposure to NO2 us-

ing the WAR technique in the 2 ppm to 6 ppm concentration range.

After each 600 s NO2 pulse, the relative humidity of the chamber is

increased from 0% to 50% RH by mixing dry air with wet for 600

s. Based on the response curve, the NO2 rapidly desorbs from the

SWCNT sensor surface and the baseline conductance of the device

is re-established when the humidity is reset to 0% RH. . . . . . . . . 161

5.10 Application of the water-assisted regeneration technique (WAR) to

HiPco DOC sensor 1 to recover responses after exposure to increas-

ing concentrations of NO2 in the 20 ppm to 120 ppm range. The

grey dotted line indicates a pause in testing to change to a NO2 gas

cylinder of higher concentration. . . . . . . . . . . . . . . . . . . . . . 162

5.11 Application of the water-assisted regeneration technique (WAR) to

HiPco DOC sensor 2 to recover responses after exposure to increas-

ing concentrations of NO2 in the 20 ppm to 120 ppm range. The

grey dotted line indicates a pause in testing to change to a NO2 gas

cylinder of higher concentration . . . . . . . . . . . . . . . . . . . . . 163
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5.12 The conductive response of a HiPco DOC sensor to 3 � 10 ppm

NO2 pulses for 600 s (timings indicated by the black dotted lines)

each separated by 1200 s of dry air in the recovery period. After the

3 pulses, WAR was used to regenerate the sensor as marked in the

blue shaded region, with the baseline conductance recovered with

the switch back to 0% RH. This mode of operation could be used to

periodically refresh the SWCNT-based sensors. . . . . . . . . . . . . 163

5.13 (a) A plot of the real-time responses of a HiPco DOC sensor to NO2

gas in the 1 ppm to 120 ppm concentration range using the WAR

technique to recover baseline conductance. (b) the same responses

plotted against NO2 dose (Ca � t), showing the data collapses to a

single curve as expected for irreversible adsorption of NO2 [14]. . . 167

5.14 (a) A plot of the real-time responses of a HiPco DOC sensor to

NO2 gas in the 1 ppm to 6 ppm concentration range without using

the WAR technique to recover baseline conductance. Due to a lack

of baseline recovery, responses to higher concentrations are smaller

in magnitude. (b) the same responses plotted against NO2 dose (Ca

� t), showing the data does not collapse to a single curve or fit the

irreversible NO2 adsorption model, as was observed using the WAR

technique for testing. This is because the model assumes an initially

clean SWCNT array for each NO2 pulse, which is not the case for

the testing performed without WAR. . . . . . . . . . . . . . . . . . . . 168

5.15 The baseline conductance G0 of a HiPco DOC sensor vs the con-

ductance change ∆G observed to multiple 10 ppm NO2 pulses plot-

ted (a) on log-log scale with a slope of 0.95. The intercept c of

the straight line through the data can be used to estimate the ad-

sorption constant k using the analysis described in section 5.3.5 and

described in previous work [129]. (b) a plot of G0 vs ∆G on a linear

scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
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5.16 (a) A plot of G0 vs ∆G on a log-log scale for 3 HiPco DOC sen-

sors at different NO2 concentrations, to provide the intercept value

c for estimation of the adsorption constant k and maximum con-

ductive response Smax using equation 5.17, based on the procedure

described by Strano et al. (b)-(d) The real time responses of 3 HiPco

DOC sensors plotted with the modelled response curves generated

from equation 5.9 using the calculated Smax and k values, based on

the irreversible adsorption model. . . . . . . . . . . . . . . . . . . . . 172

5.17 (a) Real-time conductive response plots to 60 ppm NO2 for 3 HiPco

DOC sensors with a line fit generated from the irreversible adsorp-

tion model (equation 5.9) to replicate the shape of the curve using

the Origin Pro 2017 fitting tool, as outlined in appendix C. (b) An

example of the improved curve fit to the same data, achieved by ap-

plying the partially reversible adsorption model [15] in the form of

equation C.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

5.18 Non-linear calibration curves for 3 HiPco DOC sensors, demon-

strating the expected conductive responses upon exposure to NO2

in the 1 ppm to 120 ppm concentration range using the WAR pro-

cedure. The error bars represent the standard deviation in responses

between three repeated experiments. The y-offset of responses in

the 80 ppm to 120 ppm range are attributed to a change of NO2 gas

cylinder between testing cycles for the higher concentrations. . . . . 180
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5.19 Calibration curves for 3 HiPco DOC sensors, plotted on a log-log

scale to generate a linear equation for the prediction of the expected

conductive responses per NO2 concentration in the 1 ppm to 120

ppm range using the WAR procedure. The variations in gradient

and intercept values suggest that device to device variation in sen-

sor responses must be reduced before general predictions based on

a linear fit can be made accurately across multiple SWCNT-based

sensors. The error bars represent the standard deviation in responses

between three repeated experiments. . . . . . . . . . . . . . . . . . . 181

6.1 Raman spectroscopy was performed using a Renishaw inVia Raman

microscope with a laser of wavelength λ = 785 nm at 1 mW power.

(a) Raman spectra of the HiPco SWCNT networks containing an-

ionic surfactant (i) DOC (G/D = 18.8) and (ii) SC (G/D = 13.4),

cationic surfactant (iii) CTAB (G/D = 19.77) and (iv) CTAT (G/D

= 7.02), non-ionic surfactant (v) Triton X-100 (G/D = 8,84), and

no surfactant (vi) control (G/D = 6.875) showing the G-band (1594

cm�1), D-band (1295 cm�1) and G�-band (2600 cm�1). (b) The ra-

dial breathing modes (RBMs) in the range 100 cm�1 to 300 cm�1

corresponding to nanotubes of different chirality for each aforemen-

tioned sample. Plots are y-offset for clarity. . . . . . . . . . . . . . . 189

6.2 (a) UV-Vis-NIR absorption spectra obtained using an Elmer

Lambda 950 spectrophotometer for HiPco SWCNTs non-

covalently functionalised with DOC, deposited from an aqueous

solution on to a quartz slide using and Eppendorf pipette and dried.

400 µL of solution (diluted by 250 X from the initial concentrated

solutions) was deposited successively after each drying and mea-

surement cycle, so that the total amount of solution deposited on

the quartz slide ranged from 600 to 2200 µL from the first to last

step. (b) Linear increase in absorbance per 400 µL deposition. . . . 190
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6.3 A Keithley 4200 semiconductor characterisation system was used

to measure the DC (i) resistance and (Y) conductance across the

source and drain electrodes for (a) HiPco DOC and (b) HiPco CTAB

devices for a given amount of carbon deposited between the gold

electrodes on the device, with a 0.2 V bias applied. The error bars

represent the standard deviation in the measurement between two

identical devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

6.4 A Keithley 4200 semiconductor characterisation system was used

to measure the DC (i) resistance and (Y) conductance across the

source and drain electrodes for (a) HiPco DOC and (b) HiPco CTAB

devices as a function of the number of layers (1 µL depositions) of

SWCNT solution made across the gold electrodes, with a 0.2 V bias

applied. The �1000 diluted solutions (from aqueous stock solution)

of DOC and CTAB functionalised SWCNTs were of concentration

0.00159 � 0.0002 mg mL�1 and 0.00161 � 0.0002 mg mL�1 re-

spectively. The error bars represent the standard deviation in the

measurement between two identical devices. . . . . . . . . . . . . . . 192

6.5 The DC (i) resistance and (Y) conductance across the source and

drain electrodes of (a) a thick HiPco DOC device formed from a

solution of 1.59 � 0.2 mg mL�1 concentration and (b) a thin HiPco

DOC device formed from a solution of 0.0108 � 0.001 mg mL�1

concentration as a function of temperature (K). Data was collected

by Zak Kobos of the Reed group, Yale, using a semiconductor anal-

yser system and a cryostat setup utilising liquid nitrogen and an

inbuilt heater to control the temperature of the device in the 96 K to

300 K temperature range. . . . . . . . . . . . . . . . . . . . . . . . . . 193
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6.6 The (i) conductive responses of thin film (a) HiPco DOC, (b) HiPco

CTAB and (c) HiPco control devices to NO2 gas in the 0.1 ppm to

0.6 ppm concentrations at 0%, 25%, 50%, and 75% atmospheric

relative humidity. (ii) The corresponding drift after each injection

of NO2 as a % of the conductance before each pulse. . . . . . . . . . 195

6.7 The real-time conductive responses of the thin film HiPco control

sensors to concentrations of NO2 in the 0.1 ppm to 0.6 ppm range

(indicated by the right axis) at different levels of background rela-

tive humidity. The NO2 pulses were 600 s in duration followed by

a recovery period of 1200 s in air, with constant chamber humidity

maintained at 0%, 25%, 50% or 75%. . . . . . . . . . . . . . . . . . 196

6.8 The real-time conductive responses of the thin film HiPco DOC sen-

sors to concentrations of NO2 in the 0.1 ppm to 0.6 ppm range (in-

dicated by the right axis) at different levels of background relative

humidity. The NO2 pulses were 600 s in duration followed by a

recovery period of 1200 s in air, with constant chamber humidity

maintained at 0%, 25%, 50% or 75%. . . . . . . . . . . . . . . . . . 196

6.9 The real-time conductive responses of the thin film HiPco CTAB

sensors to concentrations of NO2 in the 0.1 ppm to 0.6 ppm range

(indicated by the right axis) at different levels of background rela-

tive humidity. The NO2 pulses were 600 s in duration followed by

a recovery period of 1200 s in air, with constant chamber humidity

maintained at 0%, 25%, 50% or 75%. . . . . . . . . . . . . . . . . . 197

6.10 The approximately linear conductive responses in the initial stages

of exposure (first 60 s) to 100 ppb of NO2 gas at (i) 0% and (Y)

75% relative humidity for (a) HiPco control networks, (b) HiPco
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6.11 The change in conductive response ∆S s�1 for the initial 60 s of

exposure to NO2 in the 100 ppb to 600 ppb range at either 0%, 25%,

50% or 75% background relative humidity. The rates are displayed

for 6 HiPco thin film sensors with functionalisation as indicated.

The error bars represent the standard deviation in the measured rates

over two experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

6.12 The average time required for the SWCNT sensor conductances to

reach 50% of the maximum possible change in conductance (t1~2)

upon exposure to 300 ppb of NO2 for 600 s at 25%, 50% and 75%

background relative humidity for the (a) reversible and (b) irre-

versible components of the response, extracted using the partially

reversible adsorption model [15]. The error bars represent the stan-

dard deviation between times calculated for two identical devices. . 202

6.13 A visualisation of the proposed (dash) reversible and (dot) irre-

versible components of the experimental NO2 conductive response

curve, based on real data for the HiPco control sensor exposed to

300 ppb of NO2 at (a) 25% background relative humidity and (b)

75% background relative humidity. The components are based on

the application of the partially reversible adsorption model devel-

oped in ref [15] and detailed in Chapter 5 section 5.3.5. . . . . . . . . 203

6.14 The average time required for the SWCNT sensors to recover 50%

of their initial baseline conductance in the recovery period for the

(a) fast and (b) slow components of the curve (τ1 and τ2 half-life)

after exposure to 300 ppb NO2 for 600 s with 25%, 50% or 75%

background relative humidity. The data from the recovery period

was fitted using a two-phase exponentially decreasing curve as by

Rigoni et al. [290]. The error bars represent the standard deviation

between times calculated for two identical devices. . . . . . . . . . . 204



List of Figures 33

6.15 The real-time conductive responses for the thin film (solid line) and

thick film (dashed line) HiPco sensors to concentrations of NO2 in

the 0.1 ppm to 0.5 ppm range (indicated by the right axis) at (a)

0% RH and (b) 50% RH. different levels of background relative

humidity. The NO2 pulses were 600 s in duration followed by a

recovery period of 1200 s in air, with constant chamber humidity

maintained at (a) 0%, or (b) 50%. . . . . . . . . . . . . . . . . . . . . 205

7.1 Schematic of a 3 x 3 mm Alumina substrate with interdigitated

gold electrodes. Arrangement (a) consists of a HiPco SWCNT base

layer with a top layer of porous zeolite. Arrangement (b) represents

HiPco SWCNTs deposited over a zeolite to form a mixed layer and

(c) a side on SEM micrograph at X10,000 magnification showing a

H-Zeolite-Y layer of � 7 µm thickness. . . . . . . . . . . . . . . . . . 216

7.2 SEM micrographs of SWCNT-Zeolite mixed sensing layers show-

ing bundles of HiPco SWCNTs distributed across the surface at (a)

X10,000 (b) X20,000 and (c) X20,000 magnification using a 5 kV
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7.3 TEM micrographs (200 kV) indicating the range of particle sizes

present in the (a) Silicalite-1 and (b) H-Zeolite-Y ethanol dispersed
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7.4 Raman spectra showing the normalized intensity of the D band

(1338 cm�1) and G band (1593 cm�1) for HiPco SWCNT DOC

bundles before and after heating sample to 100XC, with radial
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Chapter 1

Introduction.

1.1 Motivation and objectives
Society has become accustomed to easily accessible data in the public domain,

with the demand for continuous monitoring of chemicals across a broad range of

environments increasing. For instance, air quality monitoring networks have been

installed in our cities [1], where long-term exposure to nitrogen dioxide (NO2)

has contributed to respiratory disease rates in urban populations. Other examples

include the development of personal glucose sensors for diabetes patients [2], the

monitoring of ammonia gas (NH3) in agricultural industries, or devices that track

the degradation of perishable goods [3]. To meet the operational requirements of

such exciting applications, sensors that are more portable, more energy efficient,

and more selective towards the chemical species of interest must be designed. The

development of new functional materials that can interact appropriately with the

chosen chemical environment, is of critical importance to realising such devices.

In the year 2000, Kong et al. [4] reported the use of individualised single-

walled carbon nanotubes (SWCNTs) for highly sensitive chemical sensing.

Through their incorporation into carbon nanotube field effect transistors (CNT-

FETs), exposure to gaseous analytes such as NO2 or NH3 was shown to induce an

equivalent change in SWCNT conductance of up to three orders of magnitude at

room temperature. Due to the combination of hollow geometry, high aspect ratio

and the unique material characteristics of these molecular wires, a similarly timed
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study by Collins et al. [5] communicated the important finding that the electronic

properties of SWCNTs were extremely sensitive to their gas exposure history and

chemical environment.

Further pioneering work by groups at Stanford [6] and the NASA Ames Re-

search Centre [7] prompted numerous investigations into many types of SWCNT-

based chemical sensors over the following years. In recent work, exciting appli-

cations such as breath analysis [8] and cancerous tissue diagnostics [9] for dis-

ease detection have been proposed, along with wireless food spoilage sensors [3]

and glucose monitoring devices [2] fabricated from functionalised, low-powered

SWCNT sensor arrays. The existence of recently founded start-ups [10, 11, 12]

suggests the commercialisation of SWCNT-based sensors may be viable.

Despite the promise of such applications and the extensive research progress

made, some of the fundamental challenges facing the development of SWCNT-

based sensors remain unsolved. For example, most practical chemical sensing

applications involve fluctuating measurement parameters, such as changing air flow

rate or atmospheric relative humidity. Cross-sensitivity to molecules such as water

vapour or oxygen can obscure sensing responses. The effects of such interferents

on non-functionalised or functionalised SWCNT devices are poorly understood,

with often conflicting results and few studies reported in the literature.

Furthermore, the recovery of the baseline sensing signal after exposure to

strongly interacting molecules such as NO2 or NH3 is slow (of the order of 12

hours), making accurate quantification of the target analyte difficult. Strategies

used to expediate the desorption of the target analyte (UV illumination, sensor heat-

ing, current stimulated desorption) can often degrade the SWCNT sensing material

and increase the power requirements of the device.

The combined promise and challenges facing the development of SWCNT-

based sensors provided the motivation for the current project. The aim of this thesis

was to establish the effect that adsorbed water vapour had on the conductance of

SWCNT networks, the resulting impact on sensing responses of SWCNT-based

chemiresistors to NO2, along with analyte adsorption processes. Based on this
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insight, an additional aim was to develop a composite material that demonstrated

reduced sensitivity to cross-interference from H2O. Therefore, the objectives of the

study were to:

(1) Determine if HiPco SWCNT networks display n-type or p-type behaviour

when exposed to water vapour.

(2) Establish whether adsorption of water to conductively responsive sites on

SWCNT networks is reversible.

(3) Investigate the effect that non-covalent surfactant functionalisation has on the

conductance-humidity behaviour of SWCNT networks.

(4) Assess the suitability of the water-assisted regeneration (WAR) technique to

regenerate SWCNT-based sensors after exposure to NO2.

(5) Study the influence of atmospheric humidity levels on NO2 adsorp-

tion/desorption kinetics and sensor response magnitudes for SWCNT net-

work chemiresistors.

(6) Evaluate the use of Zeolites to reduce the cross-sensitivity of SWCNT net-

works to water vapour.

1.2 Overview and summary
This thesis is structured to guide the reader through the current study of SWCNT

networks and related composite materials for gas sensing applications. Chapter 2

provides a background to SWCNTs, along with a review of the relevant sensing

literature. Chapter 3 details the general experimental techniques, theory and pro-

cedures used for the acquisition of material characterisation and gas sensing data.

Chapters 4 to 7 provide experimental results and discussion, with conclusions to be

taken from the study presented in Chapter 8. A synopsis of each chapter is provided

below. In appendix A, Table A.1 details the motivation for the experiments carried

out in the project with section references. Published work is indicated at the begin-



1.2. Overview and summary 44

ning of the relevant chapters and is appended to this thesis in appendix E.

Chapter 2: Background and literature review.

The unique chemical, physical and electronic characteristics of single-walled car-

bon nanotubes (SWCNTs) are introduced. A historical context is provided to

summarise the exciting properties of SWCNTs, along with the challenges to be

addressed in order to realise their many potential technological applications. Types

of carbon nanotube-based gas sensors are discussed, along with previously adopted

approaches to improve sensor sensitivity and selectivity. Mechanisms and models

of SWCNT gas sensing behaviour from the literature are reviewed to guide analysis

and the interpretation of results in subsequent chapters. Important performance

metrics for chemiresistive SWCNT-based gas sensors are identified, and the state

of the art at the time of writing is compared with other gas sensing devices. Finally,

the potential applications of SWCNT-based gas sensors and the challenges facing

their development are considered to provide rational for the topics investigated

throughout this thesis.

Chapter 3: Experimental techniques and theory.

The experimental techniques used to characterise the physical and chemical proper-

ties of the as received, treated and processed HiPco SWCNTs used in this study are

detailed. The methods for electronic device characterisation are described, along

with the gas sensing apparatus and experimental procedure used to obtain the gas

sensing results for the SWCNT network devices.

Chapter 4: Changes in SWCNT network conductance on exposure to wa-

ter vapour.

Sensitivity of the SWCNT networks to water vapour is reported from humidity

testing experiments. Non-covalent surfactant functionalisation, widely used in

SWCNT processing, is shown to affect the conductance-humidity behaviour of the

SWCNT networks. A reversible model of H2O adsorption, proposed by Strano et
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at[13], was found to qualitatively describe the conductive response curves. Com-

plimentary Raman spectroscopy data is used to suggest a possible mechanism for

the bi-directional conductance changes observed in the surfactant functionalised

SWCNT networks. This work was published in Nanoscale as detailed in the state-

ment at the beginning of the chapter.

Chapter 5: Water-assisted regeneration (WAR) of SWCNT networks for

NO2 gas sensing.

A partially irreversible change in conductance upon adsorption of NO2 is observed

for the SWCNT network sensors, resulting in significant baseline signal drift. The

impact of humidity on the SWCNT device conductance, reported in Chapter 4, is

manipulated to regenerate the SWCNT network sensors after exposure to known

concentrations of NO2 gas. This water-assisted regeneration (WAR) enables the

extraction of key figures of merit from gas sensing experiments, along with the

acquisition of sensor calibration curves by minimising baseline drift. Possible

mechanisms for the removal of surface bound NO2 using WAR are discussed. The

irreversible adsorption model, proposed by Strano et al. [14], and the partially

reversible adsorption model developed by Kumar et al. [15] for NO2 on SWCNT

networks were assessed for their applicability to the experimental sensing data.

Chapter 6: Sensing NO2 in humid environments with SWCNTs.

Following on from the use of WAR in Chapter 5, the influence of atmospheric hu-

midity levels on the SWCNT network sensor responses to NO2 was investigated. At

different levels of relative humidity, changes in the response and recovery rates of

the sensors were observed, as well as in the magnitudes of the conductive responses.

The effects were dependent on surfactant functionalisation and the thickness of the

SWCNT network films. A model for partially reversible adsorption of NO2 in

humid conditions was applied to the data to aid interpretation of the results.

Chapter 7: Reducing cross-sensitivity of SWCNT networks to water



1.2. Overview and summary 46

vapour using Zeolites.

Zeolites were incorporated into the SWCNT sensing layers to reduce cross-

sensitivity to water vapour, facilitating the detection of NO2 despite rapidly fluc-

tuating atmospheric humidity levels. Two different layer configurations were in-

vestigated. While the cross-sensitivity to water vapour was reduced, completely

irreversible adsorption of NO2 was observed, resulting in diminishing sensor re-

sponses over repeated testing cycles. Regeneration of responses was achieved using

an in situ substrate heat treatment. This work was published in ACS applied mate-

rials and interfaces as detailed in the statement at the beginning of the chapter.

Chapter 8: Conclusion.

The results from the study chapters are summarised, presented in a wider chemical

sensing context as a whole and future work is proposed.



Chapter 2

Background and literature review.

2.1 Introduction
Carbon nanotubes have been found to possess extraordinary electronic, mechanical

and optical properties [16]. Sensitivity of their electronic properties to gases present

on their surface, combined with a porous and cylindrical geometry, makes them par-

ticularly promising candidates for use in gas sensing applications [17, 18]. In this

section, the properties, gas sensing mechanisms and potential applications of SWC-

NTs and SWCNT networks are introduced, beginning with a historical overview of

their development.

2.2 Properties of carbon nanotubes and SWCNT net-

works

2.2.1 Historical Overview

The first carbon fibers, macroscopic analogs of carbon nanotubes, were prepared by

Thomas Edison (around 1892) to provide filaments for an early model of the electric

light bulb [19]. Increased research efforts after World War II, driven by the need for

light yet strong materials for space and aircraft components, were undertaken into

the synthesis of carbon based materials via chemical vapour deposition (CVD) and

other processes. This lead to the synthesis of higher quality carbon fibers, along

with the discovery of fullerenes by Kroto and Smalley [20].

Smalley speculated (after discussions with Mildred Dresselhaus and Huff-
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man, prompting further research) that carbon nanotubes of dimensions similar to

Buckminsterfullerene may exist, stimulating direct study of small diameter carbon

filaments, which had occasionally been observed in the synthesis of carbon fibers

previously [21]. In 1991, Iijima reported a breakthrough experimental observation

of carbon nanotubes using transmission electron microscopy (TEM) [22].

Since this discovery of carbon nanotubes, their study has progressed rapidly,

along with the number of papers published in the field [23]. Single, double or

multiwalled carbon nanotubes can be synthesised displaying a range of properties

and dimensions. They possess remarkable mechanical, thermal, structural and elec-

tronic properties, displayed in Table 2.1.

Table 2.1: Mechanical, electronic and thermal properties of carbon nanotubes.

Properties Comments

Youngs modulus: 1 TPa [24] >Diamond

Tensile strength: 150 GPa [25] 100 times the strength of steel

Carrier mobility: 79000 cm2/Vs (at room temp.) [26] >Hole mobility in Si

Maximum electrical current density: 109 A/cm2 [27] 100 times greater than copper wires

Thermal Conductivity: 6600 W m�1 K�1 [28] >Diamond

Due to these extraordinary properties, many potential applications have been

suggested for carbon nanotubes; photovoltaics [29], drug delivery [30], electronic

components (transistors [31], touch screens [32]), energy storage (fuel cells [33],

batteries [34]), electrical cabling [35], water treatment [36], composite strength

re-enforcement [37], mechanical actuators [38] and chemical sensing [39].

The sensitivity of SWCNT electronic properties to surface adsorbed molecules,

combined with their high surface area, stimulated investigation into their use for

chemical sensing. Early pioneering work performed by groups at Stanford [4, 6]

and the NASA Ames Research Centre [7] in the early 2000’s, showed that sensi-

tive detection of target analytes was possible with low-powered nanotube devices
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operating at room temperature. Further work from the Star [40] and Swager [41]

groups, prompted a plethora of attempts from researchers worldwide to develop

carbon nanotube based sensors for applications in defence [42], space [43], envi-

ronmental monitoring [44] and health [8].

Despite the promise that carbon nanotubes demonstrate for new technologies,

there are still many challenges to be to be resolved. The impressive properties of

individual SWCNTs do not necessarily translate to bulk materials, and the separa-

tion of SWCNTs by chirality, required for many electronic applications, remains

challenging [23]. While methods for scalable production [45] and device process-

ing have improved [46, 47], the cost of these processes must be reduced and further

research into the toxicity of SWCNTs must be conducted [48, 49]. However, many

in the field believe that the aforementioned applications of carbon nanotubes will

be realised with continuing research effort [50].

Chemical sensing using carbon nanotubes is a particularly promising area,

as evidenced by recent well funded start-ups commercialising the technology

[10, 11, 12]. An understanding of the physical and chemical structure of SWC-

NTs, which facilitate such potential applications, is required to tailor SWCNT

properties for specific use cases. These structures are described in the following

section.

2.2.2 Structure

SWCNT structures can be visualised as a sheet of graphene rolled up into a cylinder.

They exist in a one-dimensional (1-D) system, with a wall thickness of one atom and

a circumference of a few tens of atoms. SWCNTs can be up to many micrometers

in length and are highly anisotropic due to their 1-D nature, allowing them to carry

high currents with negligible heating effects [16].

Each carbon atom is covalently linked to three neighbours by in plane σ -bonds.

The remaining p orbitals for each carbon atom form weak, delocalised, out-of plane

π bonds to form a sp2 hybridised system, the properties of which govern the low

energy electronic and optical properties of SWCNTs (Figure 2.1) [51].
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The direction in which this single layer of graphene is rolled impacts upon the

properties of a carbon nanotubes. The nanotube is specified by the chiral vector Ch

[52]:

Ch � na1�ma2 � �n,m� (2.1)

This vector can be described by a pair of (n,m) indices, denoting the number of real

space unit vectors na1 and ma2 in the hexagonal honeycomb lattice contained in

the vector Ch. Figure 2.1a shows a representation of the un-wrapped carbon hon-

eycomb lattice for a given SWCNT. Ch is the circumferential direction in which

the sheet is rolled, connecting points O and O�, to form the SWCNT. Therefore, the

length of the chiral vector ( Ch) is equivalent to the circumference of the tube. The

translation vector, T, shown on the pink line connecting from O to P, is in the di-

rection along the longitudinal nanotube axis. It is the shortest repeat distance along

the nanotube, and it’s magnitude corresponds to the length of the (n,m) SWCNT

unit cell. The “armchair” vectors are seen when m = n, and “zig-zag” vectors when

m = 0, as depicted in Figure 2.1b. These SWCNTs are known as achiral, since their

mirror image is identical to the original image.
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Figure 2.1: (a) A representation of a graphene lattice, showing the defined chiral vector Ch,
the unit vectors a1 and a2 and the translational vector T for an un-rolled (6,3)
SWCNT. The so called armchair (red) and zig-zig (blue) vectors are shown. (b)
the (n,m) index condition determining whether a m-SWCNT or a sc-SWCNT
is obtained from the rolled up graphene lattice and an armchair (red), zig-zig
(blue) or chiral nanotube structure. (c) Carbon atom in graphene lattice with
three in plane σ ( s, px, py) orbitals and the π (pz) orbital perpendicular to the
sheet. Figure is adapted from [53] and [54].

Between the chiral vector ( Ch) and a1 is the angle θ , known as the chiral an-

gle. The chiral angle for the zig-zag direction corresponds to θ = 0 X, whereas an

armchair nanotube axis corresponds to θ = 30 X. The chiral nanotube axis corre-

sponds to 0 X
@θ @30 X (Figure 2.1b). Once the (n,m) indices are specified, (such

as the (6,3) nanotube in Figure 2.1a) other structural properties such as the chiral

angle (θ ) and the nanotube diameter (dt) can be determined. In terms of the integers

(n,m), the diameter of nanotubes can be described as [52]:

dt �
Ch

π
�

31~2aCC�m2
�mn�n2�1~2

π
(2.2)

where aCC is the nearest neighbour C-C distance (1.421 Å in graphite). There-

fore the chiral angle is given by [52]:

θ � tan�1� 31~2m�m�2n�� (2.3)

Nanotubes can be defined by either their (n,m) indicies or equivalently by dt
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and θ [52].

2.2.3 Electronic properties

The conducting, semiconducting or insulating behaviour of a crystalline solid can

be understood in terms of band theory. Instead of the discrete energy levels that are

available for free atoms, those bound in a crystalline structure are able to exist over

a range of many energy levels, known as energy bands, due to inter-atomic interac-

tions. To contribute to conduction, valance electrons (those occupying the highest

bound electron energy level in an outer electron shell) must be able to populate the

conduction band. As depicted in Figure 2.2, depending on the energy separation

between these bands, a material can either be an insulator, a semiconductor or a

conductor [55].

Figure 2.2: Schematic representation of band theory depicting the position of the Fermi
level in (a) insulating, (b) semiconducting or (c) conducting materials relative
to the energy of the valance and conduction bands in a crystalline solid.

An insulator requires a large amount of energy to facilitate electron transfer

to the conduction band, due to the large energy spacing from the valance band.

Semiconducting materials have a smaller band gap, with promotion to the conduc-

tion band possible at a finite temperature resulting in an increase in charge carrier

concentration. In conductors, the valance and conduction bands overlap, with elec-

trons easily existing in the conduction band. The Fermi level (the highest occupied

energy state at T= 0 K) exists between the valance and conduction bands for semi-

conductors, and in the conduction band for conducting materials [55]. The range of
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structural arrangements that are possible for SWCNTs, as discussed in the previous

section, can alter the electronic band structure of the material.

When rolling up the graphene sheet to obtain 1-D SWCNTs, electronic propa-

gation is quantized in the circumferential direction of the tube [56], as the diameter

of the nanotube is of the order of the de Broglie wavelength of an electron in the

system. Electrons can only propagate along the nanotube axis and are confined

by the graphene monolayer of one atom in thickness. Due to this quantisation,

only certain electronic states are allowed, dependent on the structure and nanotube

diameter [52].

The density of states (DOS) describes the number of available states in which

the electron can exist per energy interval, averaged over space and time. A high

DOS at a specific energy level means there are many states available for occupation.

If the DOS = 0, then an electron can not exist at that specific energy level [57].

Depending on the way in which the graphene lattice is rolled, denoted by the

(n,m) indices, there can be differences in the electronic interband transition energies

and population of energy levels [58]. An example of the available DOS at a certain

energy is shown in Figure 2.3a. The sharp energy peaks found in the electronic

DOS are known as van Hove singularities (vHs), and can be probed using optical

techniques such as ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR), as

detailed in Chapter 3 [58]. EM
11 denotes the first transition between energy levels

for a m-SWCNT, and ES
22 denotes a transition for sc-SWCNTs. For a metallic nan-

otube, the density of states at the Fermi level (EF ) is non-zero, whereas an energy

band gap exists between transitions for semiconducting nanotubes in which EF = 0.
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Figure 2.3: (a) A schematic representation of the density of states (DOS) for metallic and
semiconducting nanotubes. The black arrows denote the allowed transitions be-
tween the van Hove singularities (vHS), where EM

11 denotes the lowest energy
transition between energy levels in a m-SWCNT, and ES

22 denotes the second
transition for a sc-SWCNT. For a metallic nanotube, the density of states at the
Fermi level (EF ) is non-zero, whereas an energy band gap exists between transi-
tions for semiconducting nanotubes in which EF = 0. (b) A Kataura plot show-
ing the transition energy as a function of nanotube diameter for sc-SWCNTs (Y
and X) and m-SWCNTs (�). This can be used to identify SWCNT species from
optical spectra. Figure is adapted from [58] and [56]

Therefore, SWCNTs can be either metallic or semiconducting, governed by

the condition of their specific (n,m) indices, so that [53]:

• if
n�m

3
� i � the SWCNT is metallic at room temperature, where i is an

integer.

• if
n�m

3
x i� the SWCNT is semiconducting, where i is an integer.

As a result, raw carbon nanotube samples contain 1/3 metallic nanotubes, and

2/3 semiconducting [59]. However, this can vary through modification of the growth

method [60] or post synthesis treatments [61], in which samples are enriched with

a certain electronic species or nanotube chirality. A plot of energy state separation

vs nanotube diameter, known as a Kataura plot [62] (Figure 2.3b), can be used to

determine if an individual nanotube is semiconducting or metallic [63].

Unlike isolated 1-D SWCNTs, collections of multiple SWCNTs in bundles
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and 2-D films can exhibit collective behaviour [64]. Whilst the individual elec-

tronic characteristics of the nanotubes in such arrangements are often still measur-

able, the electronic properties of devices based on SWCNT bundles and networks

are averaged over those of the constituent SWCNTs. The interesting properties of

SWCNTs, whether metallic or semiconducting, have resulted in attempts to obtain

highly homogeneous samples, required for many potential applications of SWC-

NTs, which are reviewed in the following section.

2.2.4 SWCNT networks for electronic applications

The electronic properties that arise from the physics of carbon nanotubes, combined

with their unique dimensions and high aspect ratio, have led to much research ef-

fort internationally, focusing on the integration of SWCNTs with existing or newly

developed technologies [65].

Much attention has focused on the potential of SWCNTs to address scaling is-

sues in the semiconductor industry for electronic components. The fabrication lim-

its using lithographic techniques, combined with heat dissipation issues and quan-

tum effects predicted to limit the downsizing of silicon technology, have resulted

in 20 years of research effort into developing SWCNT based transistors or compli-

mentary structures which may overcome these limitations [66, 31, 67]. Thin film

SWCNT transistors have been printed on flexible substrates (see Figure 2.4a) [68].

Existing challenges for SWCNT-based transistors include elimination of hystere-

sis in the devices, controlled positioning of the SWCNTs and obtaining SWCNT

networks with a very high (A99.99%) proportion of sc-SWCNTs in the network

[66, 31].

Similarly, networks of SWCNTs have been used to develop transparent con-

ducting films (TCFs), required for many common components found in consumer

electronics products such as touch screens and light-emitting displays (Figure 2.4c)

[69]). These electrodes are currently fabricated using indium tin oxide (ITO), which

has a high associated material cost, poor mechanical robustness, high reflectivity

and limited production capacity (i.e a dwindling supply of indium) [32]. Carbon

nanotubes present an exciting opportunity to replace metal oxides with transparent
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Figure 2.4: (a) Optical image of top gated SWCNT thin film transistor printed on flexible
Kapton, adapted from [68]. (b) An example of a macroscopic CNT wire used to
bridge copper connectors adapted from [35]. (c) A flexible electroluminescent
device formed using an ink-jet printed CNT film, adapted from [69].

conducting films consisting of nanotube networks that have higher current carrying

ability and robust mechanical properties, as well as a potentially plentiful supply

of raw material being available to manufacturers. Furthermore, scalable techniques

for the printing of SWCNT-based TCFs have been demonstrated, along with the

ability to deposit the networks on to flexible substrates [32, 69]. There are barriers

which need to be overcome to enable use of SWCNT TCF technology. These in-

clude the ability to incorporate SWCNT printing processes into existing fabrication

procedures for consumer electronics products, and increasing SWCNT sample ho-

mogeneity to achieve screens of sufficient quality repeatedly.

SWCNTs may in the future form an integral component for energy storage

technologies. The high surface area of SWCNT electrode materials has attracted in-

terest in their use for improving the performance of hydrogen fuel cells [33]. Work

from the Haddon group, in which the SWCNTs act as a support for the platinum

(Pt) catalyst, reportedly reduces the amount of Pt required in a proton exchange
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membrane fuel cells, approaching the 2017 targets set by the US Department of En-

ergy for Pt use reduction [70]. SWCNTs are also being applied for stabilisation of

the sulfur cathode for enhancement of rechargeable Lithium-sulfur (Li-S) batteries

[34].

Macroscopic arrangements of CNTs, processed into wires and ribbons, may

potentially offer an alternative to copper cabling in the future for both power and

data transfer [35]. The CNT structures potentially offer savings via weight reduc-

tion and cost, as well as demonstrating dramatically improved resilience to environ-

mental stresses such as mechanical bending and acidic corrosion (see Figure 2.4b).

However, to advance their utility as functional cabling, the relatively poor conduc-

tion observed for macroscopic arrangements of CNTs must be improved towards

that observed on the micro and nano-scale.

SWCNT networks can be used as a conducting scaffold for TiO2 semiconduc-

tor based photoelectrochemical cells. TiO2 nanoparticles are dispersed throughout

the SWCNT films which facilitate charge transport and collection in the photo-

voltaic device, improving the photo conversion efficiency of the solar cell by a fac-

tor of 2 [29].

Finally, SWCNTs have been investigated as the functional sensing element in

low-cost, portable chemical sensors, one of the most promising potential electronic

applications [39]. Many of the technological barriers discussed above also apply to

the development of SWCNT-based sensors for practical applications. As this is the

topic of the current thesis, an in depth review of the CNT-based sensor literature is

now provided in the following section.

2.3 Carbon nanotube-based sensors
The properties of carbon nanotubes have been exploited for use in a wide range

of sensors, with different transduction types and sensing principles. Devices based

on changes in conductance (resistance), capacitance and shift in resonant frequency

have been reported in the literature, all with the ability to operate at room temper-

ature [65]. This section provides an overview of the operating principles for these
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sensor types, along with a discussion of their comparative advantages and disadvan-

tages.

2.3.1 Chemiresistors and field effect transistors (FETs)

The most reported sensing principle for carbon nanotube-based sensors is a change

in conductance (resistance) upon introduction of a target molecule. Carbon nan-

otubes are commonly incorporated into field effect transistors (FET) or chemiresis-

tive devices [71].

Carbon nanotube FET (CNTFET) sensors utilise individualised, networks or

bundles of carbon nanotubes as the gas sensitive element. For CNTFET sensors,

SWCNTs are typically deposited [72, 73] or grown directly [74] onto an insulating

(SiO2) substrate, top, side or back gated with silicon. An example of the resulting

CNTFET back gated configuration is shown in Figure 2.5a, in which charge flows

through the SWCNT channel between a voltage source and drain electrode. A

voltage gate is used to control the current flow through the SWCNT layer, which

is altered when target molecules impinge on the nanotube surfaces. Typically, en-

riched samples of semiconducting SWCNTs are desired for FET devices, as this

permits control over the sensor operating regimes via the gate voltage.
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Figure 2.5: (a) A schematic diagram of a carbon nanotube field-effect transistor device
(CNTFET). A SWCNT network connects the source and drain electrode, which
is separated from the back Si gate used to control conduction by an insulating
SiO2 layer. (b) A plot of applied gate voltage (VGate) vs normalised conduc-
tance G/G0, showing the changes in conductance and curve shape observed
from the baseline conductance (black line) to increasing concentrations of NO2
or NH3, adapted from [75].

Early work on the use of CNTFETs for molecular sensing was reported by

Kong et al. [4] and Collins et al. [5]. Kong et al. observed that the conductance of

CNTFET devices utilising individualised sc-SWCNTs could increase or decrease

by up to three orders of magnitude, when exposed to 200 ppm of NO2 or NH3

respectively [4]. This was consistent with the observed p-type transistor character-

istics, induced by the application of various gate voltages.

Collins et al. demonstrated that the electronic properties (e.g resistance, ther-

moelectric power, density of electronic states) of both SWCNT films and isolated

SWCNTs can be reversibly “tuned” by simply exposing them to oxygen [5]. As

a consequence, the electronic properties of SWCNTs are dependent on their gas

exposure history, as well as diameter and chirality. Oxygen saturated SWCNT films

were found to have a higher electrical conductance, and the sign of the thermo-

electric power switches from negative to positive after exposure to dry air. This is

again consistent with p-doped SWCNTs. It was also suggested that the presence of

defects could facilitate charge transfer between the tubes and surface adsorbed O2,

as is the case for graphite [5].

Enhanced CNTFET molecular sensing has recently been reported by Jeon et



2.3. Carbon nanotube-based sensors 60

al. [76] using SWCNT networks enriched with 99.9% sc-SWCNTs. The back

gated transistors exhibited excellent“on/off”’ ratios allowing use of the device in

distinct operating regimes, providing a good platform to investigate and optimise

the sensing responses to NO2 and H2. The work also suggested that the physical

dimensions of the SWCNT network can influence the sensing performance of the

devices.

In CNTFET devices, the conductive behaviour in different gaseous environ-

ments can be investigated over a range of applied gate voltages almost simultane-

ously [77]. Firstly, changes in the ISD-Vgate characteristics may provide additional

information to discriminate between different target analytes [39]. Secondly, any

changes in the slope of the ISD-Vgate curve (dI~dV , known as transconductance)

can be indicative of the introduction of scattering sites due to molecular adsorption,

which may provide information on the gas sensing mechanism [17]. Such changes

are displayed in Figure 2.5b, adapted from [75].

Hysteresis in the I-V characteristics and sensing responses have been reported

in the literature for CNTFETs [78]. This was attributed to ionic species in the

SWCNT films, and can be influenced by functionalisation of the SWCNTs. The

effect is further enhanced in humid atmospheres, but can be drastically reduced via

vacuum baking treatments.

CNTFETs can also be applied for the sensing of biomolecules [79, 80]. In

these devices, SWCNTs are exposed to analytes in solution and are liquid-gated.

Chen and co-workers demonstrated that SWCNTs embedded into an FET architec-

ture are not only sensitive to their chemical environment, but also to surrounding

electrostatic charges. Therefore, they can be used to investigate surface-protein and

protein binding interactions in aqueous mediums [79].

The benefits of using CNTFETs for gas sensing include higher sensitivity and

faster response times than polymer based sensors, due to the high percentage of

surface located atoms available for material-analyte interactions [81]. The devices

can also be operated at room temperature, an advantage over metal oxide semicon-

ducting (MOS) sensors which require operating temperatures in the 250 XC to 400
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XC range [81]. This could potentially unlock applications in which high operating

temperature are unsuitable (e.g medical, space or defence settings) or distributed

monitoring networks in which the devices should be low-powered.

However, as described by Meyyappan in a recent review [39], the aforemen-

tioned hysteresis in CNTFETs, along with drift in the baseline signal of the devices,

can make the accurate quantification of analyte concentration challenging. The

CNTFET devices must be highly enriched with sc-SWCNTs to achieve the desired

high sensitivities to target molecules. In addition, the three terminal operation,

combined with extensive fabrication steps to construct the CNTFET devices, make

the design a relatively more expensive option than the simple chemiresistor plat-

form [39].

Figure 2.6: (a) A schematic diagram of a SWCNT network chemiresistor. SWCNTs are de-
posited across interdigitated gold electrodes on an insulating Al2O3 substrate,
across which the device conductance is measured with an applied bias of 0.1
V. A molecule such as NO2 present on the tube surfaces causes an increase in
measured conductance. Top-left inset shows a scanning electron microscope
(SEM) image of the SWCNT network.

Chemiresistive devices consist of SWCNTs grown or deposited between metal-

lic electrodes to form a conductive network, as depicted in Figure 2.6. A change
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in conductance is measured between the source and drain electrodes when gases

interact chemically with the SWCNTs.

Snow and co-workers have published extensively in the area of SWCNT-based

chemiresistors, demonstrating that sensing of a wide range of target analytes is

possible, including those considered toxic (NH3), simulants for chemical warfare

agents (DMMP) and relevant to medical diagnosis (VOC’s) [82]. Their work fo-

cused on the use of SWCNT networks, rather than individualised SWCNTs. If

many SWCNTs form an interconnected network that is electrically continuous over

macroscopic dimensions, then the electronic properties of such a network represents

the aggregate behaviour of the randomly orientated SWCNTs. Device to device

variation can be largely reduced with this approach [82].

Schnorr et al. report that functionalised SWCNTs can be used to develop

chemiresistors that are sensitive to vapour signatures of materials used for the pro-

duction of commercial or home made explosive devices. Examples include ni-

tromethane, a common solvent used for the formation of explosive mixtures, along

with cyclohexanone, which us used to recrystallize explosive RDX. The specificity

can be tailored for a variety of other target molecules. Although several techniques

are capable of detecting trace quantities of these analytes, such as ion mobility spec-

trometry (IMS) and mass spectrometry (MS), low-cost SWCNT-chemiresistors may

in the future offer a complimentary route for detection using portable devices [42].

As with CNTFETs, the geometric dimensions of the SWCNT network can in-

fluence the sensing characteristics of the chemiresistors. Described by Battie et al.

[83], the thickness (or density) of the SWCNT layer in the film can dictate whether

it exhibits a metallic or semiconducting character. This is due to the availability

of a complete or incomplete path for conduction through the m-SWCNTs in the

film respectively, across the source and drain electrodes. In the case of low-density

films, sc-SWCNTs contribute significantly towards conduction and thus the sensing

response, whereas they do not contribute in dense SWCNT networks with complete

metallic pathways. As a result, the thickness (density) of the SWCNT layer in the

chemiresistive device can alter the sensing responses [83].
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Due to the simple device structure, the fabrication of SWCNT-chemiresistors

is possible using flexible substrates, such as textiles and plastics (e.g polyethylene

terephthalate, PET). Routes to flexible sensor fabrication include spray-layering

onto fibers [84, 85], spinning processes [86] and printing [87] for the same wide va-

riety of analytes traditionally detectable with SWCNT-based sensors. The Swager

group have even reported a process in which SWCNT-chemiresistors are drawn me-

chanically by hand on paper using compressed SWCNT powders [88], highlighting

the simplicity of the devices. The low-mass and flexibility of such substrates may

lead to the incorporation of SWCNT-based sensors into clothing or packaging.

Chemiresistors can also been easily integrated into wireless technology, also

demonstrated by the Swager group, who have incorporated them into existing near

field communication (NFC) tags, for wireless transmission of chemical sensing data

to smart-phones [89].

Alternative device architectures and sensing principles using SWCNTs have

been investigated in numerous studies, as are now discussed.

2.3.2 Chemicapacitiors

In addition to their work on SWCNT-chemiresistors, the use of randomly aligned

SWCNTs in a capacitor type setup has been demonstrated by Snow and co-workers

for gas sensing, referred to as chemicapacitors. Using changes in the capacitance of

the SWCNT network upon introduction of a target molecule, SWCNT capacitors

offer an alternative transduction mechanism for the detection of a broad class of

chemical vapours [90].

In the presence of chemical vapour, analytes adsorbed to the tube surfaces

become polarized by the applied alternating electric fields (e.g 0.1 to 1 V, 30 kHz)

radiating from the surface of the SWCNT network, causing an increase in the mea-

sured capacitance. The slow response times usually associated with chemicapacitor

type sensors are not observed using SWCNTs, due to the thin sensing layer and

careful functionalisation with a hydrogen-bonding molecular monolayer [90].

The common problem of slow analyte desorption, observed for SWCNT

chemiresistors, is reduced when using SWCNT chemicapacitors. Average re-
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sponses are reported as completely reversible within 30 seconds for certain analytes

(e.g acetone, 60 ppm) [90]. However, desorption issues arise with exposure to other

molecules, such as NH3, which are more strongly bound to the SWCNTs [91].

Figure 2.7: (a) Schematic diagram of the dual operation SWCNT network chemiresistor/
chemicapacitor setup and (b) the concurrent normalised conducive (green) and
capacitive (red) responses to injections of DMMP vapour, adapted from the
work by Snow et al. [91].

The noise in the sensing signal can limit the minimum concentration of target

analyte it is possible to detect. A significant portion of the noise in CNTFET type

devices has been attributed previously to random charge fluctuations in the device,

giving rise to 1/f noise. Conductance through a material is more dependent on

charge fluctuations than it’s capacitance. Therefore, chemicapacitors were found to

display much lower signal noise, permitting more sensitive and reliable chemical

detection than CNTFETs [92].

There are potential drawbacks of using capacitance based sensors. As is

the case for CNTFETs, the SWCNT-chemicapacitor setup is more complex than

the chemiresistive analogue. The biggest potential barrier to the adoption of ca-

pacitance type sensors, is the requirement for more complex electronic readout

components, such as a lock-in amplifier, to measure the change in capacitive sens-

ing response. An AC power supply is also a disadvantage, as many of the potential

applications for which SWCNT-based sensors are suited require extremely portable

devices.

Further work by Snow et al. demonstrated that a network of SWCNTs can be

used in dual operation mode, simultaneously measuring the conductance and capac-

itance across the network [91]. This was an interesting development, as it allowed
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the measurement of two distinct physiochemical properties of the adsorbate; charge

transfer and polarisability. A schematic representation of this device, as well as

examples of the simultaneously measured conductive and capacitive responses, is

shown in Figure 2.7. The ratio of the capacitive response to the conductive response

was found to be independent of analyte concentration. It was suggested this could

be used to assist in the identification of a chemical vapour.

2.3.3 Mechanical resonators

Mechanical SWCNT-based resonance sensors offer an alternative to those using a

change in SWCNT network electrical properties as the detection principle. For this

type of sensor, an isolated SWCNT is made to oscillate at it’s resonant frequency in

an environmentally controlled chamber. When a vapour or molecule is present on

the surface of the SWCNT, a shift in resonant frequency occurs, which is correlated

with the mass of the atoms impinging on the surface of the SWCNT [93].

Lassagne et al. reported ultra-sensitive mass detection using this technique,

with masses of 25 �10�21 g of evaporated chromium atoms detected at room tem-

perature [94]. Detection of a wide range of other gases and molecules has also been

reported [93].

However, ultra-sensitive mass detection using this technique is limited to one

type of analyte per experiment. The detection of distinct sets of molecules in a

mixed gas environment remains challenging, which could hinder further develop-

ments using this detection principle [93].

2.3.4 Approaches to improve sensitivity and selectivity

Lack of selectivity towards a specific target molecule is a universal problem for

many of the more affordable, portable gas sensing devices introduced in the previ-

ous section. This can prevent analyte of interest detection in complex, real world

sampling environments, consisting of many chemical components. To improve the

sensing response towards a specific gas, three complementary approaches are often

adopted:
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• Functionalisation/chemical modification of the active sensing material.

• Incorporation of sensing element into a composite matrix.

• Using a range of sensors in a discriminatory array with statistical classifica-

tion methods.

A good review is provided by Zhang et al. on the subject of functionalisation

methods for carbon nanotube-based sensor devices [95]. Routes such as the at-

tachment of metallic nanoparticles [40, 96], polymers [97, 98, 99], DNA [100] and

functional groups [101, 41, 102] to the surface of the SWCNTs have been explored

to increase sensor selectivity towards certain target molecules.

Star et al. decorated the SWCNT networks in the sensing channel of CNT-

FETs with 18 different metals/metal oxides via electrodeposition. By incorporating

them into a sensory array on a single chip, the differing catalytic activity of each

individual device resulted in variable sensing responses to five different gases at

room temperature, providing a method to increase the selectivity and discrimina-

tory power of a SWCNT network based device [40].

Further work by Ding and co-workers demonstrated non-covalent functional-

isation of SWCNTs with polyaniline (PAni) for gas sensing. The PAni formed a

shell around the SWCNTs to form a composite sensing material with higher sensi-

tivity and stability than sensors based on either material alone [98].

In a recent report from the Swager group, polymer wrapping of SWCNTs en-

abled detection of the nerve agent simulant DMMP. The selectivity of the poly(3,4-

ethylenedioxythiophene) (PEDOT) polymer functionalised SWCNT sensors was

further modified with the addition of a hexafluoroisopropyl group (HFIP). The non-

covalently functionalised sensor, in which swelling induces a change in the electri-

cal conductivity of the SWCNT network, exhibited superior temporal durability and

performance [97]. A range of other covalent methods have been investigated by the

group for defence applications, highlighting the wide range of options for SWCNT

sensor functionalisation [41, 42].

For functionalisation of SWCNT-based chemicapacitors, Snow et al. coated
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SWCNT networks with a chemoselective polymer, known as HC [90]. The acidic,

strong-hydrogen-bonding layer increased the magnitude of capacitive responses ob-

served using the HC functionalised SWCNT networks by 100 and 500 times for

acetone and DMMP respectively. These large gains in response magnitude were

not observed for water and chloroform, thus the selectivity of the SWCNT device

was increased.

There have also been many efforts to incorporate carbon nanotubes directly

into composite matrices to improve sensor selectivity [103, 104, 105, 106, 107, 108,

109, 110]. The composite may act as a pre-concentrator of the target vapour, or a

catalyst for surface reactions. Whilst some of these methods have proved partially

successful, they often result in the dampening of the excellent electronic properties

of the carbon material and come at the cost of increased operating temperature or

reducing the reproducibility of responses.

Varying the fabrication process, operating conditions, or detection mechanism

can also offer a certain degree of differentiation between sensors using the same

active material [111, 112, 82]. Arrays of functionalised sensors of carbon nan-

tubes have been reportedly used to good effect, distinguishing between different

types of target molecules [113, 114]. Techniques such as principle component

analysis (PCA) and support vector machines (SVM) have been retrospectively ap-

plied to data from sensory arrays to achieve classification of the target molecule

[115, 42, 116].

2.3.5 Advantages and challenges

The research and literature to date suggests that the use of SWCNTs in solid state

chemical sensors may prove advantageous. The ability to detect target analytes

at ambient temperature offers opportunities for the development of extremely low-

powered sensor devices for large scale monitoring and data collection applications.

Prototype SWCNT sensors have been integrated into portable technologies, such as

smart-phones [89], medical devices [2, 8], and have even been deployed directly to

living plant matter [117].

Room temperature sensing also presents new opportunities in areas in which
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gas sensors operating at high temperature may not be suitable, such as sensing in

potentially explosive environments or where non-destructive sampling of the target

molecule and it’s surroundings may be required.

The ease of chemiresistor fabrication and the simplicity of the required mea-

surement hardware relative to other SWCNT device types allows fast prototyping

of SWCNT network arrays with different functionalisations or physical properties

[118]. This expedites the investigation of methods to improve SWCNT-based sen-

sor selectivity and sensitivity.

SWCNT chemiresistors can also be incorporated into flexible structures, which

are suitable for mass production via printing or deposition methods. The ability to

incorporate SWCNTs on to flexible substrates may one day lead to the development

of low-powered devices embedded in unconventional mediums, such as biological

systems [117] or packaging [3].

Compared to non-functionalised chemiresistors or chemicapacitors, CNTFETs

can display a much larger change in device conductance when exposed to the target

analyte. For example, the conductance of a CNTFET sensor was reported to change

by three orders of magnitude for 200 ppm of NO2 [4], whereas the typical expected

change for a SWCNT-chemiresistor would be approximately 4 � that of the original

baseline conductance pre-exposure to 100 ppm NO2 [7]. This is advantageous, as

larger conductive responses result in an increased signal to noise ratio and a smaller

minimum detectable concentration of target vapour.

All of the SWCNT-based sensor types demonstrate similar response times, so

that a change in signal due to molecules impinging on the SWCNT sensing element

is detectable above baseline signal [44]. The actual response time depends on the

species and concentration of the target molecule interacting with the SWCNTs, with

10 s being the typical time taken for a detectable change in the conductance to occur

for a SWCNT chemiresistor exposed to 10 ppm of NO2.

Reports of part per trillion (ppt) limits of detection have been reported previ-

ously for SWCNT-based sensors to NO2 gas, which would be within in the con-

centration range required for reporting of pollutant levels in city environments [6].
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However, at such low concentrations, the sensitivity and limit of detection for the

sensor is often limited by the ability of the sampling configuration to deliver such

low concentrations of vapour to the sensor surface. Problems such as analyte ad-

sorption to the surrounding sensor casing or tubing must be considered when de-

signing the sampling system for such applications.

Due to the simple fabrication procedures available for SWCNT-based chemire-

sistors, they are a cost-effective option compared to the more complex device archi-

tectures and measurement systems. However, what the CNTFET or chemicapacitive

type SWCNT sensors lose with increased fabrication difficulty, they gain with addi-

tional measures by which to discriminate between target gases, such as a change in

the slope of I-V characteristics or reversible capacitive responses respectively [18].

Therefore, the operational requirements of the final application should determine

which device architecture is adopted.

Despite the promising characteristics of SWCNTs for chemical sensing, first

reported over 15 years ago [4], many of the original challenges inhibiting their use

in real-world applications remain.

For devices based on the change in conductance of the SWCNT sensing el-

ement (chemiresistors and CNTFETs), poor recovery of the baseline conductance

post exposure to the target gas or vapour makes the accurate quantification of an-

alyte concentration difficult [44]. Repeated measurement of the same molecular

quantity yields different magnitudes of sensing response and adsorption kinetics,

due to incomplete desorption of the target analyte from previous exposures. While

this may allow the application of SWCNT-based devices as disposable chemical

dosimeters, it is problematic for scenarios in which the sensors are required to re-

motely report data and cannot be replaced easily or cost effectively.

Techniques such as UV-illumination [119], sensor heating [120] and electri-

cally stimulated desorption [121] have been proposed and tested as methods to re-

cover the baseline conductance of SWCNT-based sensors. Such methods could

potentially prevent the saturation of the sensing response and facilitate the reliable

measurement of sensing figures of merit per concentration of target analyte. How-
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ever, they require more complex device architectures, have a higher power con-

sumption and in some cases the methods can degrade the sensing material over

time, resulting in diminuation of the sensing response.

The sensitivity of SWCNT-based sensors to many different analytes suggests

promise for a wide variety of applications, facilitating many previous experimental

investigations. However, outside of a controlled testing environment, it is also a

nuisance, as a sensing signal may be generated by an analyte of no relevance to the

desired application. Fortunately, the large scale investigation of SWCNTs over the

past 20 years has revealed many methods for their functionalisation, which can be

utilised to increase selectivity towards the target species for gas sensing applications

[122].

In a broader sense, carbon is generally a good absorber of many chemical

species including volatile organic compounds (VOC’s), hence it is commonly used

in protective respiratory equipment and air conditioning systems. Thus, specificity

along with selectivity for carbon based sensors is an issue. To date, there are no

methods that completely prevent all cross-interfering molecules from inducing a

sensing response in SWCNT-based sensors. Water is a particularly troublesome

interferent [123], as it is present in most practical sensing environments, with at-

mospheric humidity levels varying temporally and spatially. Furthermore, cross-

sensitivity to oxygen (O2) [5], ammonia gas (NH3), carbon monoxide (CO) and

other common molecular species may necessitate a controlled flow of carrier gas to

the sensor and filtering of unwanted contaminants in many situations.

Data processing and classification techniques, such as principle component

analysis (PCA) and support vector machines (SVM), have been applied previously

to negate the effects of cross-interference and successfully identify the target in

mixed analyte systems [124, 42, 114, 116]. Such techniques typically require an ar-

ray of sensors to be deployed, where predictive models can only be developed after

calibration data has been obtained in an experimental setting, a time consuming pro-

cess. It is also unclear if these data processing methods can always be implemented

and adjusted on the fly after a predictive model has been established, a requirement
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for many real-world applications.

Previous studies have suggested that carbon nanotubes may be toxic to human

beings and the environment [48, 49]. Closer investigation has revealed that this may

be dependent on the type (e.g SWCNT or MWCNT) and form (e.g airborne or in

solution) of nanotube that is under consideration. While guidelines for the safe use

of SWCNTs in devices are being continuously developed, it should be noted that

any toxicity or future regulation may impact upon their suitability for use in appli-

cations in which the user may come in to direct contact with the sensing element.

Finally, one disadvantage to the use of carbon nanotube-based sensors is that

the raw material often contains impurities, defects and a range of SWCNT species

that can vary between production batches [122]. The heterogeneity of samples used

to fabricate SWCNT-based sensors can result in large discrepancies in conductive

response magnitudes from otherwise identical devices. Therefore, sensors need to

be calibrated and results normalised to derive meaningful conclusions from results.

New synthesis methods and post-production processing techniques are being con-

tinually developed to alleviate this problem, moving towards more homogeneous

SWCNT materials for use in device applications.

2.4 Mechanisms and models for SWCNT sensors
The chemical sensing mechanisms behind the electrical responses of SWCNT net-

works are not fully understood. There has been much theoretical and experimental

work investigating the interaction of gases such as NO2, NH3 and H2O with the

surface of tubular carbon nanotube structures. The type of gas adsorption taking

place to the SWCNT network was first considered for the current thesis, followed

by the potential mechanisms responsible for the observed sensing responses and

appropriate models able to describe the sensing results, as are now detailed.

2.4.1 Gas adsorption

In networks of single-walled carbon nanotubes, Zhao et al studied molecular ad-

sorption computationally at room temperature [125]. It was found that NO2, O2,
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NH3, H2O, CH4, CO2, H2, N2 and Ar molecules are all weakly adsorbed onto

the surface of SWCNTs. Further studies corroborating this, show that physisorp-

tion can occur at surface, groove, pore and interstitial sites in carbon nanotube

bundles, as shown in Figure 2.8 [126]. However, weak adsorption was not consis-

tent with experimental gas sensing results or temperature-programmed desorption

(TPD) experiments, as highlighted by Andzelm et al. [127]. Explaining large,

semi-permanent changes in SWCNT network conductance upon exposure to low

concentrations (1 to 100 ppm range) of oxidising or reducing molecules, such as

NO2 and NH3 respectively, required significant charge transfer, formation of sur-

face complexes and strong adsorption [127].

Due to this inconsistency between theory and experimental results, it was es-

tablished through further investigation that chemisorption of gases can also occur

due to sample impurities, deliberate functionalisation of the SWCNT network, or

via mediators such as adsorbed water or oxygen [127, 128]. However, the semi-

permanent binding of NH3 and NO2 is sometimes not apparent for other polar

molecules, such as H2O. This indicates that a mixture of physical and chemical

adsorption is possible, depending on the gaseous species.
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Figure 2.8: A diagram depicting a cross-sectional view of a SWCNT bundle with potential
gas adsorption sites (gas molecules represented by black circles). Figure is
adapted from [126].

Due to the low dimensionality and high electronic sensitivity of CNTs, it is

widely believed that subsequent charge transfer after strong molecular adsorption is

the mechanism responsible for the measured change in conductance (resistance) of

the carbon material, facilitating a sensing response. Many further studies were con-

ducted to explore the potential mechanisms in greater depth, as are now introduced.

2.4.2 Mechanisms for conductive responses

There are many factors that influence the electrical responses of carbon nanotube

based sensors when surface adsorption of gases and vapours from the surrounding

environment takes place. These include the nanotube type [129], surface mor-

phology [130], film thickness and density [83], applied potential [121], operating

temperature [120], structural defects [131], impurities and chemical functionalisa-

tion [112]. Thus, there are often variations in measured responses between sensors,

despite the use of a common sensing material, as concluded by Lee et al. [132] .

SWCNT networks in chemiresistive devices are reported to show p-type re-

sponses when exposed to gases such as NO2 and NH3 [17]. Their p-type nature
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is thought to arise from the pre-adsorption of oxygen from the surrounding atmo-

sphere in ambient conditions, resulting in hole doping of the nanotubes [5]. The

p-type responses are consistent with the idea that charge transfer from an oxidising

molecule (NO2) induces an increase in SWCNT network conductance, with a de-

crease in conductance observed upon adsorption of a reducing molecule (NH3) (see

Figure 2.9 (i)).

It is known that the conductance (resistance) of devices using singular nan-

otubes (such as individual nanotube CNTFETs) is dominated by Schottky barri-

ers that form at the metal-nanotube contact junction, as depicted in Figure 2.9

(iii) [133]. However, in SWCNT networks, the contact resistance becomes small

when compared to the resistance between connecting m-SWCNTs or sc-SWCNTs,

thus the main contributor to the electrical resistance of the device is at nanotube-

nanotube junctions [134]. Therefore, modulation of the contact resistance between

the SWCNTs is expected to dominate the conductive responses in SWCNT network

based chemiresistors Figure 2.9 (ii).

Past work has shown the resistance of networks containing sc-SWCNTs

decreases as operating temperature is increased, consistent with semiconducting

behaviour [120]. SWCNT networks also contain a metallic portion of tubes. This

is seen in powdered samples grown using the high pressure carbon monoxide dis-

proportionation (HiPCo) process, in which approximately one third of tubes are

metallic [137]. For the purposes of gas sensing, semiconducting nanotubes are

amenable to larger changes in conductance due to charge transfer modulation of the

bandgap [76]. Other growth processes, such as the silica supported cobalt molybde-

num catalyst method (CoMoCAT) produces high yields (�95%) of semiconducting

SWNT samples, along with various selective techniques [138, 58]. However, it

is not possible to fabricate chemiresistors using a high proportion (A99.0%) of

sc-SWCNTs, as charge cannot flow across the network without an applied gate

potential, only available with the CNTFET type devices.

Randomly orientated SWCNT network devices are thought to behave analo-

gously to random 2-D resistor networks, studied using percolation theory [139].
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Figure 2.9: A schematic diagram depicting three potential gas sensing mechanisms for
SWCNTs depending on m-SWCNT percolation and network density. (i)
Charge transfer directly changing the number of charge carriers in the SWC-
NTs, (ii) Modulation of the Schottky barrier between m-SWCNTs and sc-
SWCNTs (iii) Change in Schottky barrier height between individual SWC-
NTs and metallic contacts. The mechanisms depicted are based on those sum-
marised by Mittal et al. [135] and the energy band diagram for the Schottky
barrier is based on a description by Suehiro et al. [136]. E f indicates the Fermi
level, Ev the valance band, Ec the conduction band, Eg is the band gap, φB the
Schottky barrier height, φB is the work function of the metal required to remove
an electron in a vacuum and χs is the electron affinity for the sc-SWCNT.

Conduction across these resistor networks takes place so long as the density of

connected resistors (SWCNTs) exceeds the percolation threshold. For the devices

used in this study, electrode spacing (� 0.2 mm) is much larger than the length

L of the nanotube bundles ( � 500 nm to 2000 nm), so a percolating network is

necessary for a complete conduction path. Previous studies have shown that two

semiconducting SWNTs (sc-SWCNTs) form a good electrical contact as well as

two metallic SWCNTs (m-SWCNTs) [139]. At sc-SWCNT/m-SWCNT junctions,

a Schottky barrier is formed with a barrier height approximately half that of the

sc-SWCNT bandgap [140]. Therefore, it is thought that highly interconnected net-

works of SWCNTs will be electrically continuous and have properties that depend

on the level of interconnectivity and SWCNT type [141].

As a result, the gas sensing mechanism for a SWCNT network film containing
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both m-SWCNTs and sc-SWCNTs is expected to vary depending on the thickness

and areal density of the nanotubes. Battie et al. investigated these parameters using

CNTFET devices [83]. They found that below the metallic percolation threshold,

modulation of the Schottky barrier resistance at m-SWCNT/sc-SWCNT junctions

and sc-SWCNT/metallic contacts was the dominant sensing mechanism. Above

the percolation threshold in which a continuous conduction path is present via

m-SWCNTs, which can be confirmed by measuring Ohmic conduction (where

the ISD-VSD characteristics are linear) across the device, the gas detection mecha-

nism was solely attributed to charge transfer between the SWCNTs and adsorbed

molecules. Therefore, it is likely that for chemiresistive devices (which display a

measurable conductance without an applied gate voltage, thus having a connected

m-SWCNT conduction path), charge transfer between the tubes and impinging

molecules is the dominant sensing mechanism.

Salehi-Khojin et al. observed that the conductance through networks of highly

defective nanotubes (as confirmed by Raman spectroscopy) was influenced only by

a change in the resistance of the nanotubes themselves, whilst conductance through

pristine nanotube networks was modulated at the junctions [111]. In addition to

the study by Robinson et al. on the role of defects in SWCNT chemical sensors,

it would therefore appear that increased defectiveness results in different sources

of conductance change induced by SWCNT-gas interactions [112]. This is in line

with the gas adsorption studies discussed in the previous section, in which strong

chemisorption took place at defect sites. As a consequence, the possible influence

of defects should be evaluated when proposing mechanisms for SWCNT gas sensor

results. A summary of the possible sensing mechanisms for SWCNT networks con-

taining different amounts of m-SWCNTs and sc-SWCNTs is presented in Figure

2.9.

Recently, doubt has been cast on the adequacy of the charge transfer mecha-

nism to describe the changes in electrical conductance of SWCNT networks upon

exposure to H2O. Bell et al. suggested that water does not significantly dope car-

bon nanotubes [142]. Instead, the conductive responses are attributed to charge
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redistribution in the SWCNT network, due to induced polarisation by the dipole

moment of the surface-bound water molecules. The alternative mechanism may

explain the discrepancy between p-type [143, 123, 144, 145] and n-type [146, 147]

responses observed in the literature, with doping used previously to explain the

induced conductance changes for carbon nanotubes when exposed to water vapour.

This was considered in Chapter 4 of the current thesis.

Along with considering the mechanisms behind the conductive responses, the

application of models to describe the gas sensing data can add weight to and distin-

guish between the proposed pathways for conductance modulation upon molecular

adsorption. They can also be used to extract useful metrics from the sensing re-

sponses, as is now detailed.

2.4.3 Modelling SWCNT sensors

In order to probe the understanding of the mechanisms responsible for the change

in electrical properties induced by analytes present on the sensor surface, as well as

to extract key sensing parameters, Lee et al. used a simple model for irreversible

adsorption of NO2 to fit SWCNT chemiresistor response curve data [14].

The total number of NO2 interaction sites on the SWCNT network (Tθ ) was

assumed to be correlated with the baseline conductance of the sensor, since this

in turn is determined by the number of SWCNTs on the device. Due to this, they

observed a strong linear relationship between the change in conductance (∆G) mea-

sured upon introduction of an analyte with the baseline conductance (G0).

It was suggested that the adsorption constant (k) and maximum possible con-

ductive responses (Smax) were useful figures of merit to compare the performance

of SWCNT based chemiresistors. Therefore, using the linear relationship of ∆G

vs G0, a method was developed to extract these two parameters from experimental

data. The good fit of the irreversible adsorption model suggested that chemisorption

of the target molecule had taken place at sites on the tube surfaces, with subsequent

charge transfer altering the measured conductance across the device.

In this sense, the irreversible responses observed indicated that the SWCNT
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based sensors could be thought of as doismeters. It was highlighted that for com-

pletely irreversible sensing responses, it was inappropriate to report a limit of

detection (LOD) for the sensor, as given enough time the build up of any vanish-

ingly small concentration of gas could induce a change in device conductance.

In further work, the Strano group described a fully reversible adsorption model

for detection of dimethyl methylphosphonate (DMMP) with SWCNT networks

[148]. Extracting the thermodynamic parameters from the results, they were able

to calculate the Gibbs free energy of adsorption for the system under study. This

could potentially be useful for other target analytes, such as H2O, which are often

easily desorbed from the sensor surface.

However, many of the SWCNT based sensors reported in the literature actu-

ally demonstrate partially reversible conductive responses to target analytes. This

suggests that adsorption of, for example NO2, takes place at multiple distinct inter-

action sites, with different associated desorption constants. Kumar et al. developed

a model which described both reversible and irreversible adsorption of NO2 to the

surface of the SWCNTs [15]. They found that this adapted model better fitted the

SWCNT chemiresistor response data for different concentrations of NO2. Using

this approach, it was also possible to calculate the extent to which the total con-

ductive response curve was composed of irreversible or reversible type adsorptions.

The mathematical formulation of these models is described in Chapters 5 and

6. The ability of these models to describe the sensing responses observed in the

current thesis was assessed, and the methods proposed were used to extract figures

of merit from the sensing data to enable comparison with those reported in the

literature.

2.5 Gas sensing technologies
While the current thesis focuses on the use of SWCNT-based chemiresistors for

chemical vapour sensing, it is necessary to draw comparisons with other exist-

ing gas sensing technologies to benchmark performance and assess suitability for
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real-world applications. Therefore, the figures of merit used to draw comparisons

between the different techniques are defined, and the wide range of analytical meth-

ods available for gas sensing are reviewed.

2.5.1 Defining figures of merit

The use of various figures of merit allows the comparison of performance metrics

for different gas sensing technologies, aiding evaluation of their suitability for the

wide range of potential applications that exist. The parameters and figures of merit

used in this study to draw comparisons with the literature are based on those sug-

gested by both Senesac et al. [149] and Strano et al. [14], as are now described.

Magnitude of conductive response (S): The ratio of the change in conductance

∆G of the sensor upon introduction of the target analyte to the baseline conductance

G0 in the analyte free carrier gas , so that S � ∆G
G0

.

Maximum conductive response (Smax): The maximum possible ratio of change in

conductance to baseline conductance upon exposure to the target analyte, limited

by the total number of gas-surface interaction sites.

Sensitivity: The slope of the calibration curve or change in unit sensor response

with change in unit analyte concentration.

Selectivity: The ability to detect a specific analyte in the presence of other interfer-

ing molecules.

Response time (t90): The time required to reach 90 % of the maximum conductive

response upon introduction of the target analyte.
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Recovery time (t�1): The time required to recover 90 % of the original baseline

conductance G0 as before introduction of the target analyte.

Reversibility: The ability of the sensor to return back to its original baseline resis-

tance value when the analyte is removed. A sensor response is defined as reversible

if it can recover at least 50 % of it’s original baseline conductance G0 within 60 s.

Baseline drift (G0 drift): The total change in the baseline conductance (G0) of the

sensor from the beginning of the experimental test to the end. This quantifies the

amount of drift to be expected after a full experimental test with repeated exposure

to the target analyte.

Signal drift (∆G0): The difference in the conductance of the sensor immediately

before each pulse of target gas in experimental testing. This quantifies the level of

drift to be expected after one injection of the target analyte of a certain concentra-

tion.

Adsorption constant (k): This parameter communicates the ability to transduce a

given concentration of analyte within a pre-defined time, with units of parts per

trillion per second (ppt�1 s�1) used in the current study for comparison with other

values communicated in the literature.

Desorption constant (k�1): The rate at which an analyte is desorbed from the sur-

face of the sensor.

Limit of detection (LOD): The lowest analyte concentration value that can be de-

tected, often limited by the noise in the baseline signal of the sensor. The LOD can

be calculated as the y-intercept value of a linear calibration plot of concentration vs

response (if available), or 3 � the standard deviation of the average baseline signal,

whichever is largest.
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Dynamic range: The analyte concentration from minimum to maximum concen-

tration that can be reliably detected before signal loss or saturation respectively.

Linearity: The range in which sensor response linearly proportional to the analyte

concentration.

Hysteresis: The difference in sensor characteristics for increasing and decreasing

analyte concentrations.

2.5.2 Gas sensing methods

Metal oxide semiconducting (MOS) sensors, first extensively reported by Seiyama

et al. [150] and Taguchi et al. [151] in 1962, are a well established, commercially

produced gas sensor technology. They have been used to detect a wide range of

analytes for many industrial and commercial applications [152].

As the metal oxides used for gas sensing are insulating at room temperature,

they must be heated, typically in the 200 XC to 500 XC temperature range, to facil-

itate electrical measurement of their conductivity. The principle of operation is via

modulation of the charge carriers on the surface of a semiconducting metal oxide in

the presence of a contacted reactive gas [153]. In an n-type semiconductor, such as

SnO2, oxygen adsorbed from the air to the surface upon heating acts as an electron

acceptor state. Reactions at the surface result in a change in the surface coverage of

oxygen, and thus a measurable change in the conductivity of the metal oxide.

MOS sensors are low-cost, extremely portable, have high sensitivity to low-

concentrations of the target gas and demonstrate fast response times [154]. This

has lead to their use in a wide variety of industrial monitoring applications [152],

as well as in potable electronic nose (e-nose) systems [155].

However, selectivity is poor and functional layers must be added to MOS

sensors to increase discrimination in atmospheres of mixed composition, or even

to minimise the effect of atmospheric humidity on the sensing signal [154]. High
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operating temperatures have limited their use in ultra low-powered applications,

such as remote environmental monitoring or consumer electronics. Additionally,

the low-cost of the sensor is often dwarfed by the cost of the complete sensing unit.

Efforts for complete integration of metal oxide sensors into complementary metal-

oxide-semiconductor (CMOS) circuitry, combined with the use of micro-hotplate

technology may help to address power consumption issues and reduce the total

price of the gas sensing systems [156].

Other forms of carbon are suitable for low powered gas sensing devices. These

include carbon black, carbon nanofibres and graphene [157]. In particular, low noise

can be achieved using graphene in sensing devices, with the dimensionality of the

2-D crystalline structure meaning that all atoms are exposed to the environment,

resulting in high interaction surface area per unit volume and sensing responses at

room temperature. Therefore, graphene has attracted considerable interest of late

for chemical sensing. The level of defects or dopants, deliberately introduced in the

graphene or otherwise, has been shown to modulate the change in resistance across

the material during a sensing event, with an increased response observed using a

more defective layer [157]. As with SWCNT based sensors, baseline drift can be an

issue, and selectivity needs to be increased via chemical functionalisation to move

towards commercially viable graphene sensors.

Both conducting polymers and non-conducting polymers have found utility in

gas sensing devices [158]. Alteration of the electrical conductivity of conducting

polymers is induced through exposure to a diverse range of organic and inorganic

gases [159]. Examples of such polymers include polypyrrole (PPy), polyaniline

(PAni) and polythiophene (PTh) [158].

The conductivity of conducting polymer based gas sensors must often be

improved so that they are conducting or semiconducting via redox reactions or

protonation, before electrical measurements can be carried out. The level of doping

can then be altered by chemical reactions on the surface of the polymer, inducing a

change in the measured conductance.

Non-conducting polymers are used as functional coatings for gas sensors to
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aid adsorption of the target analyte [160]. Instead of measuring a change in con-

ductance, mass sensitive (e.g quartz crystal microbalance, QCM), surface acoustic

wave (SAW), capacitive or calorimetric sensor devices are employed.

Polymer-based gas sensors also demonstrate high sensitivity and fast response

times to many molecules of interest. They have the added advantage of being op-

erable at room temperature, reducing device complexity, power consumption and

allowing them to be more easily used in integrated silicon circuitry. Unfortunately,

they suffer from long-term instability, sometimes irreversible sensing responses and

poor selectivity [158, 159].

Electrochemical gas sensors are a mature and important sensor class for envi-

ronmental monitoring applications, displaying a large dynamic range of detection

(over 10 orders of magnitude in some instances) [161]. Two or three electrode

devices are commonly employed, where the open circuit potential across an elec-

trolyte located between the electrode is monitored upon exposure to a target gas.

The electrolyte, which transports charge within the sensor for detection at the elec-

trodes, can be made from an ionically conducting solid (Nafion,yttria-stabilized

zirconia ) or aqueous electrolytes (sulfuric acid, sodium hydroxide, and potassium

chloride) [161].

Electrochemical gas sensing responses can be linearly proportional, or pro-

portional to the logarithm of the analyte concentration, depending on whether

amperometric or potentiometric type devices are used. Detection down to the low

ppb range has been reported, as has sensitivity to a wide range of gases (H2, CO,

O2, NO2, NO, H2S SO2).

Gas sensing using optical methods can introduce a high degree of selectivity

towards the required gas, which is sometimes lacking in CNT, MOS and polymer

based sensors [162]. Optical methods such as differential absorption DOAS, intra-

cavity absorption spectroscopy (ICAS), Fourier Transform Infrared Spectroscopy

(FTIR) and Raman light detection and ranging (Raman LIDAR) are capable of real-

time, on-line monitoring of gaseous mixtures. Optical methods are often superior

in performance to the sensors described previously. However, they have high asso-
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ciated build and maintenance costs, with applications restricted due to the size/lack

of portability of the instruments [162].

Acoustic methods using the speed, attenuation or impedance of sound can be

used for reliable detection of gases. Typically, changes in the propagation of an

ultrasonic wave through a gas sample is compared to a reference signal, which can

be used to deduce the concentration of the test sample. Again, high power con-

sumption and non-portable instrumentation limits the application of this technique,

but it is considered reliable and to have a long lifetime [162].

As described above, each of the gas sensing technologies has associated ad-

vantageous and disadvantages, listed in Table 2.2. In most cases, a trade off must be

made between cost and portability vs selectivity and long term reliability. Therefore,

the suitability of each type of gas sensor depends on the operational requirements

of the final desired application. As this study concerns SWCNT-based chemire-

sistors, which reportedly suffer from a lack of selectivity and cross-interference

effects, strategies previously implemented to increase selectivity using Zeolites are

introduced as a possible solution in the next section.

2.5.3 Zeolites for gas sensing

To increase the selectivity of the low-cost, low-powered sensors described in the

previous section, functional layers are often added to the sensing element. One

approach is to incorporate Zeolites, also referred to as molecular sieves, into the

sensing layer. They are also used in a range of other applications, such as water

purification, separation membranes and catalyst beds for the petrochemical industry

[163].
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Figure 2.10: Faujasite type zeolite with an aluminosilicate framework viewed along the
[111] direction [164]. (b) Faujasite type zeolite framework viewed along the
[110] direction [164] with pore diameter of 8.0 Å [165].(c) Schematic diagram
of MOS/zeolite composite film sensor [163].

Zeolites are 3-dimensional (3D) porous aluminosilicate frameworks which

selectively exclude molecules from adsorption to pores (Figure 2.10a and b). They

are composed of corner sharing AlO4 and SiO4 tetrahedra joined into 3-D struc-

tures [165], The ratio of silicon to aluminum in the zeolite material is an important

quantity, as it dictates the number of cationic centers that are distributed throughout

the framework, and thus it’s acidity and hydrophobicity.

The high-surface area, absorptivity, porosity and catalytic activity of zeolite

type materials make them attractive for chemical sensing applications. Zeolites

are normally electrically insulating, often displaying ionic (but not electronic) con-

ductivity in which mobile cations move between binding sites. Therefore, their

use outright as a gas sensitive material requires an impedance based measurement

system [166]. Sahner et al. report that water and a range of polar organic vapours

can be detected using such methods in the 40 XC to 110 XC operating temperature

range [163].

Zeolites can also be used as an auxiliary element to increase discrimination

in an array of MOS type sensors [167]. This is achieved through a combination
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of selective adsorption of the target gases to the framework and increased catalytic

activity facilitating secondary reactions on the sensor surface, as depicted in Figure

2.10c. In other work, molecular sieves have been adopted as adsorptive layers in

quartz crystal microbalance (QCM), surface acoustic wave (SAW) and attenuated

total reflectance (ATR) type sensors [166]. As an interesting option for modification

of SWCNT sensor responses and adsorption characteristics, they are investigated

as a an auxiliary functional element in chapter 7.

2.6 Thesis rationale based on literature review
After surveying the carbon nanotube and gas sensing literature, a comparison be-

tween the different performance metrics, advantages, disadvantages and suitability

for practical applications was possible. These quantities are displayed in Table

2.2 for each type of the carbon nanotube based sensor reviewed, as well as other

existing alternative gas sensing technologies.

Table 2.2: A comparison table of the advantages and disadvantages of each gas sens-
ing technology surveyed with carbon nanotube (CNT) or single-walled carbon
nanotube (SWCNT)-based sensors. Each sub-class of carbon nanotube-based
sensor is included and marked as reviewed. Adapted from multiple sources
[17, 118, 95, 168, 154, 159, 162, 161]

Sensor type Advantages Disadvantages Applications

Gwyn
Rectangle
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Table 2.2: A comparison table of the advantages and disadvantages of each gas sens-
ing technology surveyed with carbon nanotube (CNT) or single-walled carbon
nanotube (SWCNT)-based sensors. Each sub-class of carbon nanotube-based
sensor is included and marked as reviewed. Adapted from multiple sources
[17, 118, 95, 168, 154, 159, 162, 161]

Sensor type Advantages Disadvantages Applications

Carbon nanotube

[i] SWCNT

chemiresistor

[ii] CNTFET

[iii] SWCNT

chemicapacitor

[iv] CNT resonator

(a) Room temperature

operation�i,ii,iii,iv�

(b) Low power

consumption�i,ii,iii�

(c) Fast response

times�i,ii,iii,iv�

(d) High

sensitivity�i,ii,iii,iv�

(e) High surface to

volume ratio�i,ii,iii,iv�

(f) Portable�i,ii,iii�

(g) Functionalisation

for application

tailoring�i,ii,iii,iv�

(h) Possible CMOS

integration�i,ii,iii�

(i) Printable�i,ii,iii�

(j) Simple design�i�

(a) Cross-sensitivity

to humidity�i,ii,iii,iv�

(b) Poor selectivity

without

functionalisation�i,ii,iii,iv�

(c) Poor response

recovery�i,ii,iii,iv�

(d) Increased device

complexity�ii,iii,iv�

(f) Device-to-device

variability�ii�

(g) Higher cost�ii,iii,iv�

(a) Health

monitoring /

diagnosis

(b) Pollution

monitoring

(c) E-nose

(d) Flexible

devices

(e) Embedded

sensor

systems

(f) Wireless,

low-powered

applications



2.6. Thesis rationale based on literature review 88

Table 2.2: A comparison table of the advantages and disadvantages of each gas sens-
ing technology surveyed with carbon nanotube (CNT) or single-walled carbon
nanotube (SWCNT)-based sensors. Each sub-class of carbon nanotube-based
sensor is included and marked as reviewed. Adapted from multiple sources
[17, 118, 95, 168, 154, 159, 162, 161]

Sensor type Advantages Disadvantages Applications

Metal Oxide

Semiconductor

(MOS)

(a) High sensitivity

(b) Fast response

time

(c) Low cost

(d) Responsive to wide

range of gases

(e) Good response

recovery

(f) Portable

(a) Poor selectivity

(b) High operating

temperature

(c) Long term

stability issues

(poisoning)

(d) Humidity

interference

(a) Industrial

monitoring

(b) E-nose

(c) Pollution

monitoring

Polymer

(a) Low cost of

fabrication

(b) Simple device

(c) Low energy

consumption

(a) Irreversible

responses

(b) Poor selectivity

(b) Long term

instability

(a) Chemical

storage

monitoring

(b) Air quality

monitoring

(c) Portable

devices
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Table 2.2: A comparison table of the advantages and disadvantages of each gas sens-
ing technology surveyed with carbon nanotube (CNT) or single-walled carbon
nanotube (SWCNT)-based sensors. Each sub-class of carbon nanotube-based
sensor is included and marked as reviewed. Adapted from multiple sources
[17, 118, 95, 168, 154, 159, 162, 161]

Sensor type Advantages Disadvantages Applications

Electrochemical

(a) High sensitivity

(b) Large dynamic range

(c) Well understood

mature technology

(d) Low cost

(e) Responsive to wide

range of gases

(a) Poor selectivity

(b) Limited life

span (electrode

drying)

(c) Long term

stability issues

(poisoning)

(d) Minimum size

of cell required

(a) Industrial

monitoring

(b) Automotive

industry

(c) Environmental

monitoring

Medical

applications

Optical methods

(a) Highly accurate

quantification via

calibration

(b) Long lifetime

(c) Selective

(d) Resilient to

cross-interference

(a) High cost

(b) Device

maintenance

(c) Non-portable

(d) High power

consumption

(a) Gas leak

detection

(b) Security

(c) Air quality

monitoring

(d) Quality

control

Acoustic methods (a) Long lifetime

(a) Low sensitivity

(b) Sensitivity to

environmental

change

(a) Wireless

sensor

network

The higher sensitivity of carbon nanotube-based sensors, due to their hollow,

1-D structure, along with faster response times to gases of interest, may make them
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favourable to polymer sensors. This is accompanied by the added benefit of many

possible nanotube functionalisation routes to explore for specific applications, com-

bined with room temperature operation capability, lacking in MOS type sensors and

potentially allowing nanotubes to be incorporated into CMOS technology.

In terms of portability, the carbon nanotube devices are clearly superior to the

less portable, bulky, optical or acoustic methods, associated with relatively high

power requirements. Furthermore, commercially produced gas sensing technolo-

gies utilising solid-state materials as the sensing element (MOS and polymer type

sensors) are traditionally more affordable. Given the similarities in sensor design,

this is also expected to be the case for carbon nanotube-based sensors.

The potential benefits of improving the current state of the art of carbon

nanotube sensor technology largely depends on use cases. Bearing in mind that

operational requirements will commonly dictate the optimal choice of sensor for

a specific application, carbon nanotube based sensors appear to be best suited to

portable, low-powered device applications. The wide range of possible use cases

for extremely low-powered, affordable and selective gas sensing justifies the efforts

to improve the performance and viability of current carbon nanotube sensors.

Substantiated by the literature review, further research is required and many

challenges must be overcome to move towards carbon nanotube-based sensors

which are viable for real-world applications. It is clear from the reports of both n-

type and p-type sensing responses for SWCNT networks to H2O that the interaction

of water vapour and the subsequent changes in measured electrical conductance

are not fully understood. An understanding is important for the development

of SWCNT-based devices in general, thus this was investigated in Chapter 4,

along with the effect of SWCNT functionalisation on the conductance-humidity

behaviour.

Irreversible carbon nanotube conductive responses are commonly reported in

the literature, limiting accurate quantification of target gases and vapours. The

current techniques used to improve the characteristically slow signal recovery after

exposure to analytes such as NO2 or NH3, either degrade the sensing material over
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time, require more power or increase device complexity. In Chapter 5 an alternative

method, referred to as the water-assisted regeneration technique (WAR), is applied

and evaluated to improve baseline signal recovery.

A further implication of functionalised SWCNT network sensitivity to water

vapour was the potential for it to impact upon and alter sensing responses to NO2,

which has not been studied previously in the literature. This effect is important

because of it’s relevance to the varying atmospheric conditions encountered for

real-world pollution monitoring. Therefore, Chapter 6 describes the effect of at-

mospheric humidity levels on SWCNT chemiresistor conductive responses to NO2

gas.

The cross-sensitivity of SWCNT-based gas sensors to water vapour is often

overlooked in the literature when considering potential applications. Accordingly,

Chapter 7 details the development of a novel SWCNT-Zeolite composite material,

which reduces the impact of changes in atmospheric humidity levels on the conduc-

tance of SWCNT-based sensors when incorporated into the sensing layer.

Within the carbon nanotube sub-class of gas sensor, chemiresistors, chemica-

pacitors, CNTFETs and mechanical resonator type devices were reviewed. Due to

the difficulty in fabricating multiple, characteristically consistent devices with in-

dividual single-walled carbon nanotubes, networks of SWCNTs, which display the

aggregate properties of the constituent SWCNTs, were chosen for use throughout

this study.

In terms of the sensor sub-classes available, SWCNT chemiresistors were cho-

sen as the sensor type for study in the current thesis. Firstly, this decision was made

due the simplicity of the fabrication method, enabling the controlled assembly and

investigation of many devices with similar sensing characteristics, key in under-

standing and solving some of the current SWCNT-based sensor challenges.

Secondly, the ability to incorporate widely used solution processing tech-

niques, combined with minimal required on chip circuitry for the sensing mea-

surement, facilitated the use of established gas sensing apparatus and methods to

investigate the SWCNT chemiresistor sensing properties. The compatibility of the



2.6. Thesis rationale based on literature review 92

solution processing methods with the SWCNT chemiresistor fabrication route also

allowed the exploration of different SWCNT functionalisations to increase selec-

tivity and performance. With a view to exciting future applications, such as sensors

embedded in fabrics or food packaging, the device architecture was deemed the

simplest for incorporation of SWCNTs into wireless, printed, or flexible devices.

Finally, the wealth of literature available on SWCNT-based chemiresistors

offered an opportunity to compare reported data with results from the function-

alised SWCNT devices used in the current study. Furthermore, models previously

developed to extract key figures of merit from SWCNT chemiresistor sensing data

could then be applied to the modified SWCNT devices in the current thesis, aiding

understanding and reasoning.



Chapter 3

Material characterisation theory and

experimental methods.

In this chapter, the first section describes the theory required for the material char-

acterisation techniques used throughout the studies reported later in this thesis. The

experimental procedures and methods used to fabricate the SWCNT devices are in-

troduced in the following sections, along with the apparatus used for the gas sensing

studies. Finally, the methodology used to determine errors in the quantities reported

throughout the thesis are explained.

3.1 Material characterisation theory
A wealth of literature exists describing the characterisation of SWCNTs. Due to

the heterogeneity of as-produced SWCNT powders, often containing a variety of

SWCNT species, electronic types and impurities, a range of techniques are com-

monly applied to establish the physical and electronic properties of the sample

[169]. Changes in these quantities can be monitored to evaluate subsequent pro-

cessing and functionalisation methods, ultimately used to tailor SWCNTs for appli-

cations such as chemical sensing.

In this section, the theories behind the material characterisation techniques

used throughout the study are introduced. These methods were used to charac-

terise the properties of the raw SWCNT powders, the functionalised samples and

the SWCNT network devices. Additionally, they were employed to investigate the
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potential mechanisms behind the chemical sensing results reported in the current

study. The methods, along with justifications for their use, are now discussed.

3.1.1 Raman spectroscopy

Raman scattering, the inelastic scattering of light, occurs when the electric field of

an incident photon interacts with a molecule. Due to Coulomb’s law, a displacement

of the electrons and nuclei will occur, inducing a dipole moment [55]. In a scatter-

ing event, an electron is excited from the valance electron band to the conduction

energy band by photon absorption. This excited electron is scattered by emitting

or absorbing phonons, where a phonon is defined as the collective, quantised vibra-

tion of atoms, and can be treated as a quasi-particle [55]. The electron relaxes to

the valance band by emitting a photon of lesser or greater energy than the incident

photon.

The Raman spectra is a plot of the intensity of the scattered light as a func-

tion of energy change (frequency shift). This provides information on a material’s

phonon frequencies [56], since the shift in frequency is related to the amount of

energy gained or lost during the scattering of the incident photon with a phonon.

Raman scattering can occur for phonon emission or by phonon absorption, known

as the Stokes and Anti-Stokes process respectively. In the current work, Stokes scat-

tering is used due to the temperature dependence of Anti-Stokes scattering [170].

Raman spectroscopy is a powerful tool for the characterisation of SWCNTs. It

can be used to confirm the presence of carbon nanotubes in powder form, solution

or composite materials, as well as providing a measure of tube defectiveness [56].

The determination of SWCNT diameter, and therefore electronic type, is possible

using Raman spectroscopy, an important indicator of their suitability for device ap-

plications [171]. Changes in the Raman spectra of bulk SWCNT samples can also

be related to varying environmental conditions, such as temperature or atmospheric

composition.

The phonon structure of a SWCNT, which is unique for each different chiral-

ity, determines it’s response to the Raman effect. The main features of the Raman

spectra for a HiPco SWCNT sample are highlighted in Figure 3.1. The G-band of
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a SWCNT spectra is composed of several peaks. It is also known as the graphite

band, centered at 1580 cm�1, and results from vibrations of the carbon atoms tan-

gential to the tube surface [172].

The G-band can be used to distinguish between semiconducting (sc-

Figure 3.1: Raman spectra showing the intensity of the Raman signal for HiPco DOC
SWCNTs deposited on a glass slide. The key spectral features include (i) the
radial beathing modes (RBMs), (ii) the defect mode (D-band), (iii) the graphite
mode (G-band), (iv) the G� (2D-band). Some of the features change with laser
wavelength (here λ = 532 nm).

SWCNTs) and metallic (m-SWCNTs) nanotubes. Splitting of the band, due to

symmetry breaking effects associated with the curvature of the tubes [56], takes the

form of the G� band (at � 1591 cm�1) and a G� band (at � 1567 cm�1) as is seen

in Figure 3.2 for SWCNTs grown using the (a) HiPco and (b) CoMoCat methods.

The G� feature is associated with the vibration of carbon atoms along the nanotube

axis. The frequency at which it appears is sensitive to charge transfer from donors

interacting with the SWCNTs (the frequency at which the peak is observed shifts
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up for electron acceptors, and down for electron donor type dopants) [56].

The G� feature is associated with vibrations of carbon atoms along the circum-

ferential direction of the SWCNT. The line shape is highly sensitive to whether the

nanotubes are semiconducting or metallic, as well as the nanotube diameter. The

intensity and line shape of the G� band can also decrease or increase due to charge

transfer from a dopant material [173].

The radial breathing modes (RBMs, observed at 100-550 cm�1) are unique to

carbon nanotubes and their observation provides direct evidence that a sample con-

tains SWCNTs [56]. Their frequency can be used to determine the diameter of the

nanotubes present in a sample. The RBM modes are due to coherent vibrations of

C atoms in the radial direction (out of plane from the tube surface) [172], and the

frequency at which they appear is inversely proportional to tube diameter [174]:

ωRBM �
A
dt
�B (3.1)

where the proportionality constant A = 227.0 cm�1 nm and B = 0 cm�1 for

an ideal vibrating isolated SWCNT [174]. In practice, the measurement of ωRBM is

up-shifted by B, which factors in an offset of the RBM frequency caused by environ-

mental factors such as bundling with other tubes, substrate interactions or chemical

surroundings (e.g adsorption of water vapour or oxygen) [175]. This dependency

arises from the fact that the masses of all carbon atoms along the circumferential

direction are proportional to the diameter. A typical range of RBMs for a HiPco

sample are shown in Figure 3.1. From these RBM modes, an estimation of corre-

sponding diameters can be made using equation 3.1.

An experimentally determined Kataura plot (as displayed in Figure 2.3b from

Chapter 2) can be used to translate the observed RBM frequencies into tube di-

ameters. However, the aforementioned environmental effect on the RBM frequency

must be considered before assuming accurate assignment of the chirality to the tubes

present in the sample [176].

The intensity of the D-mode (also known as the disorder band, observed in the

1250 cm�1 to 1350 cm�1 range depending on laser wavelength [177]) is dependent
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Figure 3.2: Raman spectra showing the difference in G� and G� features for (a) HipCo and
(b) CoMoCat SWCNTs. Typically, a higher proportion (� 90%) of sc-SWCNTs
are found in the raw CoMoCat sample compared to HiPco samples (� 66%),
resulting in the difference in spectral features. Laser wavelength λ = 488 nm.

on the breaking of sp2 symmetry found throughout the rolled up graphene lattice,

which can be caused by the end of the nanotube, defect sites, functionalisation or

the presence of residual metallic impurities. Therefore, it can be used as a qualita-

tive guide to the purity of the sample. The intensity of the G�-band to the D-band

(IG / ID ratio) is commonly reported to provide an indication as to the defectiveness

of the sample after processing treatments [178].

Diameter dependent assignments of the G� peak can only be performed at the

single nanotube level, which can then be used in combination with measured RBM

frequencies to assign (n,m) structure of the nanotube. Due to the range of species

observed in bulk HiPco SWCNT powders, individual assignments of nanotube chi-

rality is not possible, although the RBMs can provide an indication to the range of

SWCNT types present [171].

The 2D-mode (also sometimes referred to as the G�-mode), is an overtone

of the D-mode, so that ω2D = 2ωD, is found in the 2500 cm�1 to 2900 cm�1

range. Charge transfer due to doping or an applied gate voltage induces a frequency

up/down shift of the 2D feature in SWCNTs. It’s position is also dependent on in-
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cident photon energy [172].

Raman spectroscopy is applied in Chapter 4 to aid interpretation of the humid-

ity effect on the conductance of the SWCNT networks. In Chapters 5 and 7 it is

used to assess the influence of heat treatment on the SWCNT sensing films, and

to investigate the effect of surfactant functionalisation in Chapter 6. However, the

Raman effect is most effectively used for characterisation of SWCNT samples and

devices in conjunction with other techniques. UV-Vis-NIR absorption spectroscopy

can provide data complementary to Raman studies, as is now detailed.

3.1.2 UV-Vis-NIR absorption spectroscopy

The absorption of ultraviolet (UV, λ=10 nm to 390 nm range) visible (Vis, λ= 390

nm to 700 nm range) and near-infrared (NIR, λ= 700 nm to 2400 nm range) light

by matter causes the energy content of the molecule (or atom) to increase, which in

some cases can induce transitions between different electronic energy levels. The

energy of light absorbed corresponds to the energy required to excite an electron to

a higher energy level, thus different absorbing species will absorb light at different

wavelengths [179].

The energy of an incident photon of light is given by E �
hc
λ

, where the energy

E is given in Joules, h is Planck’s constant (6.63 �10�34 J s) and the wavelength

of the incident light λ in meters is given by c � f λ , where c = 3 �108 ms�1 and

f is the frequency of the light wave (Hz) . Therefore, incident photons of shorter

wavelength carry more energy when interacting with a molecule.

When incident light passes through a sample, the absorbance over a range of

wavelengths can be measured, characteristic of the samples chemical composition

and structure. UV-Vis-NIR absorption spectroscopy has been applied previously to

characterise SWCNTs in both solution and deposited films. It is a useful tool to as-

sess the range of m-SWCNTs and sc-SWCNTs that exist in a sample. This, in turn,

is important for their use in future technologies, since a high number of metallic

SWCNTs may be desirable or detrimental, depending on electronic application.
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Figure 3.3: UV-Vis-NIR absorption spectra, displaying the range of metallic and semi-
conducting tube species present in a HiPco DOC SWCNT solution (diluted
to 0.003 mg ml�1).

Figure 3.3 demonstrates a typical adsorption spectra for HiPco SWCNTs sus-

pended in a D2O sodium deoxycholate (DOC) solution. The incoming photons, of

controlled energy, pass through the a cuvette containing the solution, where indi-

vidualised SWCNTs absorb the photons at wavelengths specific to their chirality.

Sharp peaks in the electronic spectra of one dimensional nanomaterials, re-

ferred to as van Hove singularities (vHs), correspond to allowed transitions between

energy levels in the nanotube electronic density of states (DOS, the allowed energy

levels for electron occupation) [53]. SWCNTs strongly absorb when the energy

of the incident photon matches that of a specific vHs energy transition, denoted

Eii. These diameter dependent singularities appear due to the 1-D nature of nan-

otube electronic structure [58]. The energy at which absorption takes place can be

matched with a specific tube diameter using a Kataura plot, as described in section

3.1.1.

As depicted in Figure 3.3, regions of the spectra can be assigned to m-

SWCNTs or sc-SWCNTs [58], as well as to peaks from functionalisation agents

and solvent (in this case DOC in D2O, chosen to minimise overlap with SWCNT



3.1. Material characterisation theory 100

absorption bands). The absorption peaks can be broadened by bundling of the SWC-

NTs in solution [180] or the micelle interaction with chosen surfactant [59].

The concentration of SWCNT solutions can be determined using the Beer-

Lambert law, describing the linear relationship between absorbance and concentra-

tion of particles in a solution [179]:

C �
Aλ

ελ l
, (3.2)

where Aλ , ελ and l are absorbance, extinction coefficient at a specific wavelength λ

and optical path length of the cuvette used respectively. The extinction coefficient

can vary depending on functionalising agent and the homogeneity of the sample, so

should only be used as a guide for concentration calculations [181].

UV-Vis-NIR absorption spectroscopy was used in Chapter 4 to calculate the

concentration of the HiPco SWCNT solutions used to fabricate the SWCNT-based

devices and to confirm the mixture of m-SWCNTs and sc-SWCNTs present in the

sample. An attempt was made in Chapter 6 to estimate the thickness of a solid

HiPco SWCNT film, used to fabricate SWCNT-based sensors to detect NO2 in a

range of different background atmospheric humidities. The morphology of these

films was revealed through use of scanning electron microscopy (SEM), as is now

discussed.

3.1.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a material characterisation technique in

which high resolution images (up to 100 nm in the case of the current study) can be

obtained to provide qualitative topological information, as well as to estimate the

size of surface features and structures [182]. An electron beam is raster scanned

across the surface of a sample in a vacuum (10�6 Torr), ionizing specimen atoms

and ejecting electrons to a distance of a few nanometers above the surface, known as

secondary electrons. These are accelerated using a high voltage (� 10 kV) towards

a detector, where the contrast and topological image is determined by the number
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of incident electrons [183]. To avoid charging of the material (and a degradation in

image quality) the samples in the current study were gold coated and attached to a

metal stub for imaging.

SEM can qualitatively enable assessment of SWCNT network topology, as

well as estimates of SWCNT bundle sizes present in the sample, reported in Chap-

ters 4 and 6. Furthermore, it is useful to visualise the surface structure of SWCNT-

composite materials, such as the SWCNT-Zeolite sensing elements described in

Chapter 7. Transmission electron microscopy (TEM) was also used for imaging of

the nanotubes used in the current study, as is now discussed.

3.1.4 Transmission electron microscopy

Transmission electron microscopy (TEM) can be used to provide images of

nanoscale features, with sub-nanometer resolution possible. Typically, specimens

are deposited from solution on to a copper grid coated with carbon or holey carbon,

so that a specimen layer of thickness @ 100 nm is formed. The specimen is loaded

into a vacuum chamber and an electron beam focused on to the sample using lenses.

The beam passes through the sample, with electrons interacting with the sample to

produce a modified beam, which is collected and subsequently focused on to an

imaging device (such as a fluorescent screen or a charge-coupled device) to image

nanoscale features of the sample [184].

Due to the high resolution achievable, TEM can be used to approximate the di-

ameter of SWCNT bundles and individual SWCNTs in the sample, as is described in

Chapter 6. A qualitative assessment of carbonaceous or metallic impurities present

on the tube walls can also be made [169]. Finally, TEM was used to establish the

size of particles present in the SWCNT-Zeolite composites described in Chapter 7.

3.1.5 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) is a fast and effective technique, able to quan-

tify the amorphous carbon, catalytic metals and graphitic structures, such as SWC-

NTs or MWCNTs, within a bulk sample without requiring extensive sample perpe-

tration. It can be used to characterise as-produced SWCNT samples or to track the
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effects of subsequent processing techniques [185].

Samples are placed into an alumina crucible and positioned on a calibrated mi-

crobalance. The sample is then heated (in the case of the current study from room

temperature to 750 XC) at a specified ramp rate in air, whilst the mass change of the

sample is recorded. Mass change can then be related to the oxidation of constituent

particles in the sample due to heating in air. TGA can also be used to determine the

stability of the sample against degradation via oxidation when heated in air. Per-

forming the technique can cause metallic impurities to convert to metal oxides, as

well as any carbon content to form CO or CO2.

The maximum derivative of the TGA curve provides the average oxidation

temperature of the bulk material. Lower oxidation temperatures can be indicative

of multiple forms of carbon in the material, such as amorphous carbon, smaller

diameter SWCNTs, SWCNT bundles or defective SWCNTs, which oxidise faster

at defect sites [186]. The curve can also be altered by surfactant functionalisation

[187].

The technique was used in Chapter 6 to investigate the effects of heat treatment

on surfactant functionalised SWCNTs and estimate the level of impurities present

in the bulk raw sample.

3.1.6 Attenuated total reflectance-Fourier transform infrared

spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy

has been applied previously to study the adsorption of H2O to zeolite frameworks

[188]. Other FTIR studies have examined the adsorption of NO2 to zeolites, as well

as the subsequent formation of reaction products [189, 190, 191].

In Chapter 7, ATR-FTIR was used to study the adsorption of NO2 to the zeolite

frameworks used for the top layer and mixed layer type SWCNT-zeolite composite

sensors in both dry an humid conditions. The results were used to infer possible

reactions that take place upon the co-adsorption of water and NO2, or the adsorp-

tion of NO2 in an already water saturated layer. The full experimental details are

outlined in Chapter 7.
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3.1.7 Energy dispersive X-ray spectroscopy

In conjunction with SEM, energy dispersive X-ray spectroscopy (EDS) was used

to confirm the silicon to aluminum ratio in the zeolite composite materials, along

with the carbon content on the surface of each sensor type. In EDS, the inelastic

interaction of the incident high energy electron beam with atoms in the sample

causes the ejection of inner shell electrons. The hole left behind is filled by an

outer shell electron, in the process emitting an X-ray with energy equivalent to the

difference between the higher and lower energy levels. The energy of the emitted X-

ray is detected and is characteristic of the constituent element in the sample [184].

Hydrophobic zeolites, such as Silicalite-1, have a high silicon to aluminium

framework ratio, whilst the silicon to aluminium ratio of hydrophilic H-Zeolite-Y

is low. Therefore, EDS is a useful tool for the current study, as the hydrophobicity

of a zeolite depends on its silicon to aluminium framework ratio[192]. It is applied

in Chapter 7.

3.2 Electronic characterisation

3.2.1 Current-voltage device characteristics

Current-voltage (I-V) characterisation facilitates the calculation of DC conductance

(DC resistance) for a given device, as well as revealing how direct current is influ-

enced by an applied voltage bias across the functional electronic element [193]. A

voltage is applied (VSD) in finite steps across the source/drain electrodes and the

current (ISD) is measured. The conductance, GSD, is given by:

GSD �
ISD

VSD
(3.3)

where the resistance measured across the device RSD is inversely proportional to the

conductance:

RSD �
1

GSD
(3.4)

Linear or non-linear variation of induced current vs applied voltage can reveal
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joule heating [194, 195, 196] or charging effects in the device [197], which may be

related to fabrication processes or the surrounding environment, potentially affect-

ing suitability and performance for desired applications.

In the current study, two-point I-V characterisation was used to investigate the

dependency of device conductance on the amount of carbon (SWCNTs) incorpo-

rated into the device, as detailed in Chapter 6, using a Keithley 4200 semiconductor

characterisation system. The effect of SWCNT functionalisation was also studied in

Chapter 4, along with the variation of device I-V characteristics for wetted SWCNT

networks. I-V characterisation over a range of temperatures can also provide useful

information on the properties of SWCNT networks, as is now detailed.

3.2.2 Conductance-temperature measurements

Electronic transport measurements can be used to investigate how the DC conduc-

tance (DC resistance) of a device varies with temperature [198]. The conductivity of

metallic materials (charge carriers are electrons) decreases as the temperature of the

material increases, whereas the conductivity of semiconducting materials (charge

carriers are n-type electrons or p-type holes) increases with increasing tempera-

ture [198]. Therefore, obtaining data on the conductance-temperature relationship

observed for SWCNT networks can indicate whether the sc-SWCNTs contribute

towards conduction, and consequently gas sensing responses.

To obtain data on the conductance of the SWCNT networks as a function of

temperature, a cryostat with an in-built sample heater and liquid nitrogen supply

for cooling was used to control the temperature of the device in the 96 K to 300 K

range. A semiconductor analyser setup was used to obtain I-V curves for the sample

in two-terminal contact mode.

Many mechanisms are reported to describe conduction through the SWCNT

networks in the literature, such as three dimensional variable-range hopping

(3D-VRH) [199, 200], fluctuation-assisted tunnelling (FAT) [201, 202], Schottky

[134, 203] and Poole-Frenkel conduction [197, 204, 205]. Whilst it is beyond the

scope of this thesis to study the SWCNT network conduction mechanisms in depth,

conductance- temperature data was obtained by Zak Kobos of the Reed group, Yale,
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to enable comparison of the conductive properties of the SWCNT networks used in

this study with those elsewhere. These results are reported in Chapter 6.

3.2.3 Hot-probe method

The Hot-probe method provides a simple way to distinguish between n-type and p-

type semiconductors, using a two-terminal multimeter and a heated probe (typically

heated using the tip of a soldering iron). The soldering iron is applied to the posi-

tive probe (termed the hot-probe) connected to the multimeter, and the cold probe is

connected to the negative terminal (as shown in Figure 3.4a). When the hot and cold

probes are contacted to a semiconductors surface (with sufficient spatial separation

such that the temperature of the cold probe is not initially increased by the hot), a

positive voltage reading is measured for n-type semiconductors and a negative volt-

age readout is observed for p-type semiconductors. The majority charge carriers

(electrons or holes) become thermally excited at the hot-probe terminal, diffusing

throughout the rest of the semiconductor to the cold probe. This induces a potential

difference across the semiconductor, the sign of which is measured using a multi-

meter, corresponding to the sign of the minority charge carriers remaining at the

hot-probe [206].

The hot-probe method has been applied previously to confirm p-type con-

Figure 3.4: (a) A schematic diagram of the hot-probe setup in which a soldering iron is
used to heat the positive DMM probe, inducing a negative change in potential
across the SWCNT network indicating p-type character. (b) An adapted setup
to expose a segment of the film to water vapour, further changing the measured
surface potential to investigate the effect of anionic and cationic surfactants in
the film.
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ductivity in SWCNT networks [207]. A similar study was performed in Chapter 4

for the DOC and CTAB functionalised SWCNT networks deposited on glass. This

confirmed the p-type nature of the sc-SWCNTs in the film. The experiment was

further adapted to investigate the effect of surface adsorbed water vapour on the

charge carriers across the SWCNT films (Figure 3.4b). This revealed a difference

in behaviour between the networks containing anionic or cationic surfactant.

3.3 Experimental methods

3.3.1 Sample preparation, SWCNT solution processing and sur-

factant functionalisation

There have been many studies devoted to the development of procedures to enable

fabrication of SWCNT-based devices from raw samples. Two approaches dominate;

the growth of SWCNTs directly on to the device, or solution processing methods,

each with associated advantages and disadvantages. In the current work, HiPco

SWCNT powders were obtained externally and a solution processing route was

adopted to allow an experimental approach to the characterisation of the SWCNTs

and versatile fabrication of SWCNT-based sensors. These methods are now de-

scribed in this section.

The dispersion of raw SWCNT powders in solution for processing is diffi-

cult due to their hydrophobicity and tendency to form hexagonally packed bundles

[208]. Covalent [209] and non-covalent functionalisations [210] have been applied

previously to add functional groups to the walls of SWCNTs and aid their disper-

sion in aqueous solution. In the current study, non-covalent functionalisations using

a range of anionic, cationic and non-ionic surfactants (depicted in Figure 3.5) were

used to disperse the HiPco produced SWCNTs in H2O, enabling material charac-

terisation and fabrication of the SWCNT-based sensors.

In surfactant-nanotube aqueous solutions, the surfactant forms micelle struc-

tures around the tubes (wrapping), inhibiting re-aggregation and aiding efficient

dispersion, as depicted in Figure 3.6 [212]. For anionic (DOC, SC) or cationic sur-

factants (CTAB, CTAT), the hydrophobic tail of the molecule is orientated towards
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Figure 3.5: The chemical structure of the surfactants used for the non-covalent function-
alisation of SWCNTs in the current thesis. (a) Sodium deoxycholate (DOC),
(b) Sodium cholate (SC), (c) Hexadecyltrimethylammonium bromide (CTAB),
(d) Hexadecyltrimethylammonium p-toluenesulfonate (CTAT), (e) Triton X-
100. Chemical structures are adapted for the figure from the RSC ChemSpider
database [211] .

the nanotube and the hydrophilic, charged head group, interacts with water forming

a micelle like structure around the tube bundles [213]. When this process is com-

bined with an external energy input to overcome the strong van der Waals (vdW)

interactions that cause tube bundling, such as that from an ultrasonic probe, the

SWCNTs become isolated and form a stable dispersion of individualised nanotubes

[208]. Ultrasonication of SWCNT solutions should be carried out with caution and

used in tandem with sample characterisation, as excessive use is known to shorten

or damage the SWCNTs in the sample [212].

Surfactant functionalisation, ultrasonication and centrifugation was employed

in this thesis to achieve individualised SWCNT solutions of varying concentra-

tion that were suitable for deposition as described in the literature previously

[208, 212, 215]. The exact solution processing experimental parameters relevant to

each study are outlined in the experimental sections for Chapters 4, 5, 6 and 7. The

fabrication of devices from these SWCNT solutions to form SWCNT-chemiresistive

sensors is now described.
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Figure 3.6: Photographs of a SWCNT aqueous solution before and after the addition of
sodium deoxycholate (DOC) and ultrasonication. The various possible arrange-
ments of surfactants forming micelles around the SWCNTs to aid dispersion in
water is also shown (a-c), adapted from [214].

3.3.2 Device fabrication

Fabrication techniques to form carbon nanotube based devices are divided into ei-

ther dry or wet processes [216]. Dry methods include chemical vapour deposition

[217] and spinning of carbon nanotube yarns [218] directly on to device architec-

tures. However, the following discussion focuses on wet processes, due to their

relevance to the current thesis.

Films of SWCNTs can be fabricated from SWCNT solutions using drop coat-

ing, self-assembly, AC dielectrophoresis, rod coating, filtration, spin coating, ink-jet

and screen printing [73]. The deposited SWCNT networks can then be modified

via chemical doping, heat treatments, functionalisation, washing or etching to suit

the final application. Metallic contacts can be deposited using sputtering before or

after deposition of the film, with the choice of metal affecting the device contact

resistance [219].

In the current thesis, drop coating was used to fabricate SWCNT devices due

to the simplicity of the technique, the ability to deposit a known concentration of

carbon to the substrate and to control layer thickness (see Figure 3.7). A mild heat

treatment (at 50 XC in air) was used to minimize the coffee ring effect during deposi-
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tion steps [220]. Surfactant present in the SWCNT network can alter the electronic

characteristics of the film, the effects of which are investigated in Chapters 4 and 6.

The exact fabrication procedures for each type of SWCNT based sensor are detailed

in the experimental sections of Chapters 4, 5, and 6, as they are specific to each

study.

Figure 3.7: Example photographs of the fabrication process for the SWCNT network de-
vices used in the current thesis. (i) Deposition of the SWCNT solution via drop
coating with a removable mask covering the gold electrodes. (ii) After drying
at 50 XC in air on a hot plate for 30 minutes, the mask is removed and the ex-
posed electrodes are cleaned with ethanol. (iii) To form the SWCNT-Zeolite
top layer devices steps (i) an (ii) are repeated using the zeolite ethanol solution.
(iv) The devices (3 � 3 mm) are wire bonded to the sensor housing to complete
the fabrication process.

3.3.3 SWCNT-zeolite composite

Zeolites, due to their ability to selectively adsorb molecules and catalyse surface re-

actions, are an interesting class of materials with a view to gas sensing applications

[166]. They have previously been used as a growth template for small diameter (4

Å) carbon nanotubes in the pores of the aluminosilicate structure [221]. Conversely,

MWCNT samples have also been used for the templated growth of mesoporous ze-

olite single crystals [222, 223, 224].

Zeolites have also found application as auxiliary functionalisation layers in gas

sensors, increasing selectivity and sensitivity [163]. A Zeolite-MWCNT compos-

ite material has also been reported for electrochemical sensing of copper (II) ions



3.3. Experimental methods 110

[225].

In Chapter 7, SWCNT-zeolite composite sensing layers were formed. After

achieving the HiPco DOC dispersions described in the previous sections, two types

of SWCNT-zeolite composite sensor were fabricated; a top layer or a mixed layer

configuration. Zeolites were dispersed in ethanol using a magnetic stirrer bar at a

concentration of 0.2 g ml�1. For the top layer configuration, 1 µL of the dispersed

zeolite was deposited on top of the pre-formed HiPco DOC SWCNT network, form-

ing a filter layer of approximately 10 µm in thickness (see Figure 3.7, the thickness

was established in Chapter 7).

The mixed layer sensor configuration was achieved by first depositing the in-

sulating zeolite across the gold electrodes before any SWCNTs had been deposited

on to the substrate. 1 µL of the initial HiPco DOC SWCNT solution was then drop

coated on to the zeolite, filtering through to connect the gold electrodes whist also

forming a percolating mixed layer from which an electrical measurement could be

made. A final drying step was carried out in air using a furnace at 100 XC for 1

hour. This procedure was repeated for multiple sensors and different zeolite types,

as outlined in Chapter 7. Characterisation of the raw and functionalised materials

was used to study the effect of the fabrication procedure, as well as gas sensing

experiments, on the SWCNTs. This is described in the following section.

3.3.4 Gas sensing experimental setup

In order to conduct controlled gas sensing experiments, an experimental system that

enabled control of gas flow rate, mixing and testing chamber humidity was required.

Simultaneously, a measurement circuit which facilitated recording of the elec-

trical sensing responses for multiple SWCNT-based devices, detailed in the previ-

ous section, was needed. These are described in the following section, along with

appropriate testing protocols.

Figure 3.8 shows a labelled photograph of the gas sensing experimental setup

(known as AA-Rig, designed previously by Dr. Ayo Afonja [226]). The main com-

ponents of the gas sensing rig, corresponding to Figure 3.8, are:

• A gas delivery system; a series of mass flow controllers, flow meters and



3.3. Experimental methods 111

solenoid valves connected with Polytetrafluoroethylene (PTFE) tubing to

control the test humidity, flow and mixing of the required concentration of

analyte gas (supplied from pressurised, BOC certified gas cylinders).

• A sealed testing chamber; A gas-tight container with an inlet and outlet that

houses the gas sensors for controlled exposure to a flow of the analyte under

investigation.

• An electrical measurement system; the measurement circuitry that facilitates

the accurate measurement of the electrical conductance of the sensing ele-

ment, utilising data acquisition (DAQ) instruments for recording and storage

of the experimental data.

• A sensor heating circuit; a circuit connected to the integrated platinum heater

track on a sensor substrate to obtain an elevated operating temperature if re-

quired.

• Power supply; units to provide the required voltage/current for all of the com-

ponents.
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Figure 3.8: A photograph of AA-Rig showing the controlled flow delivery setup, as well as
the testing cell and various components. The rig was built and designed by Dr.
Ayo Afonja [226], and has been adapted to include an internal humidity meter
and additional flow meters.

A schematic of the multichannel gas flow system is depicted in Figure 3.9. The

air-tight testing cell was designed in a cylindrical shape with the inlet to the cell

equidistant from each of the 8 sensors housed in the perimeter. The out-flow of

gas was extracted through outlets behind each of the 8 sensor ports to ensure equal

exposure to the target gas. The internal testing chamber flow volume was minimised

to reduce the time taken for the target analyte to reach the sensor, permitting short

measurement time scales.

The test cell is made from solid Polytetrafluoroethylene (PTFE) material as

it is chemically inert. Sensors were secured around the perimeter of the 8-channel

test cell via a screw-in holder to a hollow air-tight grove port. The holders were also

designed to allow air-tight external electrical connections to the sensors.

Dry synthetic air (BOC, synthetic grade, 200 bar, CAS number: 132259-

10-0) is delivered to the mass flow control system via a regulator connected gas

cylinder (regulator pressure 1 bar), with a total flow rate of 1 L min�1 measured
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Figure 3.9: A schematic of AA-Rig showing the flow delivery configuration for mixing of
gases and generation of different testing chamber humidity levels. The rig was
designed and built by Dr. Ayo Afonja [226], and has been adapted to include
an internal humidity meter and additional flow meters.

at the inlet and outlet of the testing cell. The sensitivity of the HiPco SWCNT

sensor resistances to changes in the air flow was quantified and is shown in Figure

3.10. This air flow calibration suggests that after an initial period of 1200 s, a

consistent baseline resistance is established. It also demonstrates that changes in air

flow account for less than a 0.1% change in sensor resistance when switching from

100% to 25% air flow rate.

Depending on the testing requirements and setup configuration, a portion of

this dry air was directed through a Dreschal flask filled with 500 mL of de-ionised

water to generate atmospheric humidities in the 10% to 90% range in the testing

chamber. To confirm that this mixing procedure was able to generate the desired

atmospheric humidity within the testing cell, an internal humidity meter was used.
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Figure 3.10: A plot of the percentage change in resistance (left axis) of HiPco SWCNT
DOC sensors when the flow rate (right axis) is reduced from 1 L min�1 to
0.75 L min�1, 0.5 L min�1 and then to 0.25 L min�1 on AA-Rig. A 0.1 %
change in resistance is observed.

The results are shown in Figure 3.11, suggesting that equilibrium RH for lower

values (RH@ 50%) is more quickly established than higher RH (RHA 50%). The

calibration step also suggests that a 5% error in the actual value of generated relative

humidity should be assumed.

The test gas (cylinder) under consideration (specific to each study) is connected

to a separate mass flow control line as depicted in Figure 3.9, then mixed with the

carrier gas after the required relative humidity is established.

3.3.5 Measurement circuit

The electrical measurements were made using a potentiostat type circuit, adapted

from previous designs [226]. The entire system consists of eight potentiostats, a dig-

ital multimeter (DMM, National Instruments (NI) 7-digit, model PXI-4071), multi-

plexer unit (MUX, NI PXI-2503 Switch) and a computer with LabVIEW software.

Potentiostat type circuits permit a wide conductance measurement range, required
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Figure 3.11: The humidity level (RH %) as measured by an internal humidity meter when
the mixing ratios of dry to wet air are varied between 100:0, 75:25, 50:50 and
25:75 on AA-Rig.

for the current study, as well as control of the surface potential applied across the

sensing material.

A constant 100 mV bias (w.r.t ground) is applied across the sensing element

using a control circuit throughout the experiment to enable current flow through

the device. Another circuit was connected, so that the voltage required to supply

the current to maintain a constant 100 mV bias was measured, using a DMM with

two-point contacts. The presence of analyte on the sensor surface induces a change

in the amount of current required to maintain a constant 100 mV bias. Potentiostat

outputs for all of the sensors were sampled using the NI DMM and the multiplexer

unit (MUX), providing a multichannel DAQ system.

Changes in the supplied potential to alter the current, ∆I, required to main-

tain a constant potential, VSD, were measured across the sensing elements (the

SWCNT network layer) and the interdigitated gold electrodes (source-drain elec-

trodes), which is then converted into a DC conductance value, ∆G, for each sensor
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using the relationship:

Vout � �VSD�
R f b

Rsensor
(3.5)

where Vout is the measured voltage, VSD is the probe voltage (100 mV), R f b is the

feedback resistor value and Rsensor is the unknown sensor resistance to be calcu-

lated. The diagram depicting the elements of the circuit which allow the calculation

of the resistance across the sensor surface is shown in Figure 3.12. The full po-

tentiostat circuit diagram, adapted from the work of Dr. Ayo Afonja [226], can be

found in appendix D.

Figure 3.12: Inverting operational amplifier element of the potentiostat circuit. The probe
voltage (VSD), known negative feedback resistor (R f b) and measured potential
across the sensor (Vout) are used to calculate the resistance (Rsensor) of the
sensor as per equation 3.5. Adapted from [226].

The change in sensor conductance, ∆G, can then be calculated from:

∆G �
1

∆Rsensor
(3.6)

3.3.6 Testing procedure and protocol

The total combined flow rate entering and exiting the testing cell was always main-

tained at 1 L min�1. For each experiment, gas leak tests were performed at the

cylinder regulator connections, with the gauge set to achieve a pressure of 1 bar
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before entry to the mass flow system. At the beginning of each test, the flow me-

ters (placed up and down stream of the carrier gas flow w.r.t the testing cell) were

checked for consistency and equivalence to a 1 L min�1 flow rate.

Unless explicitly stated in the experimental sections of the results chapters, the

sensor baseline conductances were stabilised in an initial flow of 100% carrier gas

for 3600 s. Each exposure to a certain concentration of target analyte in the carrier

gas was for a duration of 600 s, followed by a 1200 s recovery period in carrier gas

only. In some instances, the amount of water vapour in the carrier gas was varied

to alter background chamber humidity temporarily or throughout the entire experi-

ment.

The Dreschal flask, containing 500 mL of de-ionised water, was replenished

after 3 testing runs. Periodically, an internal humidity meter was used to confirm

the relative humidity of the testing chamber, typically accurate to within 5% of the

desired value.

The exact testing parameters (such as analyte concentrations and testing cham-

ber humidity levels) were variable between studies (detailed in the experimental

sections of Chapters 4, 5, 6 and 7). However, the above protocols were adhered to

in all test cases.

3.4 Determination of errors

3.4.1 Gas sensing errors

Significant variations in the conductive responses of SWCNT-based chemiresistors

have been reported previously, outlined in Chapter 2. As a result, it is important

that the error associated with the measurement of such responses is communicated

to quantify the variation observed alongside the magnitude of sensing response.

Two types of response variation, with distinct causes, may be observed in the gas

sensing experiments conducted in the current study:

(1) Run to run variation of the conductive response magnitudes observed for a

specific sensor over repeated experiments.

(2) Variation in the conductive responses recorded for identical sensors of the
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same SWCNT type, functionalisation and layer thickness within the same

experiment.

The errors reported for type (1) are potentially due to the incomplete desorp-

tion of previously adsorbed analyte gas from the sensor surface, sensor poisoning,

or changes in the temperature of the testing environment (typically between 18 XC

and 23 XC depending on time of year). To quantify this error, the standard deviation

between recorded sensor responses was calculated from three repeated experiments.

Error bars communicate this quantity in the response magnitude figures as detailed

in the relevant figure captions.

The sources of error for type (2) are likely to arise from the heterogeneous

nature of randomly orientated SWCNT networks, which may contain a different ar-

rangement of m-SWCNTs or sc-SWCNTs. Variations in the thickness of the sens-

ing layer, deposited using drop casting, may also contribute to the discrepancy in

recorded conductive responses between identical devices. To quantify this error, the

standard deviation of average responses over three repeated experiments between

two identical sensors was calculated to provide an indication of device to device

variation in sensor responses. This is indicated in figure captions reporting conduc-

tive response magnitudes per sensor type (e.g thick or thin network, functionalised

or non- functionalised). The type (2) error is typically larger than type (1).

As stated in the previous section and articulated in Figure 3.11, the mixing

procedure between wet and dry air to maintain a constant atmospheric humidity

resulted in a chamber humidity within 5% of the desired value (confirmed by an

internal humidity meter).

Changing the air flow rate from 1 L min�1 to 0.25 L min�1 typically resulted in

a 0.1% change in sensor baseline resistance (see Figure 3.10). Therefore, resistance

variations induced by changes in the MFC air flow rate throughout the experiment

(@5% variation in flow rate, based on manufacturer specification) were considered

to be negligible for the SWCNT-based sensors. The maximum error associated

with the delivered concentration of test gas was estimated to be 10%, limited by the

read-out scale on the flow meters. The consistent readings taken from inlet and out-
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let flow meters between experiments suggested any error in test gas concentration

due to flow mixing would have been systematic throughout the studies.

3.4.2 Characterisation errors

For electrical characterisation of the SWCNT devices, a Keithley 4200 semicon-

ductor characterisation system was used to investigate how the conductance across

the devices varied with film thickness and the concentration of the deposited solu-

tion. Due to the random arrangement of the SWCNTs in the deposited layer, the

largest uncertainty in the measurement of conductance arose from device to device

variations, thus the standard deviation in conductance values between two identical

devices was presented as the error associated with the measurement.

The maximum resolution of the Renishaw inVia Raman microscope was 1

cm�1, the limiting factor in determining positional peak shifts in the Raman spectra.

In Chapter 4, the Raman results are presented with the mean, normalised intensity

of measurements gathered from at least three different points on the material. The

standard deviation is then presented via the error bars on the plot.

In Chapter 4, the concentrations of the SWCNT-surfactant solutions were es-

timated using UV-Vis-NIR spectroscopy and the Beer-Lambert law. Due to the

limited quantity of available HiPco sample, multiple batches of solution from dif-

ferent raw samples could not be prepared. Also, variations in repeat measurements

of the UV-Vis-NIR spectra on the same solution at the same concentration were not

detectable. Therefore, an alternative technique, the vacuum filtration method, was

used to provide a secondary estimation of the concentration for the HiPco DOC

solution. The error in estimated concentration (14%) was taken to be the standard

deviation between the concentration measured using the UV-Vis-NIR technique and

the vacuum filtration method for the DOC sample.

Where possible, the physical dimensions estimated from microscopy images

are averaged over multiple features in the image. For example, in the TEM data

presented in Chapter 5, the diameter of 50 SWCNT bundles are measured from the

image (based on the scale bar and using the software package ImageJ) and the mean

bundle diameter along with standard deviation is presented.



Chapter 4

Study I: Changes in SWCNT

network conductance on exposure to

water vapour.

The work in this chapter was published in Nanoscale. I conceptualised the study,

carried out the experimental investigations, performed the analysis and wrote the

manuscript. Dr. D. J. Buckley assisted with the sample preparation and interpreta-

tion of the materials characterisation data. Prof. N. T. Skipper and Prof. I. P Parkin

proof read the manuscript and contributed experimental guidance. The paper is

appended to this thesis in appendix E.

Associated Publications: Evans, G. P., Buckley, D. J., Skipper, N. T., &

Parkin, I. P. (2017). Switchable changes in the conductance of single-walled carbon

nanotube networks on exposure to water vapour. Nanoscale, 9(31), 11279-11287.

4.1 Introduction
As highlighted in the literature review from Chapter 2, the electrical proper-

ties of SWCNT networks are sensitive to the surface adsorption of water vapour

from the surrounding environment. Although measurable changes in the conduc-

tance of SWCNTs have been reported, both increases [146, 147] and decreases

[143, 123, 144, 145] have been observed, with different mechanisms proposed to
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explain the findings. For SWCNT-based chemical sensors and other electronic com-

ponents, the necessary interaction with external operating environments suggests

that an understanding of the conductance-humidity behaviour of SWCNT networks

is required to optimise performance for specific applications.

In this chapter, the sensitivity of SWCNT networks to water vapour was inves-

tigated. Firstly, the effect that residual surfactant has on the conductance of SWCNT

networks when exposed to water vapour, in comparison with surfactant free sam-

ples, was studied. This is a critical consideration for many applications of SWC-

NTs, including touch screen displays[32] and environmental sensors, as changes in

the relative humidity of the operating environment may interfere with device perfor-

mance. While useful for liquid processing and the deposition of SWCNTs, the elec-

trical properties of the fabricated devices can be significantly altered by the presence

of surfactant[227], due to the blocking of inter-nanotube connections in the network

and increased contact resistance[228, 229]. Non-covalent functionalisation using a

wide variety of surfactant molecules is applied as a route to disperse inherently hy-

drophobic nanotubes in water for sorting processes[230, 61, 231], as well as for a

wide variety of SWCNT device fabrication methods[216, 232, 233, 234, 235]. The

removal of this residual surfactant is possible by washing[227], annealing[236, 187]

or acid treatment[237, 229]. The properties of deposited SWCNT networks are sig-

nificantly dependent on the success and ramifications of such treatments.

For the current study, SWCNT networks were deposited after non-covalent

functionalisation with a range of anionic (DOC, SC), cationic (CTAB, CTAT) and

non-ionic (Triton X-100) surfactants. The magnitude and direction of the change

in conductance of the SWCNT networks upon exposure to water vapour was used

to explore the contrasting p-type or n-type behaviour reported in the literature. The

reversibility of H2O adsorption and the associated conductive response curves were

probed. Finally, based on this insight, the water sensitive properties of the surfactant

containing films were manipulated to develop and evaluate humidity sensors using

the SWCNT networks.
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4.2 Experimental

4.2.1 Device fabrication

Figure 4.1: Optical image of (a) a side on view of a thick HiPco DOC SWCNT network de-
posited on an alumina chip, (b) a thick HiPco DOC SWCNT network deposited
on an alumina chip between interdigitated gold electrodes of 175 µm separa-
tion and (c) a thin HiPco DOC SWCNT network deposited on an alumina chip
between interdigitated gold electrodes of 175 µm separation.

SWCNTs produced via the high pressure carbon monoxide disproportionation

(HiPco) process [137] (purchased from Nanointegris, batch number: R1-831) were

dried in air at 120XC to remove moisture from the bundles and stored under vacuum.

For the HiPco SWCNT control sample, the black powder was added to water

(H2O, CAS Number: 7732-18-5, HPLC grade) at a concentration of approximately

2 mg mL�1. To prepare the test samples, the SWCNTs were added to aqueous solu-

tions containing the following surfactants at 0.5 wt.%: Sodium deoxycholate (DOC,

CAS Number: 302-95-4 , 97%), sodium cholate (SC, CAS Number: 206986-87-

0, 97%), hexadecyltrimethylammonium bromide (CTAB, CAS Number: 57-09-

0, 98%), Hexadecyltrimethylammonium p-toluenesulfonate (CTAT, CAS Number:

138-32-9) or Triton X-100 (CAS Number: 9002-93-1) purchased from Sigma-

Aldrich. The initial carbon concentration was approximately 2 mg mL�1 for the

HiPco SWCNT surfactant solutions. Surfactant molecules form micelle like struc-
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tures around the nanotubes allowing dispersion in water. To aid efficient solubili-

sation and de-bundling of the tubes via surfactant wrapping, the solution was son-

icated using a tip sonication probe at a power of 225 W for 15 minutes, with the

container placed in an ice bath for cooling.

The surfactant treatment resulted in well dispersed solutions, whilst the carbon

in the control sample was highly agglomerated. The samples were centrifuged at

4000 g for 30 minutes and the upper 80% of the supernatant was decanted to limit

the presence of carbonaceous impurities and highly bundled SWCNTs in the final

concentrated solution. Diluted samples were also obtained by dilution of the con-

centrated solutions in deionised water.

3 x 3 mm alumina tiles with patterned gold electrodes of 175 µm separation

(as shown in Figure 4.1 and Figure 4.2) were used as the substrate to facilitate mea-

surement of the conductance across the SWCNT networks. The HiPco SWCNT

solutions were deposited across the interdigitated gold electrodes using a calibrated

Finnpipette novus electronic single-channel micro pipette (drop volume 1 µL per

sensor) and left to dry in air at 23 XC for 24 hours to form chemiresistor type de-

vices.

Thick network devices were formed using the concentrated solutions detailed

in Table 4.1, with a thickness of 19 � 5 µm estimated first using a side on view from

a microscope (see Figure 4.1). Due to the difficulty in focusing on the deposited film

using an optical microscope, side on SEM was used in Chapter 5 to confirm the film

thickness to be in the 10 µm to 20 µm range (Figure 5.2). Typically, thick network

device resistance was of Rthick = 200 Ω to 500 Ω. Thin films were formed using

the diluted solutions displayed in Table 4.1, with a thickness @ 1 µm and a device

resistance of Rthin = 50 kΩ to 200 kΩ.
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4.2.2 Material and device characterisation

The UV-Vis-NIR absorption spectra for each of the decanted SWCNT surfactant

solutions were obtained using a PerkinElmer Lambda 950 spectrophotometer to es-

timate the concentration of carbon in the aqueous solutions. The initial decanted

solution was diluted (between 1000 X and 50 X dilution from the initial solution

with deionised H2O) to enable experimental measurement of absorbance. Multiple

spectra were recorded in the 180 nm to 1300 nm range for dilutions of each SWCNT

surfactant solution, using a quartz cuvette with a path length 1 cm. The background

absorbances for the blank H2O surfactant solutions were subtracted. The relevant

extinction coefficients (ελ ) experimentally determined by Goak et al. [238] (SWC-

NTs stabilised with CTAB : ελ = 34.5 mL mg�1 cm�1 , SWCNTs stabilised with

SC: ελ = 33.6 mL mg�1 cm�1 ) at a wavelength of 700 nm were used to approxi-

mate the carbon concentration for each of the diluted solutions.

A linear relationship between the volume of decanted SWCNT solution present

in the diluted aqueous solution vs the absorbance was observed. The Beer-Lambert

law,

C �
Aλ

ελ l
, (4.1)

where Aλ , ελ and l are absorbance, extinction coefficient at a specific wave-

length λ and optical path length respectively, was used to calculate the concentra-

tion of the diluted and concentrated SWCNT solutions as displayed in Table 4.1.

The surfactant free SWCNT control sample values are included to enable an ap-

proximate comparison, although the carbon agglomerated in the control solutions

formed without the use of surfactant, decreasing the accuracy of the UV-Vis con-

centration measurement. The approximate carbon concentration of the concentrated

decanted SWCNT solutions were calculated using a linear fit to the diluted ab-

sorbance data.

The mass filtration method was applied to obtain a secondary comparison with

the estimated UV-Vis-NIR concentration. A mass balance with 0.01 mg sensitivity

was used to obtain the mass of a PTFE filter membrane before and after 600 µL



4.2. Experimental 126

of the HiPco DOC suspension was deposited and dried via vacuum filtration. The

difference in mass after the deposition was calculated and the mass of the surfac-

tant (derived from the molecular weight of DOC) subtracted to estimate the mass

of carbon deposited on the membrane. Three HiPco DOC samples were prepared,

with the average carbon concentration calculated as 1.4 � 0.2 mg mL�1, in good

agreement with the UV-Vis-NIR based calculations displayed in Table 4.1.

A Renishaw inVia Raman microscope with laser wavelength λ = 785 nm and

1 mW power was used to perform Raman spectroscopy on each of the surfactant

wrapped HiPco SWCNT thick films after deposition and drying on 3 x 3 mm alu-

mina substrates. Wet measurements were obtained by depositing 1 µL of deionised

water (H2O, CAS Number: 7732-18-5, HPLC grade) on top of the SWCNTs and

re-obtaining the Raman spectra.

A Jeol JSM-6700F field emission scanning electron microscope (SEM) was

used in secondary electron imaging mode using a 10 kV probe voltage at a working

distance of 7.9 mm to obtain micrographs of the SWCNT networks.

The hot probe method (as described by Golan et al. [206]) was used to confirm

that the networks contained sc-SWCNTs and displayed p-type behaviour. Either the

HiPco control sample, the HiPco DOC or HiPco CTAB containing films were de-

posited on a glass substrate. The potential difference across the films was measured

using a Keithley 2100/230-240 digital multimeter. A positive probe was heated to

a set temperature while in contact with the SWCNT network using a soldering iron

tip and the induced change in potential was recorded. A negative voltage at the

heated probe indicates that holes are the majority charge carrier in the semiconduct-

ing portion of the network as described previously[206].

The current-voltage characteristics across the SWCNT network (source to

drain) were measured using a Keithley 4200 semiconductor characterisation sys-

tem when dry and after wetting with 1 µL of de-ionised H2O for the control films,

the SWCNT networks containing DOC surfactant and the SWCNT networks con-

taining CTAB surfactant.
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4.2.3 Humidity testing procedure

The SWCNT networks (deposited on alumina substrates between interdigitated

gold electrodes) were placed in electrical read out ports within a cylindrical test-

ing chamber to measure the change in device conductance as a function of relative

humidity (RH). The circular arrangement of the devices, along with the extraction

of air behind each individual port location, ensures that each device is exposed to an

equal flow of dry or humid air. The air flow rate of dry synthetic air (BOC certified

synthetic air, 20% pure oxygen, 80% pure nitrogen, CAS number: 132259-10-0)

was controlled using digital mass flow controller 1 (MFC 1). Wet air was generated

by flowing dry synthetic air through a Drechsel flask (controlled using MFC 2) con-

taining 500 mL of deionised water (HPLC grade, CAS Number: 7732-18-5). Dry

air and wet air were mixed at different ratios using the mass flow controllers and

delivered to the testing chamber via a central inlet to achieve between 0% and 90%

RH in the testing chamber, confirmed using an internal humidity meter. A potentio-

stat setup[239] was used to measure the room temperature device conductance with

a 100 mV bias applied throughout the testing procedure.

Prior to the experiments, dry synthetic air was passed over the sensors for 2

hours to obtain a baseline conductance (G0) for each device and achieve 0% rela-

tive humidity in the chamber. A mixture of dry and wet air was then introduced to

the chamber for 600 s to achieve to the required humidity level and the new device

conductance was measured (G). This was followed by a 1200 s intermediary step in

which the relative humidity was re-adjusted to 0% and G0 was re-established before

the next incremental humidity testing step (in the range of 20% to 90% RH).



4.3. Results 128

Figure 4.2: Schematic representation of (a) the surfactant functionalised HiPco SWCNTs
deposited on an alumina substrate between interdigitated gold electrodes. The
conductance (G) across the formed percolating network is measured in both
dry and humid conditions. An SEM image of a typical SWCNT network is
inset top-left. A representation of the induced electrostatic potential upon ex-
posure to water vapour is shown in (b) for cationic and (c) anionic surfactant
containing networks, with the respective increase (+∆G) and decrease (-∆G) in
conductance indicated when the relative humidity (RH) increases.

4.3 Results

4.3.1 Material characterisation

The topology of the raw SWCNT sample is displayed in Figure 4.3. A highly inter-

connected SWCNT network structure is revealed by scanning electron microscopy

(SEM) of the gold coated as received HiPco sample. Individual SWCNTs are not

visible, instead forming bundles estimated to be 10 nm to 30 nm in diameter from

the SEM micrographs in Figure 4.3c and d. The constituent SWCNTs become sep-

arated and individualised to a greater degree during the aqueous dispersion of the

raw sample via ultrasonication.

The aqueous solutions of HiPco SWCNTs, non-covalently functionalised with

the range of surfactants detailed in Table 4.1, were then characterised using UV-

Vis-NIR absorption spectroscopy. Multiple peaks in the 400 nm to 1000 nm range
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Figure 4.3: SEM micrographs at (a) �1,000 (b) �20,000 (c) �30,000 (d) �50,000 magni-
fication showing gold coated SWCNT bundles from a sample of raw HiPco
powder.

of the UV-Vis-NIR absorption spectra (Figure 4.4) indicate a mixture of metallic

SWCNTs (m-SWCNTs) and semiconducting SWCNTs (sc-SWCNTs) in each of

the aqueous solutions [240] at high (0.5 to 1.8 mg mL�1) and low (0.004 to 0.01

mg mL�1) concentrations, as to be expected for non-sorted HiPco SWCNTs [169].

The peaks are red or blue shifted at various wavelengths if dispersed using a

cationic or anionic surfactant, compared with a dry sample of SWCNTs on quartz.

This effect has previously been attributed to the varying charge imparted on the

tubes when surfactant wrapped in aqueous solution, as well as to nanotube bundling

in poorly dispersed samples [173].

The approximate concentrations of the SWCNT solutions are detailed in Ta-

ble 4.1. These were calculated from the UV-Vis-NIR data for the aqueous HiPco

DOC, HiPco SC, HiPco CTAB, HiPco CTAT, HiPco Triton X-100 and HiPco con-

trol (surfactant free) solutions at different dilutions (data presented in Figure 4.5).

The carbon concentration of the initial surfactant solution (blank) was increased
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Figure 4.4: UV-Vis absorption spectra obtained using an Elmer Lambda 950 spectropho-
tometer for aqueous solutions of HiPco SWCNTs non-covalently function-
alised with (a) DOC, (b) SC, (C) CTAB and (d) CTAT. The inset top-right
plot shows the shift in the 705-775 nm range peaks for the respective samples
relative to (e) dry HiPco DOC on a quartz slide. (a)-(d) are offset by 0.05
absorbance for clarity and were 100 X dilutions of the initial concentrated so-
lutions.

stepwise by the addition of the 1 X concentrated SWCNT solution for each respec-

tive surfactant. The added volume of 1 X solution, specified in Figure 4.5, resulted

in an increase in absorbance.

The absorbance at wavelength λ � 730 nm was used to calculate the carbon

concentration of the diluted solutions using the Beer-Lambert law. The relevant

extinction coefficients (ελ ) experimentally determined by Goak et al. [238] (SWC-

NTs stabilised with CTAB : ελ = 34.5 mL mg�1 cm�1, SWCNTs stabilised with

SC: ελ = 33.6 mL mg�1 cm�1 ) were used to approximate the carbon concentration

for each of the diluted solutions.

The 1 X solutions were too concentrated to obtain UV-Vis-NIR measure-

ments. Therefore, the concentration of the concentrated HiPco SWCNT solutions
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Figure 4.5: UV-Vis-NIR absorbance data for (a) HiPco DOC, (b) HiPco CTAB, (c) HiPco
Triton X-100, (d) HiPco SC, (e) HiPco CTAT and (f) HiPco control (surfactant
free) solutions. The legend indicates the volume of 1 X concentrated HiPco
SWCNT solution added to 3.5 ml of deionised water to achieve the dilutions
required to measure absorbance over a range of concentrations. A linear fit was
applied to the Absorbance vs HiPco SWCNT volume data in accordance with
the Beer-Lambert law to calculate the concentration of the concentrated 1 X
HiPco SWCNT solutions.

was determined by applying a linear fit to the absorbance data to obtain the predicted

absorbance for the concentrated 1 X solution and calculating the concentration in

accordance with the Beer-Lambert law.

The mass filtration method was used to compare and confirm the concentra-

tion of the concentrated HiPco DOC SWCNT solutions calculated from the UV-Vis

measurements. Three HiPco DOC samples were prepared, with the average carbon

concentration calculated as 1.4 � 0.2 mg mL�1, in good agreement with the concen-
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Figure 4.6: Raman spectroscopy data for the dry (i) and wet (Y) HiPco control (surfactant
free) samples. (a) The ratio of the G�-bands at 1594 cm�1 to D-band at 1295
cm�1 indicates good sample purity. (b) The radial breathing modes (RBMs)
in the range 100 cm�1 to 500 cm�1 suggest that nanotubes of different chiral-
ity and thus electronic type are also present in the deposited layer.(c) G�-band
feature (2600 cm�1). Laser wavelength λ = 785 nm at 1 mW power.

trations calculated using the UV-Vis-NIR data (as displayed in Table 4.1).

Raman spectroscopy was performed on the thick SWCNT networks (thickness

= 19 � 5 µm) after deposition on to the alumina substrates, firstly in ambient condi-

tions (room temperature = 23XC, relative humidity = 45%). Figure 4.6, 4.7 and 4.8

show the G-bands (1560 cm�1 to 1620 cm�1), D-band (1295 cm�1), G�-band (2600

cm�1) and radial breathing modes (RBMs, 100 cm�1 to 500 cm�1) for the samples

under investigation.

The ratio of the G�-bands at 1594 cm�1 to D-bands at 1295 cm�1 indicates

good sample purity (see Figure 4.6, 4.7 and 4.8)[56]. The radial breathing modes

(RBMs) in the range 100 cm�1 to 500 cm�1 suggest that nanotubes of different chi-

rality and thus electronic type are also present in the deposited layer[56], in agree-

ment with the UV-Vis-NIR data.

Each of the samples was then wetted with 1 µL of deionised water and Raman

measurements were re-acquired as detailed in the experimental section. The full

width at half maximum (FWHM) of the G� band decreases significantly for the wet
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Figure 4.7: Raman spectroscopy data for the dry (i) and wet (Y) HiPco DOC samples. (a)
The ratio of the G�-bands at 1594 cm�1 to D-band at 1295 cm�1 indicates good
sample purity. (b) The radial breathing modes (RBMs) in the range 100 cm�1

to 500 cm�1 suggest that nanotubes of different chirality and thus electronic
type are also present in the deposited layer.(c) G�-band feature (2600 cm�1).
Laser wavelength λ = 785 nm at 1 mW power.

surfactant containing networks (see Figure 4.9). Previous studies have found that

the Breit-Wigner-Fano (BWF) component of the G�-band is suppressed for some

surfactant m-SWCNTs aqueous systems compared to the dry equivalent[173]. As

an intrinsic feature of bundled m-SWCNTs, perturbation of the SWCNT electronic

charge by the charged groups present in the surfactant molecule is thought to be

partially responsible for the change in the BWF feature. Also, the intensity, FWHM

and frequency of the G� band for sc-SWCNTs can be altered by the application of

a gate voltage[241, 242], suggesting that any additional potential difference due to

water-surfactant interactions should induce changes in the G�-band line-shape.

In the current study, the decrease in FWHM of the G� band, along with the

suppression of the G�, is treated as a proxy for a change in the gate/charge sensitive

G� band and BWF component respectively. Therefore, the different G-band line-

shapes highlighted in Figure 4.9 suggest that exposure to water alters the interaction

between the charged groups present in the SWCNT-surfactant system. This in turn

implies that the electronic properties of SWCNT based devices containing residual
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Figure 4.8: Raman spectroscopy data for the dry (i) and wet (Y) HiPco CTAB samples. (a)
The ratio of the G�-bands at 1594 cm�1 to D-band at 1295 cm�1 indicates good
sample purity. (b) The radial breathing modes (RBMs) in the range 100 cm�1

to 500 cm�1 suggest that nanotubes of different chirality and thus electronic
type are also present in the deposited layer.(c) G�-band feature (2600 cm�1).
Laser wavelength λ = 785 nm at 1 mW power.

surfactant could be altered due to electrostatic interactions upon exposure to water

vapour.

From Figures 4.6, 4.7 and 4.8, changes in the intensity of various RBM modes

are observed for the wetted films. A similar effect has been previously reported

for sc-SWCNTs in CNTFETs, in which the application of a gate voltage alters the

intensity of the RBM mode [243]. For the control and DOC samples, changes in

the G� peak shape and intensity also occur, which has previously been observed by

Zaumseil et al. for electrolyte gated CNTFET devices [241].

4.3.2 Bidirectional conductance switching

It has been previously reported that water induces n-type[146, 147] or p-

type[143, 123, 144, 145] responses from carbon nanotubes, causing a change in

the conductance of ropes and bundles. Whether the change in conductance is due

to electrostatic gating or chemical doping is debated within the literature.

The study by Bell et al. suggested that this effect is attributable to electrostatic
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Figure 4.9: The normalised Raman spectra of dry and wet SWCNT networks containing (a)
anionic DOC, (b) cationic CTAB and (c) no surfactant. The differences in line-
shape of the G� (at 1593 cm�1) and G� (at 1565 cm�1) band before and after
wetting are highlighted in (a)-(c) by grey shading. The error bars represent the
standard deviation between measurements of 3 different spots on the SWCNT
film after normalisation of intensity. The percentage decrease in full width at
half maximum (FWHM) of the G� band before and after wetting is shown in
(d), where the error bars represent the error on the measurement of the peak
FWHM. Raman spectroscopy was performed using a Renshaw inVia Raman
microscope with laser wavelength λ = 785 nm and 1 mW power.

interactions [142]. The permanent dipole moment of water induces a polarisation of

electronic charge density in the nanotube over a long range (3 nm). Lekawa-Raus

et al. [244] also suggested that chemical doping does not occur in carbon nanotube

fibres, with water vapour instead interacting with the nanotubes at CNT-CNT junc-

tions. If this is the case, then it is to be expected that residual charged species in the

network, such as ionic surfactants, increase the polarisation of charge upon expo-

sure to water vapour and thus the magnitude of the conductance change observed.

Networks of HiPco SWCNTs functionalised with the range of surfactants

listed in Table 4.1 were deposited between gold electrodes and their electrical

conductance was recorded in a humidity controlled chamber (described in the ex-
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perimental section). The thickness and density of randomly orientated SWCNT

films is important when considering gas sensing mechanisms[245, 111] and charge

transport in the network[246]. Previous work by Battie et al. [83] has shown that

SWCNT sensing behaviour changes with a reduction in the number of m-SWCNTs

in the film.

Randeniya et al. [145] found that thinner networks of SWCNTs are increas-

ingly influenced by the substrate and a higher proportion of SWCNTs in the

film contribute towards sensing behaviour[145]. Furthermore, contact resistance

between SWCNTs[140], bundling and electrostatic environment[141] influence

charge transport in macroscopic networks. In low-density networks of non-sorted

SWCNTs below the m-SWCNT percolation threshold, conductance is increasingly

dominated by Schottky barrier modulation at the interface between sc-SWCNT

and the electrodes or m-SWCNTs, while thick networks have complete metallic

conduction paths with the resistance of the film dominated by nanotube-nanotube

junctions[83].

Surfactant functionalised SWCNT devices based on both thick films (thickness

= 19 � 5 µm, device resistance Rthick = 200 Ω to 500 Ω) and thin films (thickness

@ 1 µm, device resistance Rthin = 50 kΩ to 200 kΩ) were therefore fabricated to

investigate how these quantities affect the conductance behaviour in humid condi-

tions. The effect of residual surfactant and water vapour was found to differ in thin

(and thus lower density) networks.
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Figure 4.10: Real time changes in HiPco SWCNT control network conductances (where G0
is the baseline conductance at RH = 0% and G is the conductance at higher RH
levels) as the relative humidity of the testing chamber is modulated between
0% RH and higher humidity (in the 20% to 70% RH range, as indicated by
the top x-axis and blue shaded regions) for (a) thick (thickness = 19 � 5 µm,
dense) and (b) thin (thickness @ 1 µm, lower-density) networks of HiPco con-
trol SWCNTs.

As is displayed in Figure 4.10, the conductance of a control SWCNT network

(containing no surfactant) is sensitive to water vapour. At certain time intervals, the

relative humidity of the testing chamber is increased and a new steady state con-

ductance value (G) for the network is reached after time t90. The chamber humidity

is then reset to 0% and the conductance returns to baseline value (G0).

The conductance of the control SWCNT device (containing no surfactant)

is increased by the presence of water vapour in the sensing chamber (see Figure

4.10a). Reducing the thickness of the SWCNT control sample switches the direc-

tion of the conductive response so that conduction through the network is instead
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reduced after exposure to water vapour (Figure 4.10b). Veeramasuneni et al. [247]

found that an alumina substrate is positively charged at pH 7 upon wetting. If this

is the case, the net positive charge may impede electron conduction in the thinner

SWCNT control sample.

Figure 4.11: Real time changes in SWCNT network conductances (where G0 is the base-
line conductance at RH = 0% and G is the conductance at higher RH levels) as
the relative humidity of the testing chamber is modulated between 0% RH and
higher humidity (in the 20% to 70% RH range, as indicated by the top x-axis
and blue shaded regions) for thick (thickness = 19 � 5 µm, dense) networks of
(i) HiPco DOC, (Y) HiPco SC, (M) HiPco CTAB, (O) HiPco CTAT, (+) HiPco
Triton X-100 and (�) HiPco control samples. Results for thin (thickness @ 1
µm, lower-density) networks are plotted without a symbol at the same y-axis
offset as their respective sample type. Plots are offset for clarity.

Figure 4.11 demonstrates that the magnitude and direction of the change in

conductance is strongly dependent on the type of surfactant present in the net-

work. When surfactants possessing charged groups are present in the films, the
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change in conductance is one order of magnitude larger than those without sur-

factant (the control HiPco SWCNT sample). For the SWCNTs non-covalently

functionalised with anionic surfactant (DOC, SC), the conductance decreases upon

exposure to water vapour. However, those functionalised with cationic surfactant

(CTAB, CTAT) show an increase in conductance when the humidity of the chamber

is increased. This is evidence that the head groups and counterions of the ionic sur-

factants contribute significantly to the electrical properties of the SWCNT networks

when exposed to water vapour.

Electrolyte solutions have been utilised to gate SWCNT FETs[248, 249]. An

applied potential causes a re-distribution of charges in the solution, imparting a

potential on the nanotubes and causing changes in the intensity, position and line-

shape of the SWCNT Raman bands[241]. Such changes in the G� and G� bands

are observed for the wetted SWCNT networks containing surfactant in the current

study (Figure 4.9). The previous use of liquid gated devices, along with the change

in line-shape of the G� and G� bands, indicates that the interaction of the surfactant

molecule and counterions with the nanotubes (upon wetting) modulates conduction,

effectively gating the SWCNT networks under investigation.

Goak et al. [238] proposed that for anionic surfactants such as SC, the Na�

counterion interacts with both m-SWCNTs and sc-SWCNTS electrostatically in

dry network films. When such a film is wetted, re-orientation of the surfactant

molecules on the surface takes place (in this case the surface of the SWCNTs in

the network)[250]. Therefore, the re-arrangement of the hydrophilic, negatively

charged head groups away from the tubes upon wetting would increase the density

of positive charges (Na� for DOC and SC) interacting electrostatically with the

nanotubes. This would explain the decrease in conductance through the networks

containing residual anionic surfactant.

Conversely, the same re-arrangement of the positively charged, hydrophillic

head group for the CTAB containing films would increase the density of Br� coun-

terions interacting with the tubes, inducing a distributed negative charge (δ�) and

increasing electron conduction (or decreasing hole density) through the SWCNTs.
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This proposed mechanism for the respective decrease or increase in conduction

for the anionic/cationic surfactant containing films is represented schematically in

Figure 4.2. The red or blue shifts seen in the SWCNT-surfactant UV-Vis data with

respect to the dry samples (Figure 4.4, inset), further suggests a change in electro-

static potential, depending on the surfactant-nanotube interaction in water.

Bernardes et al. [251] measured a humidity dependent electrostatic potential

on the surface of ionic surfactant films, which supports the hypothesis that atmo-

spheric water can change the imparted potential on the SWCNTs in the surfactant

containing networks. Additionally, positively charged species (such as the Na�

counterion present in SC and DOC) have previously been found to reduce DC con-

ductance through SWCNTs suspended in liquid water[252].

It is not expected that swelling of the surfactant functionalised SWCNT

film is solely responsible for the change in network conductance. Although

swelling is expected to occur in surfactant films upon exposure to water

vapour[253, 254, 255, 256], it would always decrease the number of nanotube-

nanotube conductive pathways (decreasing film conductance), thus does not ac-

count for the increase in conductance of films containing residual cationic agents.

As a higher proportion of SWCNTs are exposed to the analyte in a thin net-

work, a larger ∆G was expected for thinner SWCNT films. This was the case for the

SWCNT control, non-ionic and cationic samples. However, the real time humidity

response plots in Figure 4.11 show that the opposite is true for thin anionic SWCNT

films. Fewer metallic pathways exist in the thinner samples, with the conduction

properties of the network increasingly dominated by Schottky barrier modulation

between the sc-SWCNTs and m-SWCNTs or the gold electrodes. As chemiresistor

type devices are used, there is no applied gate voltage to activate conduction through

the sc-SWCNTs in the dry state. However, in a way analogous to electrolyte gated

SWCNT transistors, wetting of the film and re-arrangement of surfactant counteri-

ons may activate (or reduce, depending on the counterion) conduction through the

sc-SWCNTs. Thus, the differences in conductance-humidity behavior of thick vs

thin networks ( thickness = 19 � 5 µm, thickness @ 1 µm respectively) containing
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Figure 4.12: The potential difference induced by the application and removal of a soldering
iron to the positive measurement probe (hot-probe) in contact with the HiPco
SWCNT control (surfactant free) network. The progressively larger nega-
tive change in potential difference across the SWCNT network between the
positive and negative measurement probes upon heating of the positive probe
(hot-probe, to 160XC, 200XC and 240XC) suggests that the semiconducting
nanotubes in the network are p-type.

anionic or cationic surfactant may be caused by the increasing influence of the

counterion on the sc-SWCNTs in the mixed chirality films.

From Figure 4.11, differences in the peak shapes were recorded. When con-

ductance increases (as for the cationic surfactant containing films), a “shark fin”

shaped response curve was observed, in which the saturation time for the response

was extended compared to the cases in which conductance decreased upon exposure

to water vapour. This may be attributable to different adsorption kinetics associated

with the different SWCNT-surfactant films.

The hot probe method has been applied previously to determine the charge car-

rier type in sc-SWCNT networks[207]. The recorded negative voltage upon probe

heating (as shown in Figure 4.12 and Figure 4.13) indicates that the semiconducting

nanotubes in the DOC, CTAB and control (surfactant free) networks are p-type, in

line with previous studies of SWCNTs exposed to ambient conditions. The p-type

change in potential for the CTAB containing SWCNT network after application of

the hot probe (as shown in Figure 4.13) is approximately one order of magnitude
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Figure 4.13: The potential difference across the SWCNT networks induced by the appli-
cation of the hot-probe method whilst additionally delivering H2O to the (a)
HiPco DOC SWCNT network and (b) HiPco CTAB SWCNT network. At (i)
the potential difference across the films is recorded using a Keithley 2100/230-
240 digital multimeter in a flow of dry air. At (ii) the soldering iron is applied
to the positive probe (hot-probe) in contact with the SWCNT network, in-
ducing p-type negative increase in voltage. At (iii) wet air is delivered to a
partitioned portion of the film so that the wet air cannot contact the hot-probe,
inducing another change in potential difference, the direction of which is de-
pendent on the type of surfactant present in the network. At (iv) the wet air is
turned off and dry air flow resumes. The process is repeated with wet air on
at (v) and (vii) and wet air off at (vi) and (viii). At (ix) the hot-probe is turned
off and the potential difference across the film returns to initial levels in dry
air at (x).

lower than the change for the DOC or control network, suggesting the CTAB con-

taining film is less p-type.

As detailed in the experimental section, the setup was adapted so that a seg-
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Figure 4.14: Current-voltage characteristics across the SWCNT network (source to drain,
-1 V to 1 V single sweep) when dry (black i) and after wetting (red M) with
1 µL of H2O for the (a) control film (b) the SWCNT network containing
DOC surfactant (c) the SWCNT network containing DOC surfactant at dif-
ferent scale to show non-linearity after wetting and (d) the SWCNT network
containing CTAB surfactant.

ment of the thick (dense) network film could be exposed to water vapour without

contacting the hot probe, held at a temperature in the range of 160XC to 200XC.

The change in potential, firstly due to the application of the hot probe and then

due to increasing humidity, was recorded. The potential difference across the DOC

containing film increases in magnitude and remains negative when more water

vapour is present, whereas the potential across the CTAB film increases in magni-

tude upon application of the hot probe, but decreases and moves towards a positive

value when H2O is introduced (see Figure 4.13a and Figure 4.13b). This indicates

that in the CTAB containing networks, exposure to water vapour decreases the

p-type behaviour of the sc-SWCNTs in the semiconducting portion of the film. A

decrease in the p-type character of sc-SWCNTs would decrease inter-tube resis-

tances between metallic and p-type semiconducting nanotubes, which may explain
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Figure 4.15: Current-voltage characteristics across the SWCNT network (source to drain)
when dry (black i) and after wetting (red Y) with 1 µL of H2O for the (a) thin
control film (dry) (b) thin control film (wet) (c) the thin SWCNT network con-
taining DOC surfactant (dry) (d) the thin SWCNT network containing DOC
surfactant (wet) (e) the thin SWCNT network containing CTAB surfactant
(dry) (f) the thin SWCNT network containing CTAB surfactant (wet). A bias
across the source-drain electrodes was applied as a duel sweep from -5 V to
+ 5V as indicated by the arrows, inducing a hysteresis in the I-V curve for the
wetted films.

the overall increase in conductance for the SWCNT-CTAB films upon exposure to

water. Correspondingly, the increase in p-type nature of the sc-SWCNTs in the

DOC network results in an overall conductance drop, potentially due to increased

inter-tube resistances.
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A similar approach was adopted by Adu et al, who employed a method to

measure the change in thermoelectric power of SWCNT mats to He, N2, H2 NH3

and O2 [257]. They inferred that the changes in thermoelectric power were due

to the increase or decrease in p-type nature of the sample, in line with the above

reasoning for exposure to water vapour.

The humidity testing experiments discussed thus far were conducted at a con-

stant source-drain bias of 100 mV (performed on AA-Rig). Investigation of the I-V

characteristics under dry and wet conditions were then undertaken to reveal any

dependence of the conductance-humidity behaviour on the applied potential across

the network.

A linear relationship between applied voltage and induced current flow was

observed for all of the dry SWCNT network devices over the - 1 V to +1 V range

(single sweep mode, Figure 4.14) and the -5 V to + 5 V range (dual sweep mode,

Figure 4.15). This suggested Ohmic conduction through the dry SWCNT network

at room temperature. In Figure 4.15e for the dry CTAB film, a small discrepancy

between the up sweep (-5 V to 5 V) and down sweep (from 5 V to -5 V) was

observed, which may be due to a build up of charge in the film.

When the SWCNT films were wetted (with a 1 µL drop of de-ionised H2O),

the current-voltage relationship across the SWCNT network was altered (Figure

4.14), becoming non-linear at higher applied bias, as shown in Figure 4.15. This

could be due to charging effects which are enhanced when the film is wetted.

The presence of surfactant seems to introduce a more extreme hysteresis in

the up and down sweep I-V measurements, as displayed in Figures 4.15b, d and f.

One potential explanation for this effect is that the counterions, more mobile due to

the wetting of the film, impart or remove a partial potential on the SWCNTs in a

fashion analogous to electrolyte gating of CNT network FETs [241]. The charged

species in the surfactant film may act as an additional applied potential which alters

current flow through the device, causing non-linear I-V characteristics. While the

Raman bands also display similar changes to line shape observed for electrolyte

gated CNT devices [241], further work is required to confirm this hypothesis. How-
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ever, it may explain the differences between the conductance-humidity relationship

for the control, anionic and cationic surfactant containing SWCNT films.

4.3.3 Functionalised SWCNT networks for humidity sensing

Monitoring of humidity is important for industrial processes, commercial and

domestic technologies [258, 259]. The high sensitivity and reversibility of the

SWCNT network conductances upon adsorption and desorption of water vapour in-

dicates that the chemiresistors may be useful as humidity sensors. The conductance-

humidity behaviour is predictable and repeatable between multiple identical de-

vices, as shown in Figure 4.16, with the chemiresistors containing ionic surfactant

functionalised SWCNTs showing the largest ∆G. The percentage change in con-

ductance per percentage change in relative humidity, as displayed in Table 4.1,

compares well with values for carbon nanotube based humidity sensors in the liter-

ature (-0.5% RH%�1 from Liu et al. [260] and -0.7% RH%�1 by Han et al. [261]).

Some signal drift was observed after exposure to higher levels of relative humidity,

which could be attributed to the re-arrangement of charged species in the film upon

wetting, as described in the previous section. This may be addressed by optimising

the SWCNT to surfactant ratio and the thickness of the sensing layer.

The devices are low-powered (operating at room temperature), affordable and

could be easily incorporated into a sensing array. Furthermore, industrially viable

solution based fabrication techniques, such as screen printing or spray coating,

could be used for large scale manufacture of such sensors.
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Figure 4.16: Magnitude and direction of conductance change for SWCNT network humid-
ity sensors. (a) (i) HiPco CTAB thick (dense) network, (Y) HiPco CTAB thin
(lower-density) network and (M) thick HiPco control sample containing no
surfactant. (b) (i) HiPco DOC thick (dense) network, (Y) HiPco DOC thin
(lower-density) network and (M) thin surfactant free HiPco control sample.
The error bars represent the standard deviation of responses from two identi-
cal humidity sensors of the same type.

4.4 Conclusion
In this chapter, the adsorption or desorption of water vapour from the surround-

ing atmosphere to the surface of SWCNTs was shown to alter the conductance

through SWCNT networks. It was proposed that electrostatic interactions of wa-

ter molecules with the SWCNTs in the network induce the reversible change in

conductance of surfactant containing samples, rather than permanent chemical dop-

ing of the film.

An enhanced conductance change measured for the SWCNT films (compared

to the control, enhanced by a factor of 10) was attributed to the ionic surfac-

tants in the sample. SWCNTs functionalised with cationic surfactants (CTAB and

CTAT) demonstrate an increase in conductance upon exposure to water vapour (n-

type increase), whereas anionic agents (DOC and SC) have the opposite effect,

causing the conductance to decrease (p-type decrease). It was suggested that this

behaviour is due to the interaction of polar water with the charged head groups

and counterions associated the ionic surfactants, which impart a partial potential
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on the SWCNTs. Similar causes, such as charged substrate-SWCNT interactions

or other chemical functionalisation routes, could be the source of the discrep-

ancies previously reported for the conductance-humidity behaviour of SWCNTs

[146, 147, 143, 123, 144, 145].

It was suggested that the substrate influences the SWCNT - analyte interaction,

enhancing the humidity induced conductance change for thin SWCNT control (sur-

factant free) networks. Moreover, differences in conductance-humidity behavior of

thin vs thick networks containing anionic or cationic surfactant were attributed to

the varying contribution of sc-SWCNTs to conduction across the wetted films.

The functionalisation of SWCNT networks with ionic surfactants produced fast

and reversible humidity sensing behaviour. By optimising the thickness and type of

ionic surfactant in the film, the future development of low powered humidity sen-

sors based on SWCNT networks may be possible. In addition, this study provides

a method to evaluate the success of various surfactant removal strategies, through

investigation of the SWCNT network conductance-humidity behaviour. The ob-

served intrinsic sensitivity to water vapour demonstrates the importance of assess-

ing the characteristics of SWCNT based devices in humid environments, especially

for SWCNT-based chemical sensors.

After establishing the conductance-humidity behaviour for the range of func-

tionalised networks described in this study, the sensitivity to water vapour was har-

nessed to improve the NO2 sensing characteristics of SWCNT networks, as de-

scribed in the following chapter.



Chapter 5

Study II: Water-assisted regeneration

(WAR) of SWCNT networks for NO2

gas sensing.

5.1 Introduction
In this chapter, the NO2 gas sensing characteristics of HiPco SWCNT networks

were investigated. Preliminary experiments revealed that significant baseline signal

drift occurred after repeated exposure to NO2 gas, also observed in other studies

[7]. As a consequence, the accurate quantification of NO2 concentrations was chal-

lenging, due to the deterioration of the sensing response after sequential exposures.

To address this issue, the water-assisted regeneration (WAR) technique was

applied [145]. By exploiting the interaction of water vapour with the surfactant

functionalised SWCNTs, as detailed in Chapter 4, the sensor surface was regener-

ated after exposure to NO2 gas. This is the first reported study to explore the WAR

technique with surfactant functionalised SWCNTs, which typically display an order

of magnitude larger sensitivity to H2O than non-functionalised SWCNT networks.

It was possible to extract key parameters (such as the adsorption rate, k, and

maximum conductive response, Smax) from the SWCNT DOC network real-time

response plots using two previously reported methods [14, 15]. Calibration curves

were generated for NO2 sensing, with minimal baseline signal drift occurring using
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the WAR technique.

The irreversible adsorption model proposed previously by Strano et al. [14]

was fitted to the results, providing a rational for the proposed NO2 sensing mecha-

nism, yet not completely describing the sensor responses. Rather, the shape of the

transient conductive response curves to NO2 were better modelled by considering a

balance of both irreversible and reversible adsorption processes as suggested by Ku-

mar et al. The two distinct adsorption processes are potentially related to different

NO2 adsorption sites on the SWCNTs.

5.2 Experimental

5.2.1 Device fabrication

SWCNTs produced via the high pressure carbon monoxide disproportionation

(HiPco) process [137] (purchased from Nanointegris, batch number: R1-831) were

dried in air at 120 XC to remove moisture from the bundles and stored under vac-

uum.

To prepare the test samples, the SWCNTs were added to aqueous solutions

containing 2 wt.% Sodium deoxycholate (DOC, CAS Number: 302-95-4 , 97%)

purchased from Sigma-Aldrich. The initial carbon concentration was approxi-

mately 2 mg mL�1 for the HiPco SWCNT surfactant solutions.

To aid efficient solubilisation and de-bundling of the tubes via surfactant wrap-

ping, the solution was sonicated using a tip sonication probe at a power of 225 W

for 15 minutes, with the container placed in an ice bath for cooling. The samples

were centrifuged at 4000 g for 30 minutes and the upper 80% of the supernatant

was decanted to limit the presence of carbonaceous impurities and highly bundled

SWCNTs in the final concentrated solution. Diluted samples were also obtained by

dilution of the concentrated solutions in deionised water.

3 x 3 mm alumina tiles with patterned gold electrodes of 175 µm separation

were used as the substrate to facilitate measurement of the conductance across

the SWCNT networks. The HiPco DOC SWCNT solutions were deposited across

the interdigitated gold electrodes using a calibrated Finnpipette novus electronic
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single-channel micro pipette (drop volume 1 µL per sensor) and dried in air at 100

XC in a thermostat controlled furnace for 2 hours to form chemiresistor type devices.

5.2.2 Characterisation techniques

A JEOL JSM-6700F field emission scanning electron microscope (SEM) was used

in secondary electron imaging mode to image the HiPco DOC surface using a 2, 5

or 10 kV probe voltage at a working distance between 5 and 14 mm. A rotatable

sample holder was used to obtain side on SEM images of the HiPco DOC sensors.

Samples were gold coated for imaging.

Transmission electron microscopy (TEM) was performed using a JEOL 200

kV transmission electron microscope in imaging mode. The HiPco DOC solution

was drop coated onto a holey-carbon coated copper TEM grid purchased from Agar

Scientific for the measurement.

A Renishaw inVia Raman microscope with laser wavelength 514.5 nm and 1

mW power was used to perform Raman spectroscopy on the surfactant wrapped

HiPco DOC samples (deposited on a glass substrate after heating to 100 XC, 150

XC, 200 XC or 250 XC in air using a thermostat controlled furnace).

Thermo gravimetric analysis (TGA) profiles were obtained using a Netsch

TA45 DSC/TGA. Either dried HiPco or HiPco DOC aqueous solution was placed

into an alumina crucible and heated to a temperature of 750 XC in air, using a ramp

rate of 5 or15 XC min�1.

5.2.3 Water-assisted regeneration (WAR) testing procedure

Sensors were placed in ports within a circular testing chamber. The synthetic air

flow rate (1 L min�1), chamber humidity and gas mixing was controlled using dig-

ital mass flow controllers, being delivered at a determined concentration through a

central inlet. The circular arrangement of the devices, along with the extraction of

gas behind each individual port location, ensures that each sensor is exposed to an

equal flow and concentration of gas. A potentiostat setup was used to derive the

room temperature sensor conductance throughout the testing run.
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Prior to the experiments, dry synthetic air was passed over the sensors for 2

hours to obtain a baseline conductance (GAir) and achieve 0 % relative chamber hu-

midity (confirmed using an internal humidity meter). Four testing procedures were

employed for this study, outlined below.

In procedure 1, 6 � 10 ppm concentration of NO2 were introduced to the test-

ing chamber with dry air for 600 s, with 1200 s of dry air flow only separating each

pulse to highlight the lack of sensor recovery and diminishing responses. In proce-

dure 2, 600 s pulses of NO2 gas (in the 2 ppm to 6 ppm range) were followed by

a flow of only wet air (50% RH in the chamber) for 600 s and then dry air for 600

s to demonstrate the recovery of the baseline signal after WAR. Procedure 3 was

similar to procedure 2, but NO2 concentrations in the 20 ppm to 120 ppm range

were investigated. Finally, procedure 4 followed that of procedure 1, but a 1200 s

flow of wet air is introduced at the end of the test to demonstrate the recovery of

baseline conductance after sequential NO2 pulses.

5.3 Results

5.3.1 Material characterisation

Scanning electron microscopy (SEM) of the of the HiPco DOC sensors qualita-

tively revealed the surface structure of the deposited film. The micrograph shown in

Figure 5.1a shows the cracks that formed in the film after the 100 XC drying step in

air. Smaller bundles of SWCNTs bridge the cracks in the film, separating densely

packed areas of larger bundles.
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Figure 5.1: SEM micrographs at (a) �3,300 (b) �40,000 (c) �100,000 magnification show-
ing gold coated bundles of HiPco SWCNTs non-covalently functionalised with
DOC and deposited as a film from aqueous solution. Cracks are present in
the film surface across which SWCNT bundles are suspended as shown in (a).
Networks of interconnected SWCNT bundles are formed as shown in (b) and
(c).

At higher magnification (�40,000) in Figure 5.1b, the interconnected network

structure of the SWCNT film, with high reported surface area [262] is displayed.

From Figure 5.1c, the approximate diameters of the SWCNT bundles present on

the surface of the sensors were between 10 nm and 50 nm. Imaging of individual

SWCNTs (typically of order 1 nm in diameter) was not possible due to the maxi-

mum resolution of the SEM instrument. Partial re-bundling of the nanotubes after

deposition to the sensor substrate is expected due to the drying of the surfactant film

and the re-emergence of Van der Waals interactions between individual SWCNTs

[52].

The HiPco DOC films were estimated to be 10 µm in thickness. This is shown

in Figure 5.2a, in which side on SEM was used to estimate the distance between the

substrate and surface of the SWCNT network, as indicated by the black arrow. The
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rough morphology of the alumina substrate is shown in Figure 5.2b using conven-

tional SEM at �2,000 magnification.

Figure 5.2: (a) A side on SEM micrograph at �3,000 magnification showing a HiPco DOC
layer of � 10 µm thickness deposited on an alumina substrate, as indicated
by the black arrows. (b) SEM micrograph at �2,000 magnification showing
roughness of alumina (Al2O3) sensor substrate.

Imaging via transmission electron microscopy (TEM) is of higher resolution,

enabling the qualitative estimation of SWCNT and SWCNT bundle dimensions.

Figure 5.3a shows interconnected bundles of HiPco SWCNTs deposited on a cop-

per holey-carbon TEM grid. The average diameter of 100 different bundles (as

marked in blue in Figure 5.3a) was calculated as 9 � 6 nm. At higher magnifica-

tion, individual constituent SWCNTs of these bundles are observable, as displayed

in Figures 5.3b and 5.3c. This permits the estimation of the diameter of individual

SWCNTs in the sample, by drawing a line profile across the image of the bundles

and calculating the separation between intensity peaks in the profile. Figure 5.3d

shows such a method, in which the diameter of the SWCNT is estimated to be in

the 0.68 to 1.1 nm from it’s bundle profile, in line with previously reported values

for HiPco samples [263].

Impurities are present on the walls of the SWCNTs throughout the HiPco sam-

ple. These appear as black dots in Figure 5.4 and are highlighted in blue on Figure

5.4a. They have an average diameter of 3 �1 nm and have previously been identi-

fied in the literature as residual iron impurities from the HiPco SWCNT synthesis
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Figure 5.3: TEM micrographs showing (a) interconnected bundles of HiPco SWCNTs,
with blue markings highlighting the100 sampled bundles used to calculate an
average bundle diameter of 9 � 6 nm. Individual SWCNTs within the bundles
are visible in (b) and (c), with examples of the bundle sampling areas high-
lighted in light blue, used to generate the line intensity profile for estimation of
individual SWCNT diameter shown in (d).

process [137].

Raman spectroscopy was performed on the surface of the HiPco DOC sensors

before gas testing experiments were undertaken. The spectra obtained, as displayed

in Figure 5.5 for the HiPco SWCNTs heat treated at 100 XC in air, contains the

RBM, G-band, D-band and G
�

-band features expected using a laser wavelength of

514.5 nm, as reported previously in Chapter 4 Figure 4.7 and described elsewhere

[56].
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Figure 5.4: TEM micrographs showing (a) the presence of multiple residual iron impurities
in the HiPco sample, with the dots marked in blue used to calculate the diameter
of these particles (3 �1 nm). (b) and (c) show the decoration of the SWCNT
walls and bundles with iron impurities.

Heat treatment of the HiPco DOC material at higher temperatures was per-

formed in 50 XC intervals up to 250 XC, and the Raman spectra was once again

collected for each sample. Figure 5.5 shows that the D/G band ratio increases

slightly as the heat treatment temperature increases, symptomatic of an increase

in the number of defects in the sample [56]. The data for the 250 XC heat treated

sample sits on a large background, which could be due to the deterioration of the

SWCNTs into amorphous carbon, but may also be associated with degradation of
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Figure 5.5: Raman spectroscopy data for HiPco DOC SWCNTs collected using a Ren-
ishaw inVia Raman microscope. The samples were deposited from aqueous
solution to glass slides and heat treated at 100 XC, 150 XC, 200 XC or 250 XC in
air using a thermostat controlled furnace prior to data collection. Laser wave-
length λ = 514.5 nm.

the DOC surfactant molecule. Therefore, the data indicates that heat treatments in

air over 200 XC may lead to significant deterioration of this sample.

This is further corroborated by thermo gravimetric analysis (TGA) of the sam-

ple. Figures 5.6a and 5.6b show the mass change of dry HiPco and aqueous HiPco

DOC sample respectively as a function of temperature in air. The TGA profiles

suggest that oxidation of the sample occurs over a broad temperature range (300 XC

to 600 XC). The broadening of this range has previously been attributed to the ex-

istence of different carbon forms in the sample. This includes SWCNTs in bundles

of different sizes, the presence of DWCNTs or MWCNTs, as well as amorphous

carbon impurities which have different associated oxidation temperatures[185].

Furthermore, the step present at 450 XC and the broadening over this range has been
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attributed to the surfactant used to disperse the SWCNT sample [187]. The mass

remaining above 600 XC is due to metal oxide impurities (such as iron oxide, also

detected in the TEM images) [264], approximately 15 % of the dry sample mass,

which is reportedly removed by dispersion in solution and centrifugation [265].

Figure 5.6: (a) TGA profile of the HiPco SWCNTs in dried powder form at a ramp rate of 5
XC min�1 to 750 XC. (b) TGA profile of the surfactant wrapped HiPco SWCNTs
in aqueous DOC solution at a ramp rate of 15 XC min�1 to 750 XC

5.3.2 SWCNT sensor drift due to irreversible adsorption of NO2

After characterisation of the SWCNT network chemiresistors, a preliminary study

into the NO2 gas sensing properties of the devices was conducted. Figure 5.7

demonstrates the substantial drift in baseline conductance when exposing the dry

SWCNT layer to 6 � 10 ppm pulses of NO2 gas. Diminishing conductive responses

to the same concentration are also observed. It is thought that the drift in base-

line conductance is caused by chemisorption of the molecule at binding interaction

sites, with long desorption times over 10 hours reported in the literature [7, 17]. As

there are only a finite number of interaction sites (which become occupied to an

increasing extent after every pulse), the percentage change in conductance to repeat

concentrations is altered, as shown in Figure 5.7b.

After each pulse of NO2, the following conductive response is offset, resulting

in what looks like a response curve of different magnitude and shape. In fact, the

observed data is an “up-shifted” version of the response curve that would have been

observed if the SWCNT network was clean initially, as articulated in Figure 5.8.
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Figure 5.7: (a) An example of a conductive response from a HiPco DOC sensor when ex-
posed to 6 � 10 ppm pulses of NO2 gas for 600 s, each followed by a recovery
period of 1200 s. The slope of the response is reduced after subsequent NO2
pulses, as well as the magnitude of the conductance change DeltaG as shown
in (b).

The surface reaction rate constant k also appears to decrease for later pulses,

whereas it should be constant for a given SWCNT network at a certain concentration

Ca [14]. This again is a result of the “up-shifted” response curve; the adsorption of

NO2 at later pulses begins with less available binding sites, akin to starting at a later

time point on the response curve from an initially clean sensing layer (shown in

Figure 5.8).

The drift and diminution of response prevents accurate quantification of NO2

concentration, as the response magnitude changes for a constant number of imping-

ing NO2 molecules depending on exposure history, as shown in Figure 5.7b. To

increase the rate of NO2 desorption, k�1, incident ultraviolet light, sensor heating
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Figure 5.8: A schematic based on real-time data highlighting the conductive response and
recovery periods for a HiPco DOC sensor after exposure to 3 � 10 ppm NO2
pulses. The real-time conductive responses to the 3 � NO2 pulses (black line)
form segments of a modelled response curve based on a continuous pulse of
NO2 (blue line). Each new NO2 pulse generates an “up-shifted” change in
conduction that is effectively a continuation of the previous sensing response,
due to irreversible adsorption of NO2. Therefore, seemingly different response
slopes and magnitudes are observed for the same analyte concentration, prob-
lematic for the accurate quantification of NO2 levels.

and current-stimulated desorption have been applied previously. However, these

techniques can degrade the sensing material over time, require more power or

complicate the advantageously simple fabrication procedure for SWCNT network

chemiresistors.

Randeniya et al. investigated the use of hydrolysis to recover the baseline

resistance of SWCNT network based sensors. It was proposed that introducing

water vapour to the sensing chamber weakens the bonding of NO2 to the SWC-

NTs, encouraging desorption. An Al2O3 substrate is reported to partially facilitate

the interaction, as the effect is not observed using free standing SWCNT films.

Water-assisted regeneration (WAR) was explored as an alternative NO2 desorption
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stimulus for the surfactant functionalised SWCNT networks studied in this work,

as is now discussed.

Figure 5.9: A real-time response plot for a HiPco DOC sensor demonstrating the recovery
of baseline conductance G0 after exposure to NO2 using the WAR technique
in the 2 ppm to 6 ppm concentration range. After each 600 s NO2 pulse, the
relative humidity of the chamber is increased from 0% to 50% RH by mixing
dry air with wet for 600 s. Based on the response curve, the NO2 rapidly
desorbs from the SWCNT sensor surface and the baseline conductance of the
device is re-established when the humidity is reset to 0% RH.

5.3.3 Water-assisted regeneration (WAR) of SWCNT networks

SWCNT networks deposited on the Al2O3 substrates used in this study were

amenable to water-assisted regeneration. As shown in Figure 5.9, at the end of

each 600 s pulse of NO2, the conductance change does not reach a steady state. In-

troducing water vapour (wet air, 50% RH) to the sensing chamber after every testing

pulse of NO2 gas (in the 2 ppm to 6 ppm concentration range) aids desorption of

the molecule and the conductance returns to the baseline value when a flow of dry

air resumes. The responses do not deteriorate after each pulse and they increase as
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the concentration of the NO2 gas is increased throughout the experiment.

After establishing the effectiveness of the WAR method for 2 ppm to 6 ppm

concentrations of NO2, testing was performed with multiple devices over a wider

concentration range (20 ppm to 120 ppm) using procedure 3 (as outlined in section

5.2). A good recovery of baseline conductance was still observed even at higher

concentrations, as shown in Figure 5.10 and Figure 5.11. This suggests that water

vapour is suitable to regenerate the active interaction sites on SWCNT-based sensors

over a wide range of concentrations for gas sensing experiments. Assuming that the

return to baseline conductance via WAR is equivalent to the removal of all of the

previously adsorbed NO2 from the SWCNTs, the number of available adsorption

sites is constant for each new exposure to NO2.

Figure 5.10: Application of the water-assisted regeneration technique (WAR) to HiPco
DOC sensor 1 to recover responses after exposure to increasing concentra-
tions of NO2 in the 20 ppm to 120 ppm range. The grey dotted line indicates
a pause in testing to change to a NO2 gas cylinder of higher concentration.

The method can also be applied to regenerate SWCNT-based sensors after an

entire testing cycle. Figure 5.12 shows the recovery of the baseline conductance

after 3 � 10 ppm pulses of NO2. This procedure may be used as a desorption step

after a set amount of exposure time for the regeneration of practical devices for

environmental monitoring.

5.3.4 Applying the irreversible adsorption model

Attempting to describe the gas sensing results with a model can help to shed light

on the adsorption processes taking place on the surface. Therefore, the applicability
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Figure 5.11: Application of the water-assisted regeneration technique (WAR) to HiPco
DOC sensor 2 to recover responses after exposure to increasing concentra-
tions of NO2 in the 20 ppm to 120 ppm range. The grey dotted line indicates
a pause in testing to change to a NO2 gas cylinder of higher concentration

Figure 5.12: The conductive response of a HiPco DOC sensor to 3 � 10 ppm NO2 pulses for
600 s (timings indicated by the black dotted lines) each separated by 1200 s of
dry air in the recovery period. After the 3 pulses, WAR was used to regenerate
the sensor as marked in the blue shaded region, with the baseline conductance
recovered with the switch back to 0% RH. This mode of operation could be
used to periodically refresh the SWCNT-based sensors.

of the irreversible adsorption model proposed by Strano et al. [14, 129] was inves-

tigated.

In the context of SWCNT-based sensors, it is useful to consider both irre-

versible adsorption (in which recovery of the baseline transduction signal does not
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occur upon removal of the analyte from the sensing atmosphere, on a time scale

within an order of magnitude of the detection period) and reversible adsorption (in

which at least half of the baseline conductance is recovered within 60 s of remov-

ing the analyte from the atmosphere ). Defining irreversible adsorption as the lack

of recovery of 50% of the baseline conductance after 12 hours, adsorption of NO2

to the SWCNT DOC sensors used in this study was considered to be irreversible

(examples of irreversible adsorption are highlighted in Figure 5.7). Even using the

WAR method, the adsorption of NO2 was treated as irreversible, as the NO2 was

only desorbed from the surface on appropriate time scales after introduction of the

water vapour.

To identify the process dominating the NO2 responses in the current study, the

model proposed by Strano et al. [14, 129] is now described from their publications

on the topic.

The total number of available binding sites, Tθ , describes the total number

sites accessible on the nanotube surfaces for molecular interactions. θ and Aθ are

the available and analyte occupied sites respectively. At a concentration Ca, the

analyte molecule A reacts with unoccupied sites with the surface reaction:

θ�sur f ace��A�gas� k
� Aθ�sur f ace� (5.1)

The forward adsorption rate constant is k, with gas and surface indicating gas

phase and surface bound species. The total number of sites on the sensor surface,

Tθ , is conserved so that:

θ�sur f ace��Aθ�sur f ace� � T θ�sur f ace� (5.2)

For a given SWCNT network, Tθ is constant and should be proportional to the

accessible surface area. The change in sensor conductance (∆G) after exposure to a

target gas is:

∆G �G�G0 (5.3)
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where G is the new conductance after exposure to an analyte and G0 is the

baseline conductance. The sensor conductive response (S) is defined as:

S �
∆G
G0

(5.4)

If S is directly proportional to the number of sites occupied by an analyte, then

d2S
d�Aθ�2 � 0 (5.5)

The rate of sensor response is found by mass action using equation 5.1:

dAθ

dt
� kθCa (5.6)

using the site balance in equation 5.2

dAθ

dt
� k�T θ �Aθ �Ca (5.7)

If equation 5.7 is solved for the case of an initially clean SWCNT network at

t � 0, then the number of occupied sites and sensor response as a function of time

can be expressed as:

Aθ�t� � �T θ��1�e�kCat� (5.8)

S�t� � �Smax��1�e�kCat� (5.9)

where Smax is the maximum conductance change when the sensor is saturated.

Equation 5.9 should then predict the conductive response curve over time, as artic-

ulated in Figure 5.8. The response rates can be found using:

dAθ�t�
dt

� �T θ�kCae�kCat (5.10)

dS
dt

� �Smax�kCae�kCat (5.11)
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Equations 5.10 and 5.11 indicate that there are three ways to increase the sensor

response rates [14]:

(1) Increasing the total number of adsorption sites (Tθ ) by using more SWCNTs

in the sensing layer.

(2) Increase the surface reaction rate constant k by controlled doping of the sens-

ing material.

(3) Using a functional material to pre-concentrate the target analyte, effectively

increasing the concentration (Ca ) to which the sensor is exposed.

Strano et al. point out that, assuming a completely irreversible response is ob-

served, equation 5.9 provides a useful scaling for the real time response curve data

at different concentrations (shown in Figure 5.13). If the responses are completely

irreversible, then a plot of concentration multiplied by exposure time ( Ca � t) vs

the response data at those concentrations, should collapse all of the data on to one

curve. This is akin to plotting the expected response of the sensor vs NO2 dose

(where dose � Ca � t), which, assuming all of the NO2 remains in the sensing sys-

tem, should lie on one curve. This collapsed plot can then be used to distinguish

irreversible from reversible responses, as the latter will not collapse onto a single

curve.

Figure 5.13 shows the real time response curves for a HiPco DOC SWCNT

sensor with an exposure duration of 600 s for a range of NO2 concentrations (1 ppm

to 120 ppm) using the WAR procedure, along with the plot of Ca � t vs ∆G / G0.

The NO2 response data collapses to a single curve in Figure 5.13b using the above

analysis, indicating that the adsorption of NO2 to the HiPco networks is irreversible

(using a lack of sensor recovery on a time scale within an order of magnitude of the

detection period as a definition for irreversible adsorption).

The regeneration of the sensor surface after every pulse is necessary for this

reasoning to provide insight to the nature of adsorption. Figure 5.14b shows the

same analysis applied to a SWCNT HiPco sensor without using the WAR tech-

nique. As diminishing responses to increasing concentrations of NO2 are observed,
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Figure 5.13: (a) A plot of the real-time responses of a HiPco DOC sensor to NO2 gas in the
1 ppm to 120 ppm concentration range using the WAR technique to recover
baseline conductance. (b) the same responses plotted against NO2 dose (Ca

� t), showing the data collapses to a single curve as expected for irreversible
adsorption of NO2 [14].

the plot of concentration multiplied by exposure time ( Ca � t) vs the response data

at those concentrations does not collapse onto one curve. This demonstrates the

importance of recovering the baseline conductance signal before drawing conclu-

sions from the data about the mechanisms contributing toward the SWCNT sensor

responses, which the WAR technique facilitates.

After establishing the irreversible nature of NO2 adsorption to the HiPco

SWCNT networks used in the current study, it was possible to extract key sensing

parameters from the sensor data using a method developed by Strano et al. from

the aforementioned adsorption model. Smax and k were calculated using this proce-

dure and compared with a standard curve fitting procedure using Origin Pro 2017

software, as is now detailed.

5.3.5 Figures of merit for SWCNT network sensors

In order to compare the sensing performance of SWCNT-based sensors, it is im-

portant to report standardised figures of merit. Strano et al. proposed a model for

irreversible adsorption of NO2 to metallic networks of SWCNTs. As pointed out in

their work, a completely irreversible sensing response implies that reporting a limit
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Figure 5.14: (a) A plot of the real-time responses of a HiPco DOC sensor to NO2 gas in
the 1 ppm to 6 ppm concentration range without using the WAR technique to
recover baseline conductance. Due to a lack of baseline recovery, responses
to higher concentrations are smaller in magnitude. (b) the same responses
plotted against NO2 dose (Ca � t), showing the data does not collapse to a
single curve or fit the irreversible NO2 adsorption model, as was observed
using the WAR technique for testing. This is because the model assumes an
initially clean SWCNT array for each NO2 pulse, which is not the case for the
testing performed without WAR.

of detection (LOD) is inappropriate, since the build up of any concentration of gas

on the sensor surface could be detected given enough time [14].

Instead, the surface reaction rate constant k was considered suitable, as it com-

municates the ability to transduce a specific concentration (Ca) within a predefined

time [14]. k is expected to be independent of detector geometry and the number

on nanotubes in the array for irreversible adsorption. The maximum conductive

response at sensor saturation (Smax, limited by the number of available interaction

sites) is also a useful quantity to report, as well as the calibration curve which de-

scribes the response of a sensor over a range of gas concentrations (with full des-

orption taking place, in this case via WAR, after each exposure to a known NO2

concentration).

The baseline conductances of the HiPco SWCNT network devices, G0, are pro-

portional to the number of nanotubes bridging the gold electrodes that provide the

current source and drain for the device [129]. As a consequence, G0 is proportional

to the total number of available adsorption sites (Tθ ), and ∆G is proportional to the

number of analyte molecules adsorbed on to the SWCNTs in the sensing layer (Aθ )
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[129], so that:

T θ � αG0 (5.12)

and

Aθ � β∆G (5.13)

where α and β are proportionality constants. Therefore, for a given concen-

tration of gas, Ca, an identical HiPco SWCNT device containing more nanotubes in

the sensing layer is expected to show a larger change in absolute conductance, ∆G.

Taking the ratio of α to β by combining 5.12 and 5.13 gives:

α

β
�

T θ

Aθ
�

∆G
G0

(5.14)

The maximum conductive response, Smax, equivalent to the maximum conduc-

tance change (∆G / G0)max, is achieved when all of the possible adsorption sites are

occupied with analyte molecules, so that Tθ=Aθ . Equation 5.14 then becomes:

Smax �
α

β
� �∆G

G0
�

max
(5.15)

Equation 5.8 describes the relationship between the total number of available

adsorption sites (Tθ ) and sites occupied by analyte molecules (Aθ ) over time. It

can be re-written to relate the SWCNT network baseline conductance G0 and the

induced conductance change ∆G at a certain analyte concentration Ca for exposure

time t, to the maximum possible conductive response and the adsorption constant k

by substituting in equations 5.12 and 5.13 :

∆G
G0

�
α

β
�1�e�kCat� (5.16)

Substituting in equation 5.15 and taking the logarithm to the base 10 (log10 is

used as the data is plotted on a on a log10-log10 scale for the analysis procedure

described below) gives:
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log10∆G � log10�Smax�1�e�kCat��� log10G0 (5.17)

for a given concentration (e.g 1 ppm NO2) and exposure time (t = 600 s) and

where Smax � �∆G
G0
�

max
.

Strano et al. observed a linear relationship between G0 and ∆G, when plotted

on a log-log scale with a slope � 1, from their work on sensing arrays of metallic

SWCNTs [129].

Figure 5.15: The baseline conductance G0 of a HiPco DOC sensor vs the conductance
change ∆G observed to multiple 10 ppm NO2 pulses plotted (a) on log-log
scale with a slope of 0.95. The intercept c of the straight line through the data
can be used to estimate the adsorption constant k using the analysis described
in section 5.3.5 and described in previous work [129]. (b) a plot of G0 vs ∆G
on a linear scale.

As shown in Figure 5.15a, this linear relationship is also observed for the HiPco

SWCNT networks used in the current study (with a slope of 0.95 � 0.026 observed

in the log-log plot) . This suggests that equation 5.17 can take the form y � mx�c,

where
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y � log10∆G,

x � log10G0,

m � 1

c � log10�Smax�1�e�kCat��
Therefore, the intercept value, c, is related to the maximum conductive re-

sponse possible for a given SWCNT network [129]. With equation 5.17 written in

this form, a plot of log10(G0) vs log10(∆G) at two different concentrations, such as

shown for 3 different sensors using WAR in Figure 5.16a, allows the extraction of

two key parameters; the adsorption rate k and Smax. This is described in the work

by Strano et al. [129] and the procedural steps are as follows:

(1) Firstly, the intercept values, c1 and c2, are obtained from Figure 5.16a (tabu-

lated in Table 5.1) at two different concentrations of NO2, Ca = 60 ppm and

20 ppm respectively, with exposure time t = 600 s and set against the intercept

of equation 5.17.

log10�Smax�1�e�k�60�10�6
�600�� � c1, (5.18)

log10�Smax�1�e�k�20�10�6
�600�� � c2, (5.19)

(2) This leaves equations 5.18 and 5.19 with two unknowns, k and Smax. Re-

arranging to eliminate Smax:

Smax�1�e�k�60�10�6
�600� � 10c1, (5.20)

Smax�1�e�k�20�10�6
�600� � 10c2, (5.21)
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Figure 5.16: (a) A plot of G0 vs ∆G on a log-log scale for 3 HiPco DOC sensors at differ-
ent NO2 concentrations, to provide the intercept value c for estimation of the
adsorption constant k and maximum conductive response Smax using equation
5.17, based on the procedure described by Strano et al. (b)-(d) The real time
responses of 3 HiPco DOC sensors plotted with the modelled response curves
generated from equation 5.9 using the calculated Smax and k values, based on
the irreversible adsorption model.

1�e�k�60�10�6
�600

1�e�k�20�10�6
�600

� 10c1�c2 (5.22)

(3) Equation 5.22 is then solved numerically for k using a root finding algorithm

(a software package provided with OriginPro 2017 was used, details of which

can be found in appendix B).

(4) Once k has been found, it can be input to equation 5.20 or 5.21 to calculate
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the theoretical Smax for that SWCNT sensor type.

This procedure was tested using intercept values provided in ref [129] to calcu-

late values of k and Smax quoted in the literature. Details of this testing is provided

in appendix B, confirming the correct implementation of the method in the current

study.

The parameters k �1.18 � 0.05 �10�10 ppt�1 s�1 and Smax � 0.533 were cal-

culated for three of the HiPco DOC SWCNT sensors used in the WAR study using

this method and are displayed in Table 5.1. They are similar to some of the adsorp-

tion rates previously observed in the literature for SWCNT-based NO2 chemiresis-

tors [15]. However, much higher adsorption rates for field-effect transistor (FET)

devices were reported ( [14, 6], see Table 5.1), which may indicate that the applica-

tion of an adjustable gate potential alters the surface adsorption kinetics for SWCNT

networks. The devices are also coated with various functional layers, which could

explain differences in experimentally measured adsorption rates. As expected, a

range of k values are reported for other analytes, also shown in Table 5.1.
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The maximum conductive responses to NO2 in the literature lie in the range of

0.44 to 1.73 � the baseline conductance (G0) of the device, which are in line with

the Smax calculated in the current study (Table 5.1). This is again expected to vary

with different SWCNT functionalisations and also target analytes due to different

binding affinities [13].

These parameters were then input into equation 5.9 to investigate how well the

simple irreversible adsorption model resembles the response curves observed us-

ing the WAR method to detect a given concentration of NO2 gas. The model fit is

demonstrated in Figure 5.16b-d. It predicts the magnitude of the response for HiPco

DOC sensor 2 (Figure 5.16c) to a good degree, but over predicts for HiPco DOC

sensor 1 (Figure 5.16b) and under predicts for HiPco DOC sensor 3 (Figure 5.16d).

Furthermore, the model, whilst capturing some of the shape of the experimental

response curves, clearly do not completely describe the data at all NO2 concentra-

tions.

Therefore, using the fitting tool in Origin Pro 2017 (data analysis software),

equation 5.9 was fitted to the response curves at 60 ppm NO2 for the same three sen-

sors to compare the fits achievable and evaluate the extent to which the irreversible

adsorption model can describe the transient conductive responses. To validate this

second fitting method used to extract k for each individual response curve, it was

applied to data from the literature to calculate approximate values of k which were

the correct order of magnitude, as outlined in appendix C.

From Figure 5.17a, it is clear that equation 5.9 does not fit the response curve

well at initial time intervals. This suggests that an additional phenomenon con-

tributes towards the sensing response alongside irreversible adsorption. Kumar et

al. arrived at a similar conclusion in their study of NO2 adsorption kinetics for

SWCNT chemiresistors [15]. They developed a model (adapted from previous work

by Strano et al) using coupled differential equations to simulate irreversible and re-

versible adsorption processes taking place simultaneously. Distinguishing between

irreversible and reversible adsorption sites, they introduce an additional parameter,

the equilibrium constant K = k
k�1

, to account for desorption of NO2 from the sensor
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surface in the case of the latter [15]. This model is now detailed below.

Adapting equation 5.2 to distinguish between irreversible and reversible ad-

sorption sites:

A1θ �A2θ � Aθ , (5.23)

θ �A1θ �A2θ � T θ (5.24)

where A1θ and A2θ are the number of occupied irreversible and reversible

adsorption sites respectively and θ is the number of unoccupied sites. The equi-

librium constant of adsorption K is introduced to account for NO2 desorption from

reversible sites:

K �
k2

k�1
(5.25)

where k2 and k�1 are the adsorption and desorption constants for the reversible

sites respectively. Using the law of mass action, the sensor response for occupied

reversible sites A2θ is given by:

dA2θ

dt
� k2θCa�

k2

K
A2θ (5.26)

using equation 5.24, the change in number of occupied reversible sites over

time is given by:

dA2θ

dt
� k2T θCa�k2A1θCa�A2θ�k2Ca�

k2

K
� (5.27)

and the change in number of occupied irreversible sites over time is given by

substituting equation 5.24 into equation 5.6 :

dA1θ

dt
� k1T θCa�k1A1θCa�k1A2θCa (5.28)

This provides two coupled differential equations, 5.27 and 5.28, which give

the change in number of occupied sites over a period of time after exposure to an
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analyte. If several assumptions are made, the solution to equations 5.27 and 5.28

can be found. These assumptions are:

(1) at t = 0 , all irreversible adsorption sites A1θ are unoccupied.

(2) at t = 0 , all reversible adsorption sites A2θ are unoccupied.

(3) as t�ª, all absorption states are filled so that Aθ = Tθ .

(4) The conductive response S = 0 when the sites are unoccupied.

(5) The maximum conductive response is achieved when Aθ = Tθ and so S =

Smax.

The solution to the coupled equations can be found by substituting the value of

A1θ from equation 5.28 into equation 5.27 and integrating. Set the conditions for

the integration so that at t = 0, A1θ = A2θ = 0 and at t�ª, Aθ = T. The number of

irreversible adsorption sites are:

A1�t� � T �1�
k2Ca

m1�m2
em1t �1�

1
KCa

�

m1

k2Ca
�� k2Ca

m1�m2
em2t �1�

1
KCa

�

m2

k2Ca
� 

(5.29)

and the number of reversible sites are given by:

A2�t� � T
k2Ca

m1�m2
�em1t

�em2t� (5.30)

By substituting equation 5.29 and 5.30 into equation 5.23, then the total sum

of occupied irreversible and reversible adsorption sites Aθ is given by:

A�t� � T �1�
k2

m1�m2
� 1

K
�

m1

k2
�em1t

�

k2

m1�m2
� 1

K
�

m2

k2
�em2t  (5.31)

where the roots m1 and m2 are given by equation C.4 in appendix C.2. If the

conductive response, S, is proportional to the number of occupied adsorption sites,

Aθ , then the conductive response as a function of time S(t) is given by:
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S�t� � Smax�1�
k2

m1�m2
� 1

K
�

m1

k2
�em1t

�

k2

m1�m2
� 1

K
�

m2

k2
�em2t  (5.32)

This equation can now be compared to the exponential function used to model

the experimental data. The function used to fit the data in Origin Pro 2017 was of

the form:

y � y0��A1�e� t
τ1 ��A2�e� t

τ2 (5.33)

If equation C.2 is compared to this form, then:

y0 � Smax, (5.34)

A1 � Smax� k2

m1�m2
� 1

K
�

m1

k2
�  , (5.35)

A2 � Smax� k2

m1�m2
� 1

K
�

m2

k2
�  , (5.36)

1
τ1

�m1, (5.37)

1
τ2

�m2 (5.38)

where τ1 and τ2 are the time constants for the irreversible and reversible ad-

sorption components respectively.

The curve fitting applying equation C.2 is shown in Figure 5.17b. The model

describes the data well at initial intervals, as well as the response curve overall. This

adds weight to the suggestion that limited reversible adsorption of NO2 takes place,

with irreversible adsorption dominating the HiPco SWCNT DOC sensing responses

as a first approximation observed in the current study.
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The manifestation of different adsorption processes may be due to multiple

factors. Firstly, adsorption could take place at different sites within the SWCNT

network (such as at interstitial sites or grooves in the nanotube bundles, inside or on

the outer surfaces of the nanotube surface [266, 126]). Secondly, defects or impu-

rities in the sensing material could act as additional adsorption sites with different

associated molecular affinities [112, 111] . Finally, any functional coating that can

adsorb the target analyte and influence the conductance across the SWCNT network

may also play a part in altering the NO2 adsorption/desorption rates [42, 267, 268].

5.3.6 NO2 sensing calibration curves

The WAR technique enables the generation of calibration curves for SWCNT sen-

sors. These are shown in Figure 5.18, similar to NO2 calibration curves found in the

literature using WAR [105] and other regeneration techniques [269, 270, 83, 271,

130].

Figure 5.18: Non-linear calibration curves for 3 HiPco DOC sensors, demonstrating the
expected conductive responses upon exposure to NO2 in the 1 ppm to 120
ppm concentration range using the WAR procedure. The error bars represent
the standard deviation in responses between three repeated experiments. The
y-offset of responses in the 80 ppm to 120 ppm range are attributed to a change
of NO2 gas cylinder between testing cycles for the higher concentrations.
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Throughout the NO2 concentration range studied using the WAR technique (1

ppm to 120 ppm ), the relationship between the conductive response S and con-

centration is non-linear, with the sensors reaching their saturation limit when the

number of occupied interaction sites are equivalent to the total number of available

interaction sites, so that Aθ = Tθ . The maximum possible conductive response

(Smax) is observed at this point.

Each data point displayed Figure 5.18 is the average conductive response to a

certain concentration of NO2 gas, with the error bars representing the standard devi-

ation from three repeated tests. The higher test concentrations (80 ppm to 120 ppm)

appear to be negatively offset from the non-linear curve fitting the data compared

to the 10 ppm to 60 ppm results. This is attributed to a change of NO2 gas cylinder

between testing cycles for the higher 80 ppm to 120 ppm range. Despite this, the

data can be fit to an exponentially decaying function as shown by the fit lines in

Figure 5.18.

Figure 5.19: Calibration curves for 3 HiPco DOC sensors, plotted on a log-log scale to gen-
erate a linear equation for the prediction of the expected conductive responses
per NO2 concentration in the 1 ppm to 120 ppm range using the WAR proce-
dure. The variations in gradient and intercept values suggest that device to de-
vice variation in sensor responses must be reduced before general predictions
based on a linear fit can be made accurately across multiple SWCNT-based
sensors. The error bars represent the standard deviation in responses between
three repeated experiments.
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Hu et al. [272] plot the calibration curve for an rGO based sensor on a log-

log scale (as shown in Figure 5.19 for the current WAR study) to generate a linear

equation (of the form y � mx� c), which enables prediction of unknown NH3 con-

centrations. This is not straight forward for the current study for NO2, as significant

variations in gradient and intercept values between identical HiPco DOC sensors

are observed (m = 0.322, 0.235, 0.378 and c = -1.00544, -0.71319, -0.84799, for

responses from the HiPco DOC sensors 1, 2 and 3 respectively vs concentration on

a log-log scale) . Device to device variation must be reduced before such an ap-

proach can be employed to predict unknown concentrations of NO2 based on the

conductive response.

5.4 Conclusion
The baseline conductance of HiPco SWCNT network sensors drifts substantially af-

ter the largely irreversible adsorption of NO2 gas. The water-assisted regeneration

(WAR) technique enables recovery of the baseline signal in surfactant function-

alised SWCNT devices, aiding the desorption of the NO2 molecule, potentially via

mediated reactions as suggested by Randeniya et al.

The WAR method can be used to regenerate the sensor surfaces either in

between gas pulses of NO2, or periodically after testing cycles. It allows the gener-

ation of calibration curves for NO2 sensing with SWCNTs, whilst also enabling the

extraction of key figures of merit from the data, such as the adsorption constant, k,

and the maximum possible conductive response, Smax.

While the HiPco DOC sensors exhibited similar qualitative sensing charac-

teristics, there was a significant variation in electrical responses to NO2 gas. This

device to device variation must be overcome to facilitate the prediction of unknown

NO2 concentrations using methods such as those proposed by Hu et al. [272].

A model of irreversible NO2 adsorption, proposed by Strano et al. [14], was

able to capture features of the SWCNT network transient conductive response

curves and allow calculation of k and Smax from the response data. However, it did

not appropriately describe the responses of the SWCNT sensors in the initial stages
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of gas exposure.

The partially reversible adsorption model, developed by Kumar et al. [15],

provided the best fit to the experimental results and provided additional insight

into the processes taking place on the SWCNT surfaces. The existence of both

reversible and irreversible NO2 adsorption sites across the SWCNT networks, with

different associated adsorption kinetics and molecular affinities, may provide a

rationale for the better match between the experimental sensing results and the

partially reversible adsorption model.



Chapter 6

Study III: Sensing NO2 in humid

environments with SWCNTs.

6.1 Introduction
For real world environmental monitoring applications, such as street level pollution

monitoring, measurement devices are exposed to a range of atmospheric humidities

that can vary temporally and spatially. Sensors for pollutants such as NO2 must

be either insensitive to variations in relative humidity (RH) levels, or refinement of

the data via calibration and analysis techniques must be possible post collection to

account for any cross-interference effects on the sensing signal.

The use of SWCNT networks for the sensing of NO2, introduced in Chap-

ter 5, has been widely reported. It was demonstrated in Chapter 4 and elsewhere

[146, 261, 273, 274, 275] that the electrical conductivity of SWCNT-based sensors

can be altered by the adsorption of water vapour, and in Chapter 5 the introduction

of water vapour to the sensor surface was shown to aid NO2 desorption using the

water-assisted regeneration (WAR) method [145]. This leads to a question which

has not been fully resolved by previous studies; how does the presence of water

vapour in the atmosphere affect the conductive responses of SWCNT-based sensors

to NO2 ?

In this chapter, the sensing characteristics of SWCNT chemiresistors for de-

tection of NO2 gas were investigated at different levels of background humidity.
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Key parameters, such as the conductive response magnitude (S), adsorption rate (k)

and desorption rate (k�1), were altered by variations in the RH levels in the testing

chamber. The dependency of these quantities on the presence of water vapour was

also studied for SWCNT networks of different thicknesses and non-covalent func-

tionalisations.

An attempt was made to apply a model for partially reversible adsorption of

NO2, previously developed in the literature [15], to rationalise the results. Coupled

with the changes in sensing behaviour and characterisation of the sensor material,

possible interactions between the SWCNTs in the network, NO2 and H2O were dis-

cussed, along with the usefulness of the findings to provide refinement of real world

SWCNT sensor data post collection in the future.

6.2 Experimental

6.2.1 Device fabrication

For the HiPco SWCNT control, the raw sample was added to water (H2O, CAS

Number: 7732-18-5, HPLC grade) in powder form at a concentration of approx-

imately 2 mg mL�1. For the surfactant functionalised test samples, the SWCNTs

were added to aqueous solutions containing the following surfactants at 0.5 wt.%

also at a concentration of approximately 2 mg mL�1: Sodium deoxycholate (DOC,

CAS Number: 302-95-4 , 97%), hexadecyltrimethylammonium bromide (CTAB,

CAS Number: 57-09-0, 98%), purchased from Sigma-Aldrich.

The solutions were sonicated using a tip sonication probe at a power of 225

W for 15 minutes (with the container placed in an ice bath for cooling) to form

well dispersed solutions, whilst the carbon in the control sample was highly ag-

glomerated. Centrifugation was used to (4000 g, 30 minutes) to limit the presence

of carbonaceous impurities and highly bundled SWCNTs. The final concentrated

solution were obtained by decanting the upper 80% of the supernatant, with less

concentrated solutions achieved by dilution with deionised water.

The HiPco SWCNT solutions were deposited across pre-patterned interdigi-

tated gold electrodes on 3 x 3 mm alumina substrates using a calibrated Finnpipette
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novus electronic single-channel micro pipette (drop volume 1 µL per sensor) and

left to dry in air at 23 XC for 24 hours to form chemiresistor type devices.

6.2.2 Material characterisation

A Renishaw inVia Raman microscope with laser wavelength λ = 785 nm and 1 mW

power was used to perform Raman spectroscopy on each of the surfactant wrapped

HiPco SWCNT thick films after deposition and drying on glass substrates. The

spectras were obtained for the control, DOC, SC, CTAB, CTAT and Triton X-100

samples.

The UV-Vis-NIR absorption spectra for the deposited HiPco DOC SWCNTs

(deposited on a quartz slide from the 250 X diluted stock solution) were obtained

using a PerkinElmer Lambda 950 spectrophotometer to confirm the range of nan-

otube species present in the films. The spectra was obtained for an initial 600 µL

deposition of the 250 X diluted HiPco DOC solution dried on to the quartz slide,

after a blank reading was taken and subtracted. 4 additional depositions (+400 µL

each) and drying steps were made with the absorbance spectra collected within the

intervals to assess the repeatability of the deposition process.

6.2.3 Current-voltage device characterisation

A Keithley 4200 semiconductor characterisation system was used for current-

voltage (I-V) characterisation of the chemiresistor devices. A voltage step size of

0.1 V in the -5 V to +5 V range was employed to measure the induced current from

the applied voltage across the device source-drain electrodes. The conductance

across the device was then calculated at a Vbias= 0.2 V using the relation conduc-

tance G � I~V .

The I-V characterisation at low temperature was performed by Zak Kobos of

the Reed group, Yale. A semiconductor analyser system was used to obtain the I-V

characteristics of the thick and thin film HiPco DOC SWCNT devices and a cryo-

stat setup (Janis SVT-100 continuous vapor flow cryostat using liquid nitrogen) to

control the temperature of the device in the 96 K to 300 K temperature range.
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6.2.4 NO2 testing procedure

The SWCNT sensors were placed in ports within a circular testing chamber. The

synthetic air flow rate (1 L min�1), chamber humidity and gas mixing was controlled

using digital mass flow controllers, being delivered at a determined concentration

through a central inlet. The circular arrangement of the devices, along with the

extraction of gas behind each individual port location, ensures that each sensor is

exposed to an equal flow and concentration of gas. A potentiostat setup was used to

derive the room temperature sensor conductance throughout the testing run.

Prior to the experiments, either dry or wet air was passed over the sensors

for 1 hour to obtain a baseline conductance (G0) and achieve the required relative

chamber humidity (in the 0% to 75% range, confirmed using an internal humidity

meter). Wet air was generated by flowing dry synthetic air through a Drechsel flask

containing 500 mL of deionised water (HPLC grade, CAS Number: 7732-18-5).

Dry air and wet air were mixed at different ratios using the mass flow controllers

and delivered to the testing chamber to achieve the required chamber humidity.

For the nitrogen dioxide (NO2) - humidity experiments, a flow of NO2 (BOC

certified cylinder, 1 ppm NO2 in dry synthetic air, CAS number: 10102-44-0) was

diluted via mixing with a dry flow of synthetic air and introduced to the testing

chamber in 600 s intervals to realise a NO2 concentrations in the 0.1 to 0.6 ppm

range, followed by 1200 s of air flow only in the signal recovery period. Conductive

sensing responses to these concentrations of NO2 were then recorded at 0%, 25%,

50% and 75% background levels of relative humidity.

6.3 Results

6.3.1 Material characterisation

Raman spectroscopy was performed on the HiPco control and the surfactant func-

tionalised SWCNT samples, which were deposited and dried on a glass substrate.

Figure 6.1 shows the expected radial breathing modes (RBMs), G-band, D-band

and G�-band features are present for all of the samples studied, with the spectras
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consistent with those observed previously in Chapter 4 Figure 4.9 and elsewhere

[56]. The G/D ratios, calculated from Figure 6.1a and displayed in caption, were

found to be in the range of 6.8 to 18.8 for all of the samples studied, indicating a

low level of defects in the deposited samples.

Interestingly, the RBM peaks displayed in Figure 6.1b were found to vary

in intensity with surfactant functionalisation. This would correspond to SWCNTs

of different chirality (and thus electronic type) being present in different propor-

tions for each sample. Previously, it was reported that certain aqueous surfactant

systems produce solutions enriched with a specific SWCNT chirality [276, 277],

which may lead to a disparity in the proportion of SWCNTs present in the different

surfactant functionalised solutions. Also, bundling of nanotubes is thought to influ-

ence RBM peak intensity [278], which could be linked to how well each surfactant

aids SWCNT dispersion in aqueous solution. The proportion of semiconducting

SWCNTs (sc-SWCNTs) to metallic SWCNTs (m-SWCNTs), known to be the most

important determinant of conductance through a SWCNT network film [279], can

not be determined from analysis of the RBMs presented here, since the observed

Raman RBM peaks change with incident laser wavelength.
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Figure 6.1: Raman spectroscopy was performed using a Renishaw inVia Raman micro-
scope with a laser of wavelength λ = 785 nm at 1 mW power. (a) Raman
spectra of the HiPco SWCNT networks containing anionic surfactant (i) DOC
(G/D = 18.8) and (ii) SC (G/D = 13.4), cationic surfactant (iii) CTAB (G/D
= 19.77) and (iv) CTAT (G/D = 7.02), non-ionic surfactant (v) Triton X-100
(G/D = 8,84), and no surfactant (vi) control (G/D = 6.875) showing the G-band
(1594 cm�1), D-band (1295 cm�1) and G�-band (2600 cm�1). (b) The radial
breathing modes (RBMs) in the range 100 cm�1 to 300 cm�1 corresponding
to nanotubes of different chirality for each aforementioned sample. Plots are
y-offset for clarity.

However, UV-Vis analysis from Chapter 4 Figure 3.3 suggests the number of

metallic to semiconducting SWCNTs in all of the surfactant functionalised samples

remains constant. This would suggest that the changes in the RBM intensities, and

thus the SWCNT chirality distribution, should not affect the overall gas sensing
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responses observed described later in the study, though this can not be completely

ruled out.

UV-Vis was also used in the current study to study confirm the presence of

m-SWCNTs and sc-SWCNTs in the sensing films and indicate the reliability of

the assumption that repeated depositions using the Eppendorf pipette resulted in

approximately the same amount of carbon on the substrate. Figure 6.2 shows the

measured absorbance of multiple layers of HiPco DOC SWCNT solution deposited

and dried sequentially on a quartz slide. The absorbance increases linearly after

repeated depositions of solution and thus the number of SWCNT present in the

deposited films was assumed to be approximately constant for identical devices. As

in Chapter 4 Figure 3.3, the peaks in the 400 nm to 800 nm range suggest a mixture

of m-SWCNTs and sc-SWCNTs are found within the network [58].

Figure 6.2: (a) UV-Vis-NIR absorption spectra obtained using an Elmer Lambda 950 spec-
trophotometer for HiPco SWCNTs non-covalently functionalised with DOC,
deposited from an aqueous solution on to a quartz slide using and Eppendorf
pipette and dried. 400 µL of solution (diluted by 250 X from the initial con-
centrated solutions) was deposited successively after each drying and measure-
ment cycle, so that the total amount of solution deposited on the quartz slide
ranged from 600 to 2200 µL from the first to last step. (b) Linear increase in
absorbance per 400 µL deposition.

The sensing responses of SWCNT-based chemiresistors are expected to cor-
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relate with the conductive properties of SWCNT network devices [280, 111, 245].

Current-voltage (I-V) characterisation of the SWCNT networks was used to investi-

gate how functionalisation and film thickness affects the measured DC conductance

across the SWCNT films.

In Figure 6.3, a non-linear relationship was observed between measured de-

vice conductance (resistance) and the mass of carbon deposited between the gold

electrodes on the 3 x 3 alumina substrate. This relationship has been reported

previously [281] and is due to a minimum number of nanotubes being required for

conduction across the network, described by percolation theory [282]. Conductive

films formed for HiPco SWCNTs contain nanotubes of mixed electronic type (i.e

metallic or semiconducting). Below a minimum threshold density of carbon nan-

otubes in the film, there are few metallic pathways that bridge the electrodes, thus

the conductance (resistance) measured across the film is low (high). As the density

of carbon nanotubes in the film is increased, the likelihood of a complete conduc-

tive pathway increases. The minimum density (or number) of carbon nanotubes in

the film is known as the minimum percolation threshold, above which conduction

(resistance) across the film increases (decreases) exponentially to a plateau as more

nanotubes are added to the network [282].

Figure 6.3: A Keithley 4200 semiconductor characterisation system was used to measure
the DC (i) resistance and (Y) conductance across the source and drain electrodes
for (a) HiPco DOC and (b) HiPco CTAB devices for a given amount of carbon
deposited between the gold electrodes on the device, with a 0.2 V bias applied.
The error bars represent the standard deviation in the measurement between
two identical devices.
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This relationship is further elucidated by Figure 6.4, in which multiple

SWCNT solution depositions of a known concentration were made on the device

substrate, with the I-V characteristics recorded after each deposition and drying

step. The conductance increases rapidly after a number of layers are deposited

across the gold electrodes in a non-linear fashion. Therefore, the sensing responses

of nanotube films are expected to vary between dense and sparse networks of SWC-

NTs, since the conductance across the film is dominated by metallic SWCNTs in

the case of the former, or semiconducting nanotubes in the latter [83].

Percolating behaviour is observed for SWCNTs functionalised with both DOC

and CTAB, indicating that it is a general feature of the SWCNT networks used in

this study and others [283, 281]. The error bars in Figures 6.3 and 6.4 represent

the standard deviation between two identical devices of the same functionalisa-

tion, demonstrating that the percolating nature is consistent between devices. The

conductance across the films varies somewhat with the surfactant used to obtain

homogeneous solutions of SWCNTs, since the effectiveness of the dispersing agent

and thus the SWCNT concentration of the deposited solution varies.

Figure 6.4: A Keithley 4200 semiconductor characterisation system was used to measure
the DC (i) resistance and (Y) conductance across the source and drain electrodes
for (a) HiPco DOC and (b) HiPco CTAB devices as a function of the number of
layers (1 µL depositions) of SWCNT solution made across the gold electrodes,
with a 0.2 V bias applied. The �1000 diluted solutions (from aqueous stock
solution) of DOC and CTAB functionalised SWCNTs were of concentration
0.00159 � 0.0002 mg mL�1 and 0.00161 � 0.0002 mg mL�1 respectively. The
error bars represent the standard deviation in the measurement between two
identical devices.
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As techniques to improve SWCNT sample heterogeneity are developed, it

may be possible to generate a calibration plot of determined solution concentra-

tion vs measured film conductance to determine the density of nanotubes in a

deposited film of fixed area, solely from I-V characterisation. Such a technique

would be advantageous for fast and scalable characterisation of devices fabricated

from SWCNT solutions.

Figure 6.5: The DC (i) resistance and (Y) conductance across the source and drain elec-
trodes of (a) a thick HiPco DOC device formed from a solution of 1.59 � 0.2
mg mL�1 concentration and (b) a thin HiPco DOC device formed from a so-
lution of 0.0108 � 0.001 mg mL�1 concentration as a function of temperature
(K). Data was collected by Zak Kobos of the Reed group, Yale, using a semi-
conductor analyser system and a cryostat setup utilising liquid nitrogen and an
inbuilt heater to control the temperature of the device in the 96 K to 300 K
temperature range.

The measurement of SWCNT film conductance as a function of tempera-

ture can help to reveal the mechanism for conduction across a SWCNT network

[140, 246, 284]. Previous studies, such as those by Masel et al, have suggested

that the sensing properties of SWCNT-based devices are correlated with the domi-

nant SWCNT conduction mechanism [280]. For the current study, electronic trans-

port measurements were obtained by Zak Kobos of the Reed group, Yale, using a

semiconductor analyser system to obtain the I-V characteristics of the HiPco DOC

SWCNT devices and a cryostat setup to control the temperature of the device in the

96 K to 300 K temperature range.

Figure 6.5 displays the measured conductance (resistance) across both thick

and thin DOC functionalised HiPco SWCNT networks used in this study vs device
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temperature. The conductance (resistance) increases (decreases) as a the tempera-

ture increases, suggesting that the semiconducting nanotubes in the film contribute

significantly to the conductance across the network.

Many previous studies have investigated the conduction mechanisms responsi-

ble for charge transport in SWCNT networks [202, 285]. The conclusions from the

data presented in the literature vary considerably depending on the nanotube sam-

ple type and film thickness [246, 285]. Three dimensional variable-range hopping

(3D-VRH) [199, 200], fluctuation-assisted tunnelling (FAT) [201, 202], Schottky

[134, 203] and Poole-Frenkel conduction [197, 204, 205] have been suggested as

possible conduction mechanisms for SWCNT network films in the literature.

The data presented by Shiraishi et al. [285] for thin SWCNT mats is consis-

tent with the results presented in Figure 6.5, as well as those investigated by Kaiser

et al. [286]. These studies concluded that 3D-VRH is responsible for conduction

in thin SWCNT films. However, Jombert et al. attributed conduction in their sur-

factant functionalised thin films of SWCNTs (similar to those in the current study)

to Poole-Frenkel conduction, whilst indicating they could not completely rule out

3D-VRH. Massey et al. [205] also attributed conduction to the Poole-Frenkel mech-

anism, but whilst the thin films of sc-SWCNTS did not contain any surfactant, their

results are consistent with those presented here.

Without further experimental investigation, it is therefore difficult to categor-

ically assign a conduction mechanism to the DOC functionalised networks in the

current study. However, the data suggest that both metallic and semiconducting

SWCNTs contribute to conduction through the network, which is expected to influ-

ence the SWCNT- based device characteristics [134].

After characterisation of the sensing element, an experimental investigation

into the dependency of the SWCNT network NO2 gas sensing characteristics on

atmospheric humidity levels was conducted, as is now introduced.

6.3.2 Conductive responses to NO2 in humid conditions

The influence of pre-adsorbed water vapour on SWCNT conductive responses to

NO2 was investigated by performing gas sensing experiments whilst maintaining
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set levels of constant background humidity in the testing chamber. From Figure

6.6, it is clear that the conductive responses from the control, DOC and CTAB

functionalised networks to NO2 are altered as the humidity of the testing chamber

is increased.

Figure 6.6: The (i) conductive responses of thin film (a) HiPco DOC, (b) HiPco CTAB and
(c) HiPco control devices to NO2 gas in the 0.1 ppm to 0.6 ppm concentrations
at 0%, 25%, 50%, and 75% atmospheric relative humidity. (ii) The corre-
sponding drift after each injection of NO2 as a % of the conductance before
each pulse.

Figures 6.7, 6.8 and 6.9 show examples of the real-time conductive response

curves for the control, the DOC and CTAB functionalised SWCNT sensors, in

which the conductive responses are larger in more humid conditions. The larger

responses may be related to the impact that water-assisted desorption has on the

number of available, unoccupied adsorption sites.

As detailed in Chapter 5, introducing water vapour to the surface of a SWCNT-

based chemiresistor increases the rate of NO2 desorption from previous exposures.
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Figure 6.7: The real-time conductive responses of the thin film HiPco control sensors to
concentrations of NO2 in the 0.1 ppm to 0.6 ppm range (indicated by the right
axis) at different levels of background relative humidity. The NO2 pulses were
600 s in duration followed by a recovery period of 1200 s in air, with constant
chamber humidity maintained at 0%, 25%, 50% or 75%.

This may explain why larger relative changes in conductance are observed in humid

atmospheres throughout the NO2-humidity experiments; the initial sensor surface

is “cleaner” (i.e there are more unoccupied interaction sites available) in experi-

ments with a higher background RH, due to increased desorption of NO2 strongly

pre-adsorbed to the SWCNT surface.

Figure 6.8: The real-time conductive responses of the thin film HiPco DOC sensors to con-
centrations of NO2 in the 0.1 ppm to 0.6 ppm range (indicated by the right
axis) at different levels of background relative humidity. The NO2 pulses were
600 s in duration followed by a recovery period of 1200 s in air, with constant
chamber humidity maintained at 0%, 25%, 50% or 75%.
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Figure 6.9: The real-time conductive responses of the thin film HiPco CTAB sensors to
concentrations of NO2 in the 0.1 ppm to 0.6 ppm range (indicated by the right
axis) at different levels of background relative humidity. The NO2 pulses were
600 s in duration followed by a recovery period of 1200 s in air, with constant
chamber humidity maintained at 0%, 25%, 50% or 75%.

A second explanation could be that the pre-adsorbed water acts as an auxiliary

NO2 adsorption site, thus increasing the number of total available interaction sites,

Tθ , which would increase the conductive response at a certain concentration as per

equation 5.8 and 5.9 in Chapter 5.

Surface reactions may also take place, mediated by the adsorbed water. Ran-

deniya et al. proposed that HONO and HNO3 could be formed from adsorbance of

NO2 to moist SWCNTs [105], based on previous studies:

2NO2 + H2O � HONO + HNO3 (6.1)

with the formation of HNO3 and NO also possible [287]:

3NO2 + H2O � 2HNO3+NO (6.2)

Different analytes on the surface would then induce sensing responses of dif-

ferent magnitudes in subsequent interactions with the SWCNTs [287].

Along with the clear increase in response magnitude, a decrease in drift rela-

tive to the initial baseline conductance (G0) is observed after consecutive pulses of

NO2, shown in Figures 6.7, 6.8 and 6.9. This is due to an increase in desorption
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rate; more NO2 is desorbed after each pulse and the signal moves further towards

baseline conductance in the 1200 second recovery period. The effect of atmospheric

humidity on the adsorption/desorption rates are further discussed in section 6.3.3.

The origin of drift in SWCNT chemiresistors as well as other nanomaterial

based sensors operating at room temperature is often attributed to a number of fac-

tors [288]. Signal drift is sometimes refereed to as “poisoning” of the sensor [162],

as it can be due to the formation of strongly bound bi-products of surface reactions,

or due to stronger chemisorption at impurity sites in the sensing material [289]. As

well as a drift in conductance relative to G0 as discussed previously, a percentage

change in the signal drift (∆Gdri f t) between pulses of gas could indicate that a dif-

ferent type of adsorption site is responsible for the drift in the baseline signal.

Figure 6.6 shows that the drift between pulses (∆Gdri f t) initially decreases to-

wards a constant value as the testing proceeds, suggesting that whatever the source

of the drift may be, it’s capacity to affect the baseline conductance of the SWCNT

network decreases to a constant value as the number of impinging molecules in-

creases. This is potentially consistent with the availability of two types of NO2 ad-

sorption site on the SWCNT surface, with different associated affinities for the tar-

get analyte and desorption constants, as has been previously proposed [15, 289, 75].

This would also explain why a certain percentage of the baseline conductance is re-

covered quickly (within 60 s), and the remainder is associated with a much longer

recovery time (A12 hours, as discussed in Chapter 5).

Even if the drift was due to a surface reaction bi-product (such as those de-

scribed in equations 6.1 and 6.2), it still appears to be limited by the availability

of a different type of interaction site, since the conductive response magnitudes to

NO2 are still able to increase with concentration (e.g type 1 reaction sites are unsat-

urated) yet the drift does not (e.g type 2 reaction sites are saturated).

Identifying the potential sources of the drifting baseline signal is useful, as in

the future it may be possible to limit drift through purification of the sensing mate-

rial or via an appropriate passivation treatment.

For reliable, repeatable results, it is important to ensure that the sensor base-
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line signal is stable before performing experiments, as this is when the pre-adsorbed

gases (other than water vapour) are removed to the maximum extent possible using

WAR. This will permit the largest conductive response to be achieved (maximising

the number of available gas interaction sites), as well as more accurate determina-

tion of the target analyte concentration.

6.3.3 Response and recovery rates

Figures 6.7, 6.8 and 6.9 show that in the current study, the NO2 adsorption and

desorption rates are influenced by the relative humidity of the testing chamber. This

is the case for the control, DOC and the CTAB functionalised SWCNT networks.

Lee et al. set out a procedure in ref [287] in which they approximate the initial

conductive response rate of HiPco SWCNT sensors to be linear (a valid approxi-

mation in the current study, as shown in Figure 6.10). Applying this method to the

current study for the initial 60 seconds of exposure to NO2, Figure 6.11 demon-

strates the change in conductive response ∆ S per second for six SWCNT-based

chemiresistors both non-functionalised and functionalised with surfactant. The

analysis suggests that the initial rate of conductance change is dependent on both

NO2 concentration (in the 100 ppb to 600 ppb range), and the RH of the sensing

environment (0% to 75% RH).

For comparison, the same fitting procedure adopted for the partially reversible

adsorption model [15] as described in section 5.3.5 was applied to the response

curves for 300 ppb NO2 at 25%, 50% and 75% RH. Using this method, the entire

conductive response curve can be modelled (as oppose to the initial 60 seconds

of response) by dividing it into two components as indicated by equation C.5,

corresponding to reversible and irreversible adsorption with different respective ad-

sorption/desorption constants. These constants are then quantified to reveal changes

in the surface adsorption behaviour at different levels of atmospheric humidity.

Figure 6.12 displays the average time required for the SWCNT sensor con-

ductances to reach 50% of the maximum possible change in conductance (t1~2)

upon exposure to 300 ppb of NO2 at different RH for the (a) reversible and (b) ir-

reversible components of the response. In general, the higher the relative humidity,
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Figure 6.10: The approximately linear conductive responses in the initial stages of expo-
sure (first 60 s) to 100 ppb of NO2 gas at (i) 0% and (Y) 75% relative humidity
for (a) HiPco control networks, (b) HiPco DOC networks and (c) HiPco CTAB
networks.

the more quickly the reversible and irreversible components reach saturation for the

control, DOC and CTAB functionalised networks as shown in Figure 6.12a and b,

corresponding to larger adsorption constants kreversible and kirreversible at higher RH.

The t1~2 reversible and irreversible values displayed in Figure 6.12 are averaged

over two identical devices for each sensor type studied (thin film HiPco control,

HiPco DOC and HiPco CTAB), with the error bars representing the standard de-

viation between t1~2 values. Although in some cases standard deviation (error bar)

overlap was present for the t1~2 times at 50% RH with those at either 25% or 75%

RH, a statistically significant decrease was always observed when considering the

entire RH range (e.g between t1~2 times at 25% and 75% RH) across all of the

sensor types studied. This suggests that an increase in atmospheric humidity causes
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Figure 6.11: The change in conductive response ∆S s�1 for the initial 60 s of exposure to
NO2 in the 100 ppb to 600 ppb range at either 0%, 25%, 50% or 75% back-
ground relative humidity. The rates are displayed for 6 HiPco thin film sensors
with functionalisation as indicated. The error bars represent the standard de-
viation in the measured rates over two experiments.

a general increase in the response rates of SWCNT-based chemiresistors to NO2.

The model developed by Kumar et al. can also be used to visualise the pro-

posed reversible and irreversible components of the experimental NO2 conductive

response curve (described in ref [15], this procedure is explained and validated

with data from the literature in appendix C). Figure 6.13 demonstrates how the

proportions of each modelled component vary as the SWCNT network is exposed

to 300 ppb NO2 at (a) 25% RH and (b) 75% RH. Using data from the HiPco con-

trol sensors and a modelled response, the reversible component of the conductive

response increases as the atmospheric humidity of the testing chamber is increased,

suggesting that more reversible adsorption takes place at higher relative humidity

on the SWCNT networks.

In a similar study of NO2 adsorption rates in humid atmospheres, Lee et al.

also observed a decrease in time constants for moist SWCNT sensors [287]. This

was attributed to reaction products from the adsorption of NO2 to a H2O covered

surface. Further to this, the pre-adsorbed H2O could potentially increase the total
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Figure 6.12: The average time required for the SWCNT sensor conductances to reach 50%
of the maximum possible change in conductance (t1~2) upon exposure to 300
ppb of NO2 for 600 s at 25%, 50% and 75% background relative humidity for
the (a) reversible and (b) irreversible components of the response, extracted
using the partially reversible adsorption model [15]. The error bars represent
the standard deviation between times calculated for two identical devices.

number of available adsorption sites (Tθ ) or alter the balance between reversible

and irreversible adsorption sites (articulated in Figure 6.13) through occupation of

the latter, influencing the response rate.

Finally, although some difference in curve shape is observable in Figures 6.7,

6.8 and 6.9, the t1~2 values for the reversible and irreversible components remain

reasonably constant across all devices, suggesting the degree of surfactant function-

alisation used in the current study does not drastically influence the NO2 adsorption

rates for the SWCNT networks.

In Figures 6.7, 6.8 and 6.9, improved recovery of the SWCNT network baseline
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Figure 6.13: A visualisation of the proposed (dash) reversible and (dot) irreversible com-
ponents of the experimental NO2 conductive response curve, based on real
data for the HiPco control sensor exposed to 300 ppb of NO2 at (a) 25%
background relative humidity and (b) 75% background relative humidity. The
components are based on the application of the partially reversible adsorption
model developed in ref [15] and detailed in Chapter 5 section 5.3.5.

conductances was observed throughout the signal recovery period as the humidity

of the testing chamber was increased, especially in comparison with the testing

performed at 0% RH. This is consistent with an increased rate of NO2 desorp-

tion in humid atmospheres, observed using water-assisted regeneration elsewhere

[145, 105] and in Chapter 5. To quantify these changes, an analysis of the gas des-

orption dynamics was applied in line with the method used by Rigoni et al. [290].

The conductance recovery in the NO2 desorption region at 300 ppb for different at-

mospheric humidities was fitted using a two-phase exponentially decreasing curve,

with two time constants τ1 and τ2, associated with fast and slow desorption pro-

cesses respectively (described previously in ref [290] and in appendix C).

The average time required for the SWCNT sensors to recover 50% of their

initial baseline conductance in the recovery period for the fast and slow components

of the curve (τ1 and τ2 half-life) is displayed in Figure 6.14 for 300 ppb of NO2 at

25%, 50% and 75% RH. The time taken was averaged over two identical devices,

with the error bars representing the standard deviation. In Figure 6.14a there is a

clear trend showing a reduction in τ1. There is statistical error overlap for some

values of τ1, for example between HiPco Control τ1 half-life at 25% and 50%

RH, which is due to device to device variation in SWCNT network parameters.
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Figure 6.14: The average time required for the SWCNT sensors to recover 50% of their
initial baseline conductance in the recovery period for the (a) fast and (b) slow
components of the curve (τ1 and τ2 half-life) after exposure to 300 ppb NO2
for 600 s with 25%, 50% or 75% background relative humidity. The data
from the recovery period was fitted using a two-phase exponentially decreas-
ing curve as by Rigoni et al. [290]. The error bars represent the standard
deviation between times calculated for two identical devices.

Despite this, the statistically significant trend for the HiPco DOC and HiPCo CTAB

sensors in Figure 6.14a corresponds to a quicker baseline recovery rate for the fast

desorption component of the curve. Similarly, a decrease in the τ2 half-life for all

of the sensor types in Figure 6.14b represents a faster baseline recovery for the slow

desorption component of the conductance curve when the relative humidity of the

testing chamber is at a higher value. The smaller time constants τ1 and τ2, taken

from the recovery region of the sensing curve after exposure to 300 ppb of NO2,

again suggest that the NO2 desorption rate is increased with increasing atmospheric

humidity.

In a recent investigation by Rigoni et al, the effects of atmospheric humidity

on functionalised SWCNT sensor responses to NH3 were studied [290]. The sen-
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sitivity to NH3 was increased in a testing environment in which humidity levels

were raised, enabling sub-ppm detection of NH3. However, the study did not report

any variations in the NH3 adsorption or desorption kinetics. Contrary to this, Lee

et al. observed that the recovery constant was reduced for HiPco networks when

exposed to 2 ppm NO2 at high humidity (RH = 92%) [287], in line with the current

study. This suggests that the effect of humidity on SWCNT network gas desorption

dynamics is analyte dependent, potentially due to the different associated binding

affinities involved.

Figure 6.15: The real-time conductive responses for the thin film (solid line) and thick film
(dashed line) HiPco sensors to concentrations of NO2 in the 0.1 ppm to 0.5
ppm range (indicated by the right axis) at (a) 0% RH and (b) 50% RH. dif-
ferent levels of background relative humidity. The NO2 pulses were 600 s in
duration followed by a recovery period of 1200 s in air, with constant chamber
humidity maintained at (a) 0%, or (b) 50%.

6.3.4 Thickness dependent responses

In previous sections, it was suggested that conduction across SWCNT networks

(and thus sensing response) is dependent on the percolation of nanotubes in the

film. In the current study, thick (19 � 5 µm and a device resistance of Rthick = 200

Ω to 500 Ω) and thin (@ 1 µm and a device resistance of Rthin = 50 kΩ to 200 kΩ)

SWCNT network sensing response magnitudes were found to differ towards NO2

in both dry and humid conditions.

As displayed in Figure 6.15, devices fabricated from thinner networks of

SWCNTs typically provided a larger conductive response to NO2 gas. There are
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two potential explanations for this phenomenon. Firstly, for the thin films, a larger

fraction of the SWCNT network may interact with the target gas, as less diffusion is

required through the sensing layer to reach all of the potential gas adsorption sites.

Therefore, a faster rate of total network conduction change is observed, resulting

in a larger response magnitude for a certain time interval than the devices with a

thicker sensing layer.

Secondly, it is possible that conduction through the thinner devices is more

dominated by sc-SWCNTs. As sensitivity to the target gas is reportedly increased

with a higher percentage of sc-SWCNTs in the gas sensitive layer [76], this may be

the source of the different response magnitudes observed for the thin film devices.

Higher sensitivity of sc-SWCNT enriched chemiresistive devices has also recently

been reported by the Swager group [291], in line with such an explanation.

6.4 Conclusion
Variations in atmospheric humidity levels were found to impact upon the NO2 sens-

ing responses of both functionalised and non-functionalised SWCNT networks.

Larger conductive responses were observed to NO2 as the humidity of the testing

chamber was increased, with possible mechanisms for this increase including ad-

ditional adsorption sites at surface bound H2O, reaction products via adsorption

of NO2 to wet SWCNTs, or the process of water-assisted desorption generating a

SWCNT array that is free from previously adsorbed analytes.

An increase in the initial (first 60 seconds of the response) NO2 adsorption

rate was observed in more humid environments. Modelling of the responses in

their entirety enabled the extraction of two adsorption constants associated with

reversible and irreversible adsorption processes on the sensor surface, as suggested

by the partially reversible adsorption model [15]. The rate of NO2 adsorption was

found to increase for these components when experimental testing was performed

in a more humid atmosphere. It is possible that the increase in adsorption rate is

caused by similar mechanisms as proposed for the increase in response magnitude;
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additional adsorption sites, secondary reaction products, or a “cleaner” SWCNT

surface due to water-assisted regeneration.

The partially reversible adsorption model, developed by Kumar et al, enabled

satisfactory fitting of the response curves for individual sensors and the extraction

of adsorption/desorption parameters. Changes in these parameters were qualita-

tively consistent across multiple devices of the same functionalisation. However,

due to device to device variations in this study, the model is not able to quanti-

tatively predict k or Smax without analysing the curves for each individual sensor.

For the model to provide an accurate prediction of these quantities for any general

SWCNT-based chemiresistor, variation in the sensing characteristics between iden-

tical devices must be reduced via improved fabrication procedures. De-convolution

of the conductive response curves to reversible and irreversible adsorption compo-

nents suggested that more reversible vs irreversible adsorption takes place in more

humid conditions.

Faster recovery of the baseline conductance was achieved when the SWCNT

networks were exposed to NO2 at higher levels of background humidity. A trend for

increasing rates of NO2 desorption was consistent with a change in the desorption

constants, derived from analysis of the recovery region of the sensing curves. This

could be linked to a change in the proportion of reversible vs irreversible sites on

the SWCNTs, as indicated by fitting the partially reversible NO2 adsorption model

to the data, due to pre-adsorbed H2O. The increased rate of NO2 desorption was in

agreement with the results reported in Chapter 5, in which the presence of water

vapour in the sensing environment aided the desorption of NO2 and the recovery of

the baseline signal.

Thinner SWCNT networks displayed larger responses to NO2 in both dry and

humid atmospheres. It was suggested that this result could be due to better access

of the target analyte to a higher proportion of SWCNTs in the thin films, or to

an increased conduction contribution from sc-SWCNTs which possess higher gas

sensitivity.

The general changes in sensing characteristics when testing was performed
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at different levels of background relative humidity were apparent for all of the

SWCNT-based chemiresistive devices studied, regardless of functionalisations. As

such, when developing SWCNT sensors for real world environmental monitoring

applications, the calibration or design of the measurement setup must compensate

for the humidity effects observed in this study.



Chapter 7

Study IV: Reducing cross-sensitivity

of SWCNT networks to water vapour

using zeolites.
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sation data. Prof. G. Sankar, Prof. N. T. Skipper and Prof. I. P Parkin proof read

the manuscript and contributed experimental guidance. The paper is appended to

this thesis in appendix E.

Associated Publications: Evans, G. P., Buckley, D. J., Adedigba, A. L.,

Sankar, G., Skipper, N. T., & Parkin, I. P. (2016). Controlling the Cross-Sensitivity

of Carbon Nanotube-Based Gas Sensors to Water Using Zeolites. ACS applied ma-

terials & interfaces, 8(41), 28096-28104.

7.1 Introduction
As detailed in Chapters 4, 5 and 6, the electrical conductance of a single-walled

carbon nanotube (SWCNT) network is sensitive to the adsorption of a wide range

of gases and vapours[7, 17], including H2O and NO2. Non-functionalised control
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sensors, or devices fabricated using surfactant functionalised SWCNTs, displayed a

sizable increase or decrease in conduction upon exposure to H2O vapour, as well as

changes to NO2 adsorption kinetics and response magnitudes in humid vs dry atmo-

spheres. Water-induced conductance changes may be much larger than the typical

increase in SWCNT network conductance observed when a sensor is exposed to

low concentrations of NO2 gas. Therefore, any variation in the relative humidity

of the operating environment can mask and obscure the sensing response (S) of a

SWCNT sensor to NO2.

As such, a SWCNT-based NO2 sensor with minimal sensitivity to varying lev-

els of humidity would be desirable for environmental monitoring applications. In

this chapter, zeolites, also known as molecular sieves due to their selective adsorp-

tion properties, are used to control the cross-sensitivity of SWCNT-based sensors to

water vapour. The most extreme case is studied, in which the relative humidity of

the testing chamber is altered at the same time as injection of the target gas, mim-

icking rapid changes in atmospheric humidity levels in real-world environments.

Zeolites incorporated into the sensing layer are found to reduce interference

effects that would otherwise obscure the identification of NO2 gas. The incorpora-

tion of zeolite layers decreases sensitivity to H2O vapour, with sensors maintaining

an increase in conduction upon exposure to 10 parts per million (ppm) of NO2 gas

with varying levels of relative humidity. Conversely, the control SWCNT sensors

demonstrate a decrease in network conduction under the same test conditions, with

the normal sensing of NO2 obscured by the presence of H2O vapour in the test

chamber.

The zeolites are either deposited over the SWCNT network as a top layer, or

SWCNTs are deposited over the zeolite to form a percolating network in a mixed

layer. The ordering of the sensing layer is found to greatly affect the sensor re-

sponse observed to NO2 in both dry air and humid conditions, with the mixed layer

arrangement providing a larger response magnitude.
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7.2 Experimental

7.2.1 Device fabrication

High pressure carbon monoxide disproportionation (HiPco) produced SWCNTs

[137] (purchased from Nanointegris, batch number: R1-831) were dried in air at

120XC to remove moisture from the bundles and stored under vacuum. The black

powder was added to a solution of deuterated water (D2O, CAS Number: 7789-20-

0, Sigma-Aldrich) and sodium deoxycholate (2 wt% , DOC, CAS Number: 302-

95-4, Sigma-Aldrich) at a concentration of approximately 0.5 mg ml�1. DOC is a

surfactant molecule that forms micelle like structures around the nanotubes[212].

To aid efficient solubilisation via surfactant wrapping, the solution was sonicated

using a 225 W tip sonication probe for 15 minutes, with the container placed in an

ice bath for cooling.

The well dispersed solution was centrifuged at 4000g for 30 minutes and the

upper 80% of the supernatant was decanted to limit the presence of carbonaceous

impurities in the final dispersion.

Hydrophilic H-Zeolite-Y was obtained from Zeolyst international (product

code: CBV600). Less hydrophilic Silicalite-1 was synthesised in house by the

Sankar group (UCL) using the method described by Guth et al. [292]. Both ze-

olites were then dispersed in ethanol using a magnetic stirrer bar at a concentration

of 0.2 g ml�1.

As described in previous chapters, a 3 x 3 mm alumina tile with patterned

gold electrodes of 175 µm separation (as shown in Figure 7.1) was used as the sen-

sor substrate. A single strip (containing 5 individual substrates) was placed in a

grooved metal holder (heated to 50 XC via hotplate) and the square gold connector

pads were covered using a removable mask. The dispersion of HiPco SWCNTs

was then deposited across the interdigitated gold electrodes for each of the 5 chips

using a calibrated Finnpipette novus electronic single-channel micro pipette (drop

volume 1 µL per sensor). The deposition was left to dry for in air for 15 minutes

and the substrates were separated into individual chips. This process was repeated

to produce 4 batches and 20 individual control HiPco SWCNT sensors.
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For each type of top layer sensor, the aforementioned procedure was followed

by an additional 1 µL deposition of the dispersed zeolite on top of the SWCNT

network, with an extra drying step (Figure 7.1a). The mixed layer configuration

was achieved by depositing the insulating zeolite over the gold electrodes in the

same manner as before, drying and depositing 1 µL of the initial HiPco SWCNT

solution over the zeolite to form a percolating mixed layer from which an electrical

measurement could be made (Figure 7.1b).

The sensors were then dried in air in a furnace at 100 XC for 1 hour. Four of

each sensor type (shown in Table 7.4) were selected from each batch and attached

to sensor casings via micro welded platinum wire connections to the gold connector

pads.

7.2.2 Material characterisation

A JEOL JSM-6700F field emission scanning electron microscope was used in sec-

ondary electron imaging mode to image the zeolite top layers and HiPco zeolite

mixed layers using a 5 kV (or 10 kV) probe voltage at a working distance of 5.9

mm. Samples were gold coated for imaging.

Energy-dispersive X-ray spectroscopy (EDS) analysis was carried out using

a JEOL JSM-6700F and a secondary electron image on a Hitachi S-3400N field

emission instrument (15 kV) at a 15 mm working distance, with elemental weight

% calculated using the Oxford Instruments INCA software package. Sensors were

also gold coated whilst performing EDS measurements.

Transmission electron microscopy (TEM) was performed using a JEOL 200

kV transmission electron microscope in imaging mode. The zeolites were dispersed

in ethanol and drop coated onto a holey carbon copper TEM gird for imaging.

A Renishaw inVia Raman microscope with laser wavelength 514.5 nm and 1

mW power was used to perform Raman spectroscopy on the surfactant wrapped

HiPco DOC solution (deposited on a 3 x 3 alumina substrate before and after heat-

ing to 100 XC in air).

Attenuated total reflectance - Fourier transform infrared (ATR - FTIR) spec-

troscopy was performed using a Brucker ALPHA FTIR spectrometer with a dia-
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mond crystal and an ATR attachment. Each spectrum was obtained by averaging

64 scans at a resolution of 4 cm�1 and measurements were repeated 5 times per

sample. To obtain a spectrum after exposure to dry air, 50 ppm NO2 or 50 ppm

NO2 at 50% RH, 10 mg of sample was placed into the sensor testing chamber with

a flow rate of 1 L min�1 for 30 minutes. The sample was then removed from the

chamber and the ATR - FTIR spectrum was obtained immediately. A new, identical

sample was used for each exposure cycle.

7.2.3 Cross-sensitivity testing procedure

Procedure 1

Step. Duration Gas Type Relative
(Seconds) Humidity (%)

1. 7200 Dry air 0
2. 200 NO2 (10 ppm) 0
3. 120 Wet air 75
4. 600 Dry air 0
5. 200 NO2 (10 ppm) 75
6. 3600 Wet air 75

Table 7.1: Testing procedure 1 is listed below detailing the time duration, gas type present,
and the relative humidity of the testing chamber per testing step. Procedure 1
was used to establish the qualitative sensing behaviour for each sensor type. The
flow rate was set to 1 litre per minute using MKS 1179A general purpose mass
flow controllers.

Sensors were placed in ports within a circular testing chamber. The synthetic

air flow rate, chamber humidity and gas mixing was controlled using digital mass

flow controllers, being delivered at a determined concentration through a central in-

let. The circular arrangement of the devices, along with the extraction of gas behind

each individual port location, ensures that each sensor is exposed to an equal flow

and concentration of gas. A potentiostat setup was used to derive the room temper-

ature sensor conductance throughout the testing run.

Prior to the experiments, dry synthetic air was passed over the sensors for 2

hours to obtain a baseline conductance (GAir) and achieve 0% relative chamber hu-



7.2. Experimental 214

Procedure 2

Step. Duration Gas Type Relative
(Seconds) Humidity (%)

1. 3600 Dry air 0
2. 600 Wet air 25
3. 1800 Dry air 0
4. 600 Wet air 50
5. 1800 Dry air 0
6. 600 Wet air 75
7. 3600 Dry air 0

Table 7.2: Testing procedure 2 is listed below detailing the time duration, gas type present,
and the relative humidity of the testing chamber per testing step. Procedure 2 was
used to establish the sensitivity to changes in relative humidity within the sensing
chamber for each sensor type. The flow rate was set to 1 liter per minute using
MKS 1179A general purpose mass flow controllers. Different mixing ratios of
dry and wet air were used to control humidity levels.

Procedure 3

Step. Duration Gas Type Relative
(Seconds) Humidity (%)

1. 3600 Dry air 0
2. 600 NO2 (10 ppm) 0
3. 1200 Dry air 0
4. 600 NO2 (10 ppm) 75
5. 3600 Dry air 0
6. 3600 Wet air 75

Table 7.3: Testing procedure 3 is listed below detailing the time duration, gas type present,
and the relative humidity of the testing chamber per testing step. Procedure 3 was
used to investigate variations in the sensor responses to 10 ppm NO2 gas whilst
changing the relative humidity of the sensing chamber. The flow rate was set to
1 litre per minute using MKS 1179A general purpose mass flow controllers.

midity (confirmed using an internal humidity meter). For repeated testing runs, the

relative humidity in the chamber was maintained at 50% RH for 1 hour to increase

the desorption rate of NO2 from previous experiments before re-establishing base-

line and 0% RH in dry air for 2 hours.

To first establish the characteristics of the SWCNT sensors and their zeolite

modified counterparts, procedure one was used to determine qualitatively the re-
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sponse curves to be expected upon introduction of NO2, water vapour and a com-

bination of both to the sensor surface (exposure time 200 seconds per pulse). In

procedure two, the magnitude and direction of the conductance change due to vary-

ing chamber humidity from 0% to 75% was quantitatively investigated for each

sensor type. Finally, procedure three was used to study the variation in sensor re-

sponses to NO2 in both dry and wet air, as well as to compare sensing results across

different fabrication batches. Tables 7.1, 7.2 and 7.3 show the complete protocols

for testing procedure one, two and three respectively.

7.3 Results

7.3.1 Material characterisation

Scanning electron microscopy was used to study the morphology of the zeolite top

layers and confirm the presence of SWCNT bundles on the surface of the zeolite

mixed layer type sensors. Figure 7.2a and c shows the larger particulate dimensions

of the Silicalite-1 compared with H-Zeolite-Y layers respectively.

At higher magnification, the SWCNT bundles are visible upon the surface of

the zeolite mixed layer configuration sensors. These are distributed over the particu-

late base layer forming a percolating network, bridging zeolite particles and cracks

as shown in Figure 7.2b and d. Zeolite layer thicknesses was in the approximate

range of 5 µm to 10 µm as measured by side on SEM (Figure 7.1c).
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Figure 7.1: Schematic of a 3 x 3 mm Alumina substrate with interdigitated gold electrodes.
Arrangement (a) consists of a HiPco SWCNT base layer with a top layer of
porous zeolite. Arrangement (b) represents HiPco SWCNTs deposited over a
zeolite to form a mixed layer and (c) a side on SEM micrograph at X10,000
magnification showing a H-Zeolite-Y layer of � 7 µm thickness.
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Figure 7.2: SEM micrographs of SWCNT-Zeolite mixed sensing layers showing bundles
of HiPco SWCNTs distributed across the surface at (a) X10,000 (b) X20,000
and (c) X20,000 magnification using a 5 kV probe voltage.

In conjunction with SEM, energy dispersive X-ray spectroscopy (EDS) was

used to confirm the silicon to aluminum ratio of the Silicalite-1 and H-Zeolite-Y

layers investigated, along with the carbon content on the surface of each sensor

type. The hydrophobicity of a zeolite depends on its silicon to aluminium frame-

work ratio[192]. Hydrophobic zeolites, such as Silicalite-1, have a high silicon to

aluminium framework ratio, whilst the silicon to aluminium ratio of hydrophilic H-

Zeolite-Y is low.

As expected, no aluminum was present in the Silicalite-1 sample, where as the

H-Zeolite-Y sample had a Si/Al ratio of 3.0 (calculated as the ratio of each elemen-

tal % weight), confirming the hydrophilicity of H-Zeolite-Y (see Table 7.4). No

carbon was detected on the surface of the zeolite top layer type sensors, where as

the Silicalite-1 and H-Zeolite-Y mixed layer type sensors contained 24% and 21%

carbon respectively, corroborating SEM micrograph evidence of carbon nanotube
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bundles on the mixed layer type sensor surfaces.

Sensor Surface Carbon Si:Al
Type content (wt%) Ratio

Silicalite- 1 0 �

top layer

Silicalite-1 24 �

mixed layer

H-Zeolite-Y 0 3
top layer

H-Zeolite-Y 21 3
mixed layer

Table 7.4: Elemental analysis using energy dispersive X-ray spectroscopy (EDS) to confirm
the silicon to aluminum ratio of the Silicalite-1 and H-Zeolite-Y layers investi-
gated (calculated as the ratio of each elemental % weight) along with the Carbon
content on the surface of each sensor type. Sensors were gold coated for EDS.

TEM microscopy was used to qualitatively estimate the size of the zeolite par-

ticles used for the composite sensors. The micrographs in Figure 7.3a and b indicate

that the Silicalite-1 ethanol dispersed sample contained particles with a range of ap-

proximate diameters (30 nm to 100 nm). The H-Zeolite-Y sample contained larger

particles, in the 100 nm to 200 nm particle diameter range (Figure 7.3c and d). This

indicates that the zeolite particles are of the same order of magnitude of dimension

as the diameter/length of the SWCNT bundles in the composite materials.

Raman spectroscopy measurements provide an indication of residual amor-

phous carbon and defects in the SWCNT sample before and after heating at 100

XC[56]. The ratio of Raman intensity of the G peak at 1593 cm�1 to the D peak

at 1338 cm�1 was slightly lower post heating (12.2) than was found for the initial

sample (17.2), indicating a possible increase in the number of bundle defects after

heat treatment (Figure 7.4).

7.3.2 SWCNT-Zeolite composites

Zeolites are porous alumino-silicate frameworks that demonstrate size and shape

selective adsorbance of certain molecules[293]. As zeolites display ionic con-



7.3. Results 219

Figure 7.3: TEM micrographs (200 kV) indicating the range of particle sizes present in
the (a) Silicalite-1 and (b) H-Zeolite-Y ethanol dispersed samples, drop coated
onto a holey copper grid.

ductivity (and are usually electrically insulating materials), they have previously

been used for impedance based gas sensing[163], as well as to improve selec-

tivity in a combinatorial approach using metal oxide semiconducting (MOS) gas

sensors[116, 294, 295]. However, their incorporation into carbon nanotube based

sensors has not been investigated previously.

As discussed previously, many sensing mechanisms for SWCNT sensors have

been proposed in the literature[82, 17]. It is probable that the exact mechanism

depends on nanotube type[132], defectiveness[112, 111], network density[245],

film thickness[246, 296], device configuration[133, 95] and functionalisation
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Figure 7.4: Raman spectra showing the normalized intensity of the D band (1338 cm�1)
and G band (1593 cm�1) for HiPco SWCNT DOC bundles before and after
heating sample to 100XC, with radial breathing modes inset. G/D ratio before
heating was 17.2 and 12.2 after heating, indicating an increase in the number
of bundle defects after heat treatment. Laser wavelength λ = 514.5 nm.

technique[114, 42, 297, 267, 298, 99]. With this in mind, sensing results here

are described using a mechanism previously applied for sensors based on thick

films of SWCNTs that have been functionalised, in conjunction with models de-

scribing the characteristics of zeolite layers in gas sensors and possible reactions

taking place in the zeolite frameworks.

Under ambient conditions, SWCNT networks exhibit p-type behaviour, due to

electron withdrawal of O2 molecules adsorbed on the tube surfaces[299, 5]. The

change in conductance for SWCNT network sensors (and thus sensing response),

can either be attributed to charge transfer between the target molecule or modulation

of the Schottky barrier at semi-conducting nanotube - metallic contacts, depending

on the density and metallicity of the SWCNT film [82, 270, 245, 83].
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Testing procedure one was used to qualitatively establish sensing characteris-

tics. Upon exposure to an electron withdrawing molecule, such as NO2, a p-type

increase in conductance is observed as shown in Figure 7.5 section (b). Alterna-

tively, Figure 7.5(c) demonstrates that exposure to a species such as H2O results in

a decrease in conductance.

The NO2 sensing magnitudes and direction of conductance changes are

comparable to studies using both functionalised and non-functionalised SWCNT

sensors[82, 145, 7, 300, 270, 301] and those reported in Chapters 5 and 6.

Results in this thesis and elsewhere indicate that competing processes take

place upon adsorption of NO2 and H2O, producing a convoluted response curve.

When both NO2 and H2O are introduced at step (e) so that the testing chamber

humidity is increased from 0% to 75%, the detection of NO2 is masked by H2O

interference for the control SWCNT DOC sensor. This unwanted by-product of

functionalisation can be negated through incorporation of zeolites. The complex

behaviour of the zeolite modified SWCNT sensors can be explained by considering

the combined effects of gas diffusion through the zeolite layers, as well as spe-

cific interactions between NO2, H2O and the chosen zeolite. Firstly, the results of

the mixed layer sensor type are described as this configuration provided the most

promising results in terms of H2O interference reduction.

The testing procedures used for the gas sensing experiments in this study are

displayed in Tables 7.1, 7.2 and 7.3, detailing the duration of gas pulses, the types

of gas present and the humidity within the sensing chamber for each testing step.

Response times for each analyte and each sensor type are summarised in Table 7.5.

Response time t90 is defined as the time required for sensor responses to reach 90%

of their maximum value.
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Figure 7.5: A plot of the typical percentage change in conductance at room temperature
(where ∆ G = GGas� GAir) upon exposure to various combinations of NO2 and
H2O for a blank SWCNT, a SWCNT sensor with a Silicalite-1 mixed layer and
a SWCNT sensor with a H-Z-Y mixed layer. Region (a) displays the baseline
conductance for each sensor type whilst operating in dry synthetic air, whilst
in region (b) 10 ppm of NO2 is additionally introduced to the testing chamber.
Region (c) contains the desorption step in which the NO2 pulse is turned off
and H2O is turned on resulting in a relative humidity of 75% inside the testing
chamber, aiding NO2 desorption from the sensor surface. In region (d) H2O
is turned off to return the relative humidity of the chamber to 0% and recover
baseline conductance. Region (e) shows the response of each sensor type to 10
ppm of NO2 whilst operating at 75% chamber humidity. Finally, in region (f)
the NO2 is turned off and relative humidity set at 75% for the desorption cycle.

7.3.3 Mixed layer sensor configuration

Figure 7.5 section (c), obtained following testing procedure one, highlights the de-

creased sensitivity to changing environmental humidity for the SWCNT mixed layer

type sensors in comparison with the control. Here, hydrolysis treatment at step (c)

removes the NO2[145] introduced in step (b), with recovery of the initial baseline

resistance. The control SWCNT sensor overshoots its initial baseline resistance,

settling at a new value in dry air at step (d), indicating permanent modification of

the film. It is proposed that the SWCNT network deposited over a zeolite is effec-

tively exposed to a lower concentration of water vapour due to adsorption of the
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H2O in the zeolite framework.

Sensor t90(s) t90(s) t90(s)
Type H2O (RH 75 %) NO2 NO2 (RH 75 %)

SWCNT 12 502 -
H-Zeolite-Y mixed layer 347 526 341
Silicalite-1 mixed layer 202 163 396
H-Zeolite-Y overlayer - 481 547
Silicalite-1 overlayer - 588 608

Table 7.5: Example response times for each analyte and sensor type. Response time t90 is
defined as the time required for sensor responses to reach 90 % of their maximum
value. Recovery time Rec is defined as the time taken for the sensors to re-
establish a baseline resistance.

It was expected here that zeolites with high aluminium content (such as H-

Zeolite-Y used here) would show a large affinity for water[192], preferentially

adsorbing it over the SWCNT network and reducing interference effects. However,

a reduction in sensitivity to H2O vapour was also observed in the Silicalite-1 mixed

layer sensor. Despite the hydrophobic nature of Silicalite-1, water adsorption is still

thought to take place due to the presence of silanol defects[302]. This may explain

the overall reduction in water interference despite the use of both a hydrophobic

(Silicalite-1) and hydrophilic (H-Zeolite-Y) zeolite type. In a similar way, Battie

et al found that silanol groups permitted the use of mesoporous silica thin films to

reduce the cross-sensitivity of SWCNT based devices to water[303]. Therefore, it

is more appropriate to refer to the Silicalite-1 used here as being less hydrophilic

than H-Zeolite-Y, rather than being hydrophobic.
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Figure 7.6: Example of real time sensor responses to changes in the relative humidity levels
within the sensing chamber, varying the relative humidity between 0% and 25%
, 50% or 75%. Plot (a) shows the decrease in conductance observed for HiPCo
SWCNT based devices, (b) shows the smaller changes for zeolite mixed layer
devices with lower zeolite content (0.033 mg of zeolite per 1 µL drop of HiPco
DOC solution) and (c) shows the increase in conductance for zeolite mixed
layer devices with higher zeolite content (0.2 mg of zeolite per 1 µL drop of
HiPco DOC solution), with changes still smaller in magnitude than the SWCNT
control sensors.

Figure 7.7 shows that the device conductance change in humid conditions is

dependent on the zeolite loading. Use of a zeolite mixed layer reduces the decrease

in conduction when compared to SWCNT control devices. Interestingly, at higher

zeolite loadings a comparatively small conductance increase is observed. This may

be due to the introduction of water-zeolite reaction products to the nanotube net-

work.

Detection of 10 ppm NO2 at 75% relative humidity with the zeolite mixed

layer sensors is shown in Figure 7.5 step (e). Initially, the response magnitude was
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larger when testing in humid conditions, possibly due to a reaction between the

zeolite adsorbed H2O and NO2. This feature was found to vary between test cycles,

potentially due to different levels of residual H2O present in the zeolite framework

between tests. Therefore, after establishing that a zeolite mixed layer reduces H2O

interference, procedure three was adopted (as outlined in the Gas Testing Procedure

section) to establish the extent to which responses were reproducible and quantita-

tively asses the apparent improvements.

Figure 7.6 shows example responses to changes in the relative humidity levels

within the sensing chamber for SWCNT HiPco control sensors, mixed layer sensors

with low zeolite content and high zeolite content for the current study. The relative

humidity was modulated between 0% and 25% , 50% or 75%. Figure 7.8 provides

examples of real time responses to 10 ppm NO2 gas in both dry and wet (75% RH)

air for each of the sensor types investigated.

Figure 7.7: Typical percentage change in conductance per sensor type (where ∆ G = GGas�

GAir) as relative humidity in testing chamber is increased from 0 % to 25 %, 50
% and 75 % for SWCNT control sensors, SWCNT H-Zeolite-Y and SWCNT
Silicalite-1 zeolite mixed layer type sensors. M.layer.1 indicates a mixed layer
with lower zeolite content (0.033 mg of zeolite per 1 µL drop of HiPco DOC
solution), M.layer.2 indicates a mixed layer with higher zeolite content (0.2 mg
of zeolite per 1 µL drop of HiPco DOC solution).
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The collated responses for each sensor type to 10 ppm NO2 in both synthetic

dry air and wet air at 75% relative humidity (using testing procedure 3) are shown

in Figure 7.9. The responses of four identical sensors (one taken from each batch,

see device fabrication section) are averaged over six testing cycles to provide a

mean response direction and magnitude per sensor type.

Typically, SWCNT control sensors displayed an increase in conductance of

+13.6% to 10 ppm NO2 in dry air and a decrease of -18.53% in wet air (75% RH),

showing a difference in response direction and a 38.3% difference in GGas. Whilst

the SWCNT control sensors always displayed a decrease in conduction upon intro-

duction of H2O vapour and NO2, the magnitude of the response between identical

sensors was variable. Variability in SWCNT based sensor performance has been

investigated previously and can be attributed to the different properties (length,

diameter, semi-conducting or metallic conductivity) of SWCNTs found within a

sample[304, 132] and thus in the network forming the sensing layer.
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Figure 7.8: Example of real time sensor responses to 10 ppm NO2 in both dry and wet
air following testing procedure 3 for (a) Silicalite-1 mixed layer sensors (b)
HZY mixed layer sensors (c) HipCo SWCNT sensors and (d) zeolite overlayer
sensors. The timing of the 10 ppm pulse of NO2 is indicated by the dashed
black line and the humidity of the sensing chamber is denoted by the dashed
grey line (right axis).

Zeolite mixed layer sensors maintain a repeatable overall increase in conduc-

tance for NO2 in both dry and wet air. The increase for H-Zeolite-Y mixed layers

is smaller for NO2 in dry air (+24%) than in wet air (+30%). The average re-

sponse to NO2 for Silicalite-1 mixed layer sensors was also lower in dry air (+34%)

than in wet (+40.9%), although overall responses were larger in magnitude using

Silicalite-1. Here, the differences between the H-Zeolite-Y and Silicalite-1 mixed

layer sensors may be due to their different silicon to aluminium ratios. Zeolite

water content can dramatically influence the reaction products present inside the

framework[190]. As H-Zeolite-Y has a higher affinity for H2O, it is possible that

varying amounts of reaction products are produced that subsequently interact with

the SWCNTs.
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Figure 7.9: Average percentage change in conductance per sensor type (where ∆ G = GGas�

GAir) upon exposure to both 10 ppm NO2 in dry synthetic air and 10 ppm
NO2 in wet air at 75 % relative humidity over 6 testing cycles (mean responses
of four identical sensors from each sensor type, taken over six repeated tests,
presented with standard error).

Attenuated total reflectance - Fourier transform infrared (ATR - FTIR) spec-

troscopy was used to infer possible reactions taking place in the zeolite framework

upon adsorption of NO2. Any products of reactions between NO2, H2O and the

acidic sites within the framework can interact and contribute to a change in conduc-

tance of the sensing layer. Adsorption of NO2 in the presence of water by Zeolite-Y

type zeolites has been investigated previously using FTIR spectroscopy and was

found to inhibit the formation of NO� species, whilst NO3
� and NO2

� are readily

formed, as well as potential HNOx molecules[190, 189, 191].
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Whilst the experimental setup differed from that of the previous study to suit

the detection of species in ambient conditions (see experimental section), sim-

ilar spectral features were observed when exposing a mixed HipCo SWCNT /

H-Zeolite-Y sample to 50 ppm NO2 in either dry or wet air and subsequently ob-

taining the ATR-FTIR spectra[190, 189]. Figure 7.10a shows the appearance of

two bands in the 1300 to 1450 cm�1 region after exposing the mixed sample to

50 ppm NO2 for 30 minutes. An increase in peak intensity is observed when NO2

is introduced in humid conditions (50% RH). These bands have been assigned to

nitrate groups in the literature, suggesting the formation of HNOx or NO3
� species

when the zeolite is exposed to NO2 [190, 189, 191].

Similar features are observed in the mixed HiPco SWCNT / Silicalite-1 sample

(Figure 7.10b). The band at 1387 cm�1 increases in intensity after adsorption of

NO2 and a further increase is found when adsorption takes place in the presence

of water. Furthermore, the band centered at 1559 cm�1 in the non-exposed sample

disappears after the introduction of NO2 to the chamber and a new band is formed

at 1707 cm�1, suggesting the formation of new surface species. It has been pre-

viously reported that nitric acid treatment increases the conductance of SWCNT

networks[237, 305]. Therefore, the formation of such species (especially HNOx

molecules) within the sensing layers may be causing the larger responses to NO2 in

humid conditions.
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Figure 7.10: ATR - FTIR spectra for the (a) HiPco SWCNT H-Zeolite-Y sample (b) HiPco
SWCNT Silicalite-1 sample when exposed to (1) dry air for 30 minutes (2)
50 ppm NO2 in dry air for 30 minutes and (3) 50 ppm NO2 in wet air for 30
minutes at 50% RH, transferring the samples to the spectrometer after expo-
sure. A Brucker ALPHA FTIR spectrometer with a diamond crystal and an
ATR attachment was used, averaging 64 scans at a resolution of 4 cm�1. Five
repeated measurements were made per exposure cycle on each sample type,
plots are offset for clarity.

Surprisingly, the H-Zeolite-Y and Silicalite-1 mixed layer sensors show a sig-

nificantly larger change in conductance upon exposure to 10 ppm NO2 in dry air

than the control SWCNT sensors (24%, 34% and 13.6% respectively, Figure 7.9).

This can be reasoned by considering two contributing factors. Firstly, the conver-

sion of NO2 to other oxidising products in the vicinity of the tube network may

still take place if there is residual water in the zeolite framework, inducing larger

responses. Secondly, the proportion of the sensing layer that is accessible to the

target gas has previously been shown to impact greatly upon the response observed

for nanomaterial based sensors[296, 163]. Therefore, the increase may be partly

due to the fact that the SWCNTs are distributed over the highly porous mixed layer,
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allowing NO2 gas access to a higher proportion of the SWCNT network, resulting

in a higher percentage change in film conductance.

Figure 7.11: Example of real time sensor responses to 40 ppm NH3 in dry air for (a) Sili-
calite mixed layer sensors and (b) H-Z-Y mixed layer sensors. The timing of
the 40 ppm pulse of NH3 is indicated by the dashed black line.

p-type responses to NH3 were observed using the zeolite mixed layer sensors

as shown in Figure 7.11. Response magnitudes (∆G @ 1% to 40 ppm NH3) were

small and the zeolites were unable to provide adequate water interference reduction

in this case. However, this may be possible when testing for higher concentrations

of NH3 (200 ppm +) that cause larger changes in the conductance of SWCNT net-

works.

7.3.4 Top layer sensor configuration

A profound difference in sensing characteristics is observed between devices utilis-

ing a top layer or mixed layer of zeolite, which is attributed to contrasting diffusion

processes[306].

The use of a zeolite layer on top of the sensor introduces a porous barrier to ad-
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sorption of NO2 in the SWCNT network. Thus, a resistive diffusion process seems

to limit access of the gas to the functional sensing layer and responses are largely

reduced to 10 ppm NO2 as compared with the SWCNT control and zeolite mixed

layer sensors. Interestingly, when 10 ppm of NO2 is introduced whilst increasing

the relative chamber humidity to 75%, a larger response to NO2 is observed for the

Silicalite-1 top layer sensor.

This difference in sensing response whilst operating in high relative humidities

can be attributed to the blocking of NO2 adsorption sites with water. The wetting of

the zeolite framework reduces the layers diffusive resistance, allowing more NO2

access to the sensing layer. As before, it is also possible that reactions occur in the

zeolite layer between NO2 and adsorbed H2O, introducing new products to the film.

Mixed layers of zeolite provide an enhanced response magnitude when com-

pared to top layered sensors. This can again be explained when considering the

access of the target molecule to the SWCNT network. In the mixed layer config-

uration, there is less of a diffusive barrier to gas interaction with the SWCNTs.

Therefore a higher proportion of the NO2 gas, as well as subsequent reaction prod-

ucts, interact with the SWCNTs, resulting in a larger electrical response.

7.3.5 SWCNT-Zeolite sensor characteristics and regeneration

Response time t90, defined as the time required for sensor responses to reach 90 %

of their maximum value (available in Table 7.5 ), varied depending on the sensor

type and analyte under investigation. Generally, responses to H2O (75% RH) were

fastest for the SWCNT control sensors (12 seconds) compared with zeoilte mod-

ified sensors (200 to 350 seconds depending on zeolite), presumably as SWCNT

exposure to water in the zeolite containing samples is hindered by adsorption to the

framework. Baseline conductance was re-established after exposure to water within

200 seconds for all sensors, although some drift was evident as shown in Figure

7.6, possibly due to retention of water in the film.

When testing to NO2 in dry air, response times were of the order of 500 sec-

onds other than for the Silicalite-1 mixed layer type sensor for which t90 = 163
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seconds. Interestingly, the H-Zeolite-Y mixed layer sensor response time for NO2

at 75% RH was faster (341 seconds) than when testing in dry air. This was not the

case for the remaining sensors, for which simultaneous exposure to NO2 and H2O

increased response times (see Table 7.5). Therefore, response times to NO2 are

sensitive to adsorption of water in the zeolite modified sensors. Some baseline drift

was evident after exposure to NO2 (shown in Figure 7.8), with stability of responses

indicated by the error bars on Figure 7.9.

The zeolites within the sensing layer have a limited water adsorption capacity.

After 10 cycles of testing for the Silicalite-1 mixed layer type sensors and after 7

cycles for the H-Zeolite-Y mixed layer sensors, water starts to interfere with the

sensing responses to 10 ppm NO2 at 75% relative humidity in the testing chamber.

Whilst this adds weight to the hypothesis that cross-sensitivity reduction is due

to zeolite water adsorption, it also means that the sensor needs to be regenerated

periodically in some way to limit zeolite saturation. Figures 7.12a and 7.12b show

an example of regenerating the mixed layer sensors after multiple testing cycles

by heating them to 150XC in air on chip. After this step, the zeolites once again

facilitate a reduction in cross-sensitivity to water and responses to NO2 in humid

conditions at room temperature are recovered.
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Figure 7.12: An example of regenerating a Silicalite-1 mixed layer type sensor (a) and a
HZY mixed layer sensor (b) after the zeolites begin to water saturate. After
10 consecutive cycles of testing for Silicalite-1 and 7 cycles for HZY, the
water begins to interfere with the sensor responses to 10 ppm NO2 at 75%
RH, changing the shape of the response curve and beginning to cause the
decrease in conductance that is observed for the SWCNT control sensors upon
exposure to water vapour. By heating the sensing layer to 150XC in air via a
platinum heater track on the underside of the chip (schematic (c)) in between
cycles, the responses to NO2 in both dry and wet air (the dotted orange line on
each plot shows responses after regeneration step) can be recovered and the
cross-sensitivity reduction is preserved.

7.4 Conclusion
In this chapter, the sensing characteristics of functionalised SWCNTs were mod-

ified with zeolites. When exposed to NO2 in both dry and humid conditions, the

room temperature sensing behaviour was found to depend on the arrangement of

the layers in the device, the loading and hydrophilicity of the chosen zeolite.

The zeolite mixed layer configuration limited cross-sensitivity to water vapour,

with sensors maintaining an increase in conduction upon exposure to NO2 in both

dry conditions and throughout extreme changes (0% to 75%) in relative humidity.

The difference in response when testing to NO2 in dry and wet air (SDryAir - SRH

75% ) was 6.9% for the SWCNT Silicalite-1 mixed layer sensor type, compared to
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32.1% for the SWCNT control sensors. This desirable reduction of water vapour

interference is attributed to the preferential adsorption of H2O to the zeolite frame-

work rather than to the SWCNTs.

Formation of NO3
� and HNO3 species in the mixed layer material after expo-

sure to NO2 was inferred from ATR-FTIR measurements, which in turn depends

on the amount of water present in the zeolite framework. It was suggested that dif-

ferences in the responses between SWCNT H-Zeolite-Y and SWCNT Silicalite-1

mixed layer sensors are therefore due to their different respective hydrophilicities.

Zeolite top layers were found to inhibit the diffusion of NO2 to the active

SWCNT sensing layer. Thus, the change in conductance observed whilst testing in

dry air was relativity low at 2.1%, with a moderate increase in humid conditions to

5.0%. A reduced layer thickness (@ 10 µm) may be required to allow diffusion of

the target gas to the SWCNTs in the zeolite top layer sensor arrangement.

The gas sensing results reported in this study suggest that a mixed sens-

ing layer of SWCNTs and zeolite reduces the cross sensitivity of functionalised

SWCNT sensors to water vapour. Whilst the baseline signal regeneration procedure

must be optimised, this reduction is favourable for real world monitoring of NO2 at

room temperature with SWCNT-based chemical sensors.
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Conclusion

8.1 Conclusions

8.1.1 Introduction

The aims of this thesis were to study the conductance-humidity behaviour of

SWCNT networks, establish the nature of NO2 adsorption and assess the impact

that sensitivity to surface adsorbed water vapour had on the conductive responses of

SWCNT-based chemiresistive sensors. A further aim was to develop a composite

material that reduces such cross-interference effects.

In this conclusion chapter, a summary of the findings from each of the above

investigations is detailed. This is followed by an overview bringing the findings

together, putting them into context, and finally presenting ideas for possible future

work.

8.1.2 Summary of SWCNT network conductance-humidity be-

haviour

Reversible adsorption of water vapour to the SWCNTs was inferred from the re-

versible change in network conductance observed when the relative humidity of the

sensor testing cell was modulated stepwise between 10% and 90% RH. Therefore, it

was determined that variations in humidity found in normal atmospheric conditions

would impact upon the performance of SWCNT network chemiresistors.
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In line with the discrepancies reported in the literature previously, either n-

type or p-type responses to H2O were observed, depending on thickness of the

non-functionalised control network. It was reasoned that this could be due to the

increasing influence of the Al2O3 substrate charge on the measured thinner film

conductances upon wetting.

The directional switch in conductance change was enhanced by up to a factor

of 10 when ionic surfactants were present in the SWCNT layer. Anionic agents am-

plified a decrease in conductance across the network when the layer was exposed to

water vapour, whilst cationic surfactant reversed the change so that an increase in

conductance was measured. This further points to the influence of charged species

in the film on the conductance-humidity behaviour of the SWCNT network.

Based on these findings, it was suggested that changes in the conductance of

the SWCNTs were attributable to electrostatic interactions with the water molecule,

as opposed to chemical doping. This was in line with the study by Bell et al, who

concluded that charge transfer between individual CNTs and water is negligible,

with the dipole moment of the water inducing polarisation of charge in the CNT

[142]. Instead, they proposed that for any change in conductance due to surface ad-

sorbed water in SWCNT networks, the inter-tube resistance should be considered.

p-type sensing responses to NO2 (as described in the following section), for which

charge transfer is expected to take place, are always maintained. Therefore, the dis-

crepancies in the literature may be attributable to sources of additional water-charge

interaction, such as from SWCNT functionalisation or the device substrate.

Similar alterations in Raman features that are associated with changes in an

applied gate potential for SWCNT-based FETs are observed in the current study

upon wetting of the films. The water may induce an additional charge on the tubes,

resulting in non-linear I-V characteristics, analogous to solution gated FETs. Fur-

thermore, the hot-probe method suggests that SWCNTs can become less or more

p-type depending on the charge of the surfactant in the dry or wet films.

SWCNT network humidity sensors responded to changes in the humidity of

the testing cell in the 10% to 90% RH range in a non-linear fashion. Limited signal
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drift, observed in the baseline conductance of the sensor, could potentially be due

to migration of charged counterions in the film when exposed to water vapour.

8.1.3 Summary of NO2 sensing in humid conditions

As with previous studies, the adsorption of NO2 to the SWCNT networks was found

to be irreversible on a timescale comparable to the exposure duration. This resulted

in a deterioration of the sensing response to multiple pulses of NO2 over time, pre-

venting quantification of the analyte concentration.

The sensitivity of the SWCNT networks functionalised with DOC surfactant

to water vapour was manipulated to apply the water-assisted regeneration (WAR)

method. Using this method, the baseline conductance of the chemiresistors was

recovered between each pulse of NO2, with water vapour expediating analyte des-

orption and facilitating repeatable conductive responses.

The recovery of the baseline signal allowed the application of a previously de-

veloped irreversible adsorption model to extract key sensing parameters from the

data, namely the maximum possible sensing response (Smax) and adsorption con-

stant (k). A second model was applied to achieve a better fit to the conductive re-

sponse curves by considering partially reversible adsorption of NO2 to the SWCNT

surfaces. This improved fit may be rationalised by considering the existence of

multiple analyte adsorption sites with different adsorption/desorption characteris-

tics, such as the tube walls or at defect sites.

The NO2 sensing response curves were altered, both in magnitude and re-

sponse/recovery rates, by different levels of background relative humidity. This

was potentially due to the formation of secondary products from reactions between

NO2 and H2O, or the adsorbed H2O acting as additional adsorption sites.

Thinner SWCNT films provided larger conductive responses to NO2. This may

be due to better diffusion of the analyte through the film to adsorption sites that con-

tribute to the electrical response, or to the degree of percolation of m-SWCNTs in

the gas sensitive layer.
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8.1.4 Summary of SWCNT-Zeolite composites for gas sensing

In an effort to reduce the cross-sensitivity of SWCNT networks to water vapour,

non-conducting zeolites were used to form SWCNT-Zeolite composite chemiresis-

tors in a mixed layer and top layer configuration. The devices displayed a reduced

sensitivity to water vapour in comparison with the HiPco DOC control sensors.

The detection of NO2 gas was possible using the mixed layer SWCNT-Zeolite

composite sensor, even when extreme fluctuations (0% RH to 50 % RH) in the rel-

ative humidity of the testing chamber were made to coincide with the injection of

the target analyte. Conversely, the sensing response of the control SWCNT sensor

was masked by the RH induced conductance change.

The SWCNT-Zeolite top layer configuration sensors showed much reduced

responses when the same testing was applied. It was reasoned that this was due

to adsorption of NO2 to the zeolite top layer before any possible interaction with

the SWCNT network. This result suggested that top layers of zeolite should be @

10 µm in thickness if they are to be used to improve selectivity for SWCNT based

chemiresistors.

Largely irreversible responses to NO2 were observed for the SWCNT-Zeolite

composite sensors. Therefore, after a certain number of testing cycles, the sensors

required regeneration via an on chip heater track to obtain conductive responses.

This technique requires optimisation before the use of SWCNT-Zeolite composite

sensors is possible in real world environmental monitoring applications.

8.1.5 Thesis overview conclusions

In this thesis, investigation of the conductance-humidity behaviour, NO2 adsorption

processes and the impact of pre-adsorbed water vapour on conductive responses,

provided an insight into the problems, important considerations and potential so-

lutions for the development of SWCNT-based chemiresistive sensors. It is clear

from this study that SWCNT networks may be good potential candidates for low-

powered and portable chemical sensing applications, if the described challenges are

overcome. The ability to carry out sensing at room temperature, combined with high
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reported sensitivity (down to ppt level in some reported studies) justifies continuing

efforts to surmount the current developmental barriers, however a considered ap-

proach is required.

From the study detailed in Chapter 4, the sensitivity of SWCNT networks to

adsorbed water vapour, inducing changes in measured conductance, must be taken

into account when developing SWCNT-based electronic devices for applications.

Further thought should be given to the functionalisation routes which may be used

in the processing of SWCNTs, as such treatments can magnify the conductance-

humidity effect.

This is especially true for chemical sensing using SWCNTs. Coupled with the

fact that pre-adsorbed water vapour can alter the response magnitudes and charac-

teristics of the SWCNT chemiresistors (Chapter 6), cross-sensitivity should always

be evaluated when new functional groups are added to increase sensor selectivity

towards a certain molecular species.

In general, SWCNT chemiresistors tend to show poor baseline recovery after

exposure to strongly bound analytes (e.g NO2, NH3) without additional desorption

stimulus. This is an undesirable feature of many chemiresistive sensors that oper-

ate at room temperature. Therefore, the extra power required for implementation

of the recovery technique should also be accounted for before considering suitable

applications. In the case of the water-assisted recovery (WAR) method in Chapter

5, the technique provided an excellent way to acquire repeatable sensing results in

an experimental setting, but the additional apparatus required (e.g a controllable hu-

midity setup) may increase the cost and decrease the portability of the entire sensing

device.

Alternatively, the SWCNT chemiresistors could be applied as disposable do-

ismeter type devices. The irreversible nature of NO2 adsorption to the SWCNT

networks simplifies the modelling of the conductive responses (Chapter 5). There-

fore, rather than trying to recover the baseline signal, maximum irreversibility is

desirable and would allow the estimation of the amount of NO2 a SWCNT network

was exposed to over the device’s lifetime, through analysis of the conductive re-
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sponse curve magnitude and shape. In this respect, the SWCNT-HZY composite

mixed layer sensors described in the Chapter 7 study would be the most suitable as

a dosimeter type device, due to the highly irreversible responses observed to NO2.

The drop coating technique used for the fabrication of the SWCNT chemire-

sistors in the current thesis enabled the fast fabrication of devices and the ability to

carry out flexible experimental investigations. Although the sensing characteristics

(response direction, adsorption/desorption rates) were qualitatively similar between

identical devices, variations in the response magnitudes were observed. This would

need to be reduced, potentially through the use of more scalable fabrication tech-

niques (printing or spray deposition) and/or the use of homogeneous SWCNT raw

samples, before low-powered sensing applications can be realised.

8.2 Future work
The results in this thesis open up many potential avenues for future investigation.

Firstly, with the improving purity and homogeneity of raw SWCNT samples avail-

able commercially, it may be possible to investigate the effect that SWCNT chiral-

ity, length and diameter have on sensing responses when incorporated into SWCNT

network chemiresistors. Additionally, the fabrication of arrays of SWCNT devices

with controlled proportions of m-SWCNTs and sc-SWCNTs in the film may allow

tailoring of the dominant response mechanism.

Further experimental work, possibly using spectroscopy or spectrometry in

situ of the sensing experiments to probe the analyte-SWCNT interactions, would

help to confirm the sensing mechanisms discussed in this thesis and monitor the

real time formation of any reaction products. AC impedance spectroscopy could be

used to investigate the signal drift observed in the water-exposed films, potentially

attributable to migration of charged ions in the network.

The chemiresistive sensor configuration could be adapted so that the SWCNT

networks are deposited on a micro-hotplate type device. This would allow heat-

ing of the sensing material to increase analyte desorption, whilst maintaining a

relatively low power consumption. Furthermore, precise control of the sensor tem-
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perature would allow use of techniques such as pulsed temperature modulation,

enhancing sensor selectivity through analysis of the additional transient informa-

tion acquired.

To move towards real world applications, the thickness and weight ratios of the

SWCNT control, SWCNT-surfactant and SWCNT-Zeolite type sensors should be

adjusted to optimise the conductive response, signal recovery and cross-sensitivity

to water vapour. The water sensitivity study could be used to design functionali-

sation and fabrication procedures which minimise the impact of the conductance-

humidity effect on SWCNT-based devices, or as a characterisation procedure in it’s

own right.

Due to the irreversible conductive responses of many nanomaterials previously

reported, the wider applicability of the irreversible adsorption model for extraction

of sensing parameters could be assessed and applied to newly developed gas sen-

sitive materials which show poor baseline signal recovery whilst sensing at room

temperature.

The described WAR method may be suitable to regenerate the baseline signal

after SWCNT exposure to other target analytes for which long desorption times are

an issue. The technique could also be applied to other room temperature chemire-

sistive systems (e.g for graphene, SnO2 nanotubes, ZnO nanotubes) to aid their

experimental study.

A wider variety of SWCNT-Zeolite composite systems could be investigated,

chosen for their affinity towards other target analytes of interest. Alternative depo-

sition techniques for the top layer of zeolite (potentially grown in situ using atomic

layer deposition) may be useful to achieve selective overlayers which allow the

diffusion of certain molecules through the zeolite layer to the SWCNT network

below. Based on the current thesis, the layer would have to be at least less than 1

µm in thickness to allow diffusion to occur.

Finally, it would also be interesting to explore the possibility of using a dual

capacitance - conductance measurement mode (described by Snow et al. [91])

for the SWCNT-Zeolite mixed layer system, as the insulating zeolite component
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should provide additional chemical sensing information given the use of impedance

measurements previously [163].



Appendix A

Motivation for the experiments

carried out in the project

Table A.1: The motivation for the experiments described in this thesis, along with section
references.

Experimental technique Section Study and Motivation for the experiment

Raman spectroscopy 3.1.1

To identify the relevant Raman modes previously

reported for HiPco SWCNTs and to initially assess

the purity of the sample.

Raman spectroscopy 3.1.1
To establish the common and distinct Raman

features of HiPco or CoMoCat produced samples.

Raman spectroscopy 5.3.1

To determine a maximum heat treatment

temperature in air before substantially damaging

the SWCNTs.

Raman spectroscopy 7.3.1

Testing the suitability of heat treatment at 100 XC

in air for sample drying and gas sensor regeneration

by quantifying the increase in bundle defectiveness.
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Table A.1: The motivation for the experiments described in this thesis, along with section
references.

Experimental technique Section Study and Motivation for the experiment

Raman spectroscopy 6.3.1

To monitor any changes in the Raman modes of the

HiPco SWCNTs after surfactant wrapping that may

suggest changes in sample purity or composition.

Raman spectroscopy 3.1.2

To investigate the effect that wetting of the SWCNT

network has on the position, intensity and line shape

of Raman modes.

UV-Vis-NIR absorption

spectroscopy
3.1.2

To reveal the range of metallic and semiconducting

carbon nanotubes present in the sample.

UV-Vis-NIR absorption

spectroscopy
4.3.1

The investigate the effect of surfactant wrapping on

the position of the SWCNT UV-Vis peaks

UV-Vis-NIR absorption

spectroscopy
4.3.1

To determine the concentration of the SWCNT

solutions using UV-Vis spectroscopy using

method proposed in the literature.

Scanning electron

microscopy
4.3.1

To qualitatively analyse the size and shape of

the as received HiPco sample features.

Scanning electron

microscopy
5.3.1

To estimate the thickness of the deposited

SWCNT network films on alumina sensor

substrates using side-on SEM, as well as

the morphology and connectivity of the

drop-coated SWCNT network films.
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Table A.1: The motivation for the experiments described in this thesis, along with section
references.

Experimental technique Section Study and Motivation for the experiment

Scanning electron

microscopy
7.3.1

To confirm the presence of SWCNTs on

the surface of the mixed layer SWCNT-Zeolite

materials, as well as the inter-connectivity of

the SWCNTs throughout the composite.

Scanning electron

microscopy
7.3.1

To estimate the thickness of the deposited

SWCNT-Zeolite films using side-on SEM.

Scanning electron

microscopy
5.3.1

Qualitatively assessing the roughness of

the Al2O3 sensor substrate.

Transmission electron

microscopy
5.3.1

To quantitatively estimate the mean and

range of SWCNT bundle sizes in the aqueous

sample.

Transmission electron

microscopy
5.3.1

To quantitatively estimate the mean and

range of SWCNT diameters in the aqueous

sample and compare with values provided

by the manufacturer.

Transmission electron

microscopy
5.3.1

To identify and classify the sizes of iron

impurities in the HiPco sample.

Transmission electron

microscopy
7.3.1

To approximate the sizes of zeolite particles

used for the SWCNT-Zeolite mixed layer

and overlayer sensors.
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Table A.1: The motivation for the experiments described in this thesis, along with section
references.

Experimental technique Section Study and Motivation for the experiment

Thermal gravimetric

analysis
5.3.1

To study the decomposition of SWCNTs

and impurities in both dry and aqueous

samples when heated in air as described

in the literature.

Hot-probe method 4.3.2

To confirm that the semiconducting portion

of the drop-casted SWCNT networks behave

as p-type semiconductors.

Hot-probe method 4.3.2

To investigate the p-type conductivity

behaviour of the semiconducting SWCNTs

in the drop-coated networks when exposed

to water vapour.

Attenuated total reflectance-

Fourier transform infrared

spectroscopy

7.3.1

To infer possible reactions that take place

upon the co-adsorption of water and NO2

to the SWCNT-Zeolite composites

Energy dispersive X-ray

spectroscopy
7.3.1

To establish the Si/Al ratios in the

SWCNT-Zeolite composites.

Device current-voltage

characterisation
4.3.2

To investigate the current- voltage

behaviour of both thick and thin SWCNT

networks when dry or wetted.
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Table A.1: The motivation for the experiments described in this thesis, along with section
references.

Experimental technique Section Study and Motivation for the experiment

Device current-voltage

characterisation
6.3.1

To study the influence that the amount of

carbon drop-coated on to the device has on

I-V characteristics and the conductance/resistance

of the devices.

Electronic transport

measurements
6.3.1

To establish the I-V behaviour of the

HiPco DOC SWCNT network devices in

the 93 K to 300 K temperature range and

to compare the results with those reported

with proposed electronic transport models

in the literature.

Humidity testing 4.3.2

To investigate qualitatively the changes in

conductance observed upon exposure to humid

air for both thick and thin networks of

unfunctionalised SWCNTs on a Al2O3 substrate.

Humidity testing 4.3.2

To investigate qualitatively the changes in

conductance observed upon exposure to

humid air for both thick and thin networks

of surfactant functionalised SWCNTs on a

Al2O3 substrate.

Humidity testing 4.3.3

To quantify the changes in conductance,

repeatability and obtain the calibration curves

for SWCNT networks.



249

Table A.1: The motivation for the experiments described in this thesis, along with section
references.

Experimental technique Section Study and Motivation for the experiment

NO2 testing 5.3.2
To demonstrate the irreversible adsorption of

NO2 the the SWCNT networks under study.

NO2 testing 5.3.3

To study the use of the WAR method to recover

the baseline conductance of the SWCNT

networks after exposure to NO2

NO2 testing 5.3.6

Assess the responses of the SWCNT networks

to NO2 over the 0.1 ppm to 120 ppm concentration

range.

NO2/humidity testing 6.3.2

Determine the effect of pre-adsorbed water

on the conductive responses of SWCNT

networks to NO2

NO2/humidity testing 6.3.4
Study how the thickness of the SWCNT films

affects responses to NO2 in humid environments

NO2/humidity testing 7.3.2

To investigate the use of SWCNT-Zeolite

composite materials for detection of NO2

throughout changes in relative humidity.



Appendix B

Method for extraction of key

SWCNT sensing parameters from

sensor data

B.1 Testing implementation of method by calculating

Smax and k values reported in the literature
To ensure the method proposed by Strano et al to extract the maximum possible

conductive response, Smax, and adsorption rate, k, was implemented correctly in

the current thesis, the intercept values quoted from their initial paper on the topic

([129]) were used to generate their reported Smax and k parameters.

The values are taken from Table 1. in ref [129] for the (a) DNA functionalised

SWCNT sensors detecting the analyte SOCl2 and (b) SDS functionalised SWCNT

sensors detecting the analyte DMMP. The method is tested below to show that the

same Smax and k parameters are calculated as those quoted in ref [129], Table 1.

B.1.1 (a) DNA functionalised SWCNT sensors detecting the an-

alyte SOCl2
The log-log form of equation to be plotted at different concentrations Ca to obtain

two intercept values (c) is:
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log10∆G � log10�Smax�1�e�kCat��� log10G0 (B.1)

where c is equivalent to:

log10�Smax�1�e�kCat�� � c (B.2)

The input values taken from Table 1 in ref [129]. The values must be unit-less

to calculate k:

C100ppm � 100�10�6,

C50ppm � 50�10�6,

c1�intercept,100ppm� � �0.8291,

c2�intercept,50ppm� � �1.040,

t � 10

Input values into equation B.2 for two different concentrations of SOCl2 and

express B.2 in exponential form for each concentration:

Smax�1�e�k�100�10�6
�10� � 10�0.8291, (B.3)

Smax�1�e�k�50�10�6
�10� � 10�1.040, (B.4)

Re-arrange B.3 and B.4 to eliminate Smax so that only one unknown (k) is

present:

1�e�k�100�10�6
�10

1�e�k�50�10�6
�10

� 10��0.8291���1.040�� (B.5)

Equation B.5 is then solved numerically for k using a root finding algorithm (a

software package provided with OriginPro 2017 was used, details of which can be

found in appendix B.1.3 to give.
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k � 940,

or in units of ppt�1s�1,

k � 9.4�10�10 ppt�1s�1,

which matches the k value quoted for the DNA system to SOCl2 in ref [129].

The maximum possible conductive response, Smax, is then calculated by substituting

k back in to equation B.3 or B.4, which both give:

Smax � 0.243,

which matches the Smax value quoted for the DNA system to SOCl2 in ref

[129], confirming that the method has been implemented correctly.

B.1.2 (b) SDS functionalised SWCNT sensors detecting the an-

alyte DMMP

The log-log form of equation to be plotted at different concentrations Ca to obtain

two intercept values (c) is:

log10∆G � log10�Smax�1�e�kCat��� log10G0 (B.6)

where c is equivalent to:

log10�Smax�1�e�kCat�� � c (B.7)

The input values taken from Table 1 in ref [129]. The values must be unit-less

to calculate k:
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C100ppm � 100�10�6,

C50ppm � 50�10�6,

c1�intercept,100ppm� � �1.479,

c2�intercept,50ppm� � �1.556,

t � 10

Input values into equation B.7 for two different concentrations of DMMP and

express B.7 in exponential form for each concentration:

Smax�1�e�k�100�10�6
�10� � 10�1.479, (B.8)

Smax�1�e�k�50�10�6
�10� � 10�1.556, (B.9)

Re-arrange B.8 and B.9 to eliminate Smax so that only one unknown (k) is

present:

1�e�k�100�10�6
�10

1�e�k�50�10�6
�10

� 10��1.479���1.556�� (B.10)

Equation B.10 is then solved numerically for k using a root finding algorithm

(a software package provided with OriginPro 2017 was used, details of which can

be found in appendix B.1.3 to give:

k � 3280,

or in units of ppt�1s�1,

k � 3.28�10�9 ppt�1s�1,

which matches the k value quoted for the SDS system to DMMP in ref [129].
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The maximum possible conductive response, Smax, is then calculated by substituting

k back in to equation B.8 or B.9, which both give:

Smax � 0.0345,

which matches the Smax value quoted for the SDS system to DMMP in ref

[129], confirming that the method has been implemented correctly.

B.1.3 Root finding algorithm to find k numerically

An add on package to Origin Pro 2017 can be used to find the root of an equation

numerically. The equation to be used is input with one unknown value, such as k:

1�e�k�100�10�6
�10

1�e�k�50�10�6
�10

�10��1.479���1.556��
� 0 (B.11)

The algorithm then proceeds as follows after the user specifies the x limits:

a In the x range specified by user, all intervals that contain a sign change in the

function are first located.

b Each such interval is checked to see if the function is monotonic within that

interval.

c In each of the intervals where the function is monotonic, a bisectional root

search is performed: The interval is successively divided in half until either

the maximum number of iterations is exceeded, or the root is found to a preset

precision. The max iterations and root precision are set in the Origin C code

as constants, and can be changed.

To view the code associated with this OPJ package add on, go to http:

//originlab.com/fileExchange/details.aspx?fid=52 or alterna-

tively Code Builder (menu item: View—Code Builder) and look at the Origin C file

called find roots.c in the Project branch of the Code Builder workspace tree.

http://originlab.com/fileExchange/details.aspx?fid=52
http://originlab.com/fileExchange/details.aspx?fid=52


Appendix C

Curve fitting procedure using Origin

Pro 2017 to extract sensing

parameters from data.

C.1 NO2 sensing responses for SWCNT-based sen-

sors fitted using the Origin Pro 2017 fitting tool

and the irreversible model.
In this section, the Origin Pro 2017 fitting tool was used to extract k from the

data presented in the paper by Lee et al ([14], Figure 2) for exposure of a

polyethyleneimine (PEI) coated carbon nanotube based chemical sensor to 5 ppb

NO2 for 550 s. This was to compare the value of k extracted using the Origin Pro

2017 fitting method with the value reported for the same data in the literature, vali-

dating the use of the fitting tool for sensing parameter extraction.

The data and fitting is shown in Figure C.1. The displayed value of k = 0.00723

is in units of 5 ppb �1 s�1 and so must be converted for comparison with the reported

literature value:

0.00723
5�10�9 �10�12

� 1.45�10�6 ppt�1s�1 (C.1)

giving k = 1.45�10�6 ppt �1 s�1, which compares well with the reported litera-
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ture value for this data of of 1.64�10�6 ppt�1 s�1. The small discrepancy is probably

due to their use of a different method and the difficulty in extracting the raw data

from the plot presented in ref [14], Figure 2. This similar result validates the use of

the Origin Pro 2017 fitting tool to fit the irreversible NO2 adsorption model to the

data collected using the WAR method in this thesis.

Figure C.1: Fitting of data extracted from ref [14] for exposure of polyethyleneimine (PEI)
coated carbon nanotubes to 5 ppb NO2 using the Origin Pro 2017 fitting tool
to the ”ExpDec1” function as highlighted in bold on the plot. The units of the
displayed k are converted for comparison with literature values using equation
C.1 so that k = 1.45�10�6 ppt �1 s�1.

C.2 NO2 sensing responses for SWCNT-based sen-

sors fitted using the Origin Pro 2017 fitting tool

and the partially reversible model.
In this section, the partially reversible adsorption model and Origin Pro 2017 fitting

tool was used to extract t1~2 values for the irreversible and reversible components

of the raw data presented in the paper by Kumar et al ([15], Figure 4) for exposure

of a SWCNT micro resistive chemical sensor to 0.5 ppm NO2 for 4500 s. This was

to compare the values of t1~2 extracted using the Origin Pro 2017 fitting method

with the values reported for the same data in the literature, where t1~2 represents the
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time required for the SWCNT sensor conductances to reach 50% of the maximum

possible change in conductance for a given concentration, validating the use of the

fitting tool for sensing parameter extraction.

The raw data from ref [15] and fitting is shown in Figure C.2. The displayed

value of irreversible t1~2 = 2125.26 s and reversible t1~2 = 147.99 s compare well

with those reported in Table 1 from ref [15] (irreversible τ1 = 3066.69 and reversible

τ2 = 353.290), which when converted to t1~2 values by multiplying by ln(2) give

irreversible t1~2 = 2125.67 s and reversible t1~2 = 244.89 s. This suggests that using

the Origin Pro 2017 fitting tool and the partially reversible model to extract the

parameters is valid and comparable to the method reported in the literature [15].

Figure C.2: Fitting of data extracted from ref [15] based on the partially reversible adsorp-
tion model for exposure of a SWCNT micro resistive chemical sensor to 0.5
ppm NO2 using the Origin Pro 2017 fitting tool to the ”ExpDec2” function,
as highlighted in bold on the plot. The displayed value of irreversible t1~2 =
2125.26 s and reversible t1~2 = 147.99 s compare well with those reported in
Table 1, ref [15].

As described in Chapter 5, based on the partially reversible NO2 adsorption

model, the conductive response as a function of time S(t) is given by:

S�t� � Smax�1�
k2

m1�m2
� 1

K
�

m1

k2
�em1t

�

k2

m1�m2
� 1

K
�

m2

k2
�em2t  (C.2)



C.2. NO2 sensing responses for SWCNT-based sensors fitted using the Origin Pro 2017 fitting tool and the partially reversible model.258

where k1 and k2 refer to the irreversible and reversible adsorption sites re-

spectively, and Smax is the maximum possible conductance change. The equilib-

rium constant of adsorption K is introduced to account for NO2 desorption from

reversible sites:

K �
k2

k�1
(C.3)

where k2 and k�1 are the adsorption and desorption constants for the reversible sites

respectively. The roots m1 and m2 for equation 5.31 in Chapter 5, form part of the

partially reversible adsorption model as detailed by Kumar et al [15] and are given

by:

m1,m2 �
��k1C�k2C�

k2
K �

2
�

¼�k1C�k2C�
k2
K �2

�4 k1k2C
K

2
(C.4)

Equation C.2 can now be compared to the double exponential function used

to fit the experimental data in Origin Pro 2017 and extract m1 and m2, which are

eventually used to calculate k1 and k2, as is now detailed. The function used to fit

the data in Origin Pro 2017 was of the form:

y � y0��A1�e� t
τ1 ��A2�e� t

τ2 (C.5)

If equation C.2 is compared to this form, then:

y0 � Smax, (C.6)

A1 � Smax� k2

m1�m2
� 1

K
�

m1

k2
�  , (C.7)

A2 � Smax� k2

m1�m2
� 1

K
�

m2

k2
�  , (C.8)

1
τ1

�m1, (C.9)

1
τ2

�m2 (C.10)

where τ1 = 1 / m1 and τ2 = 1 / m2 are the time constants for the irreversible
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and reversible adsorption components respectively. These can be obtained using the

Origin Pro 2017 fitting tool by fitting equation C.5 to the data, along with values for

A1, A2 and Smax .

Dividing the component A1 by A2, an expressions for k�1 can be obtained:

A1

A2
�

Smax� k2
m1�m2

� 1
K �

m1
k2 ��

Smax� k2
m1�m2

� 1
K �

m2
k2 �� �

1
K �

m1
k2

1
K �

m2
k2

(C.11)

K �
k2

k�1
(C.12)

A1

A2
�

k�1�m1

k�1�m2
(C.13)

k�1 �
A2m1�A1m2

A1�A2
(C.14)

k�1 can then be substituted into the re-arranged roots equation C.4 to solve for

the irreversible and reversible adsorption constants k1 and k2 respectively, using the

values for m1 and m2 obtained from the Origin Pro 2017 fitting function:

m1 �
��k1C�k2C�k�1�

2
�

»�k1C�k2C�k�1�2
�4k1k�1C

2
(C.15)

m2 �
��k1C�k2C�k�1�

2
�

»�k1C�k2C�k�1�2
�4k1k�1C

2
(C.16)

�m1�m2�2
� �k1C�k2C�k�1 (C.17)

�m1�m2�2
� �k1C�k2C�k�1�2

�4k1k�1C (C.18)
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�m1�m2�2
� �m1�m2�2

�4k1k�1C (C.19)

k1 �
�m1�m2�2

��m1�m2�2

�4k1k�1C
(C.20)

k2 �
��m1�m2�k1C�k�1�

C
(C.21)

Using this procedure, k1 (4.96 x 10�4 ppm �1 s�1) and k2 (0.00144 ppm �1 s�1)

were calculated from the data presented by Kumar et al ([15], Figure 4) for 0.5 ppm

exposure of a SWCNT chemiresistor to NO2 and compared to those reported in the

paper (k1=1.51 x 10�5 ppm �1 s�1, k2 = 0.00168 ppm �1 s�1), validating the method.

The small discrepancy is most likely due to the difficulty in accurately extracting

the data from ref [15].

This partially reversible adsorption model fitting procedure was then applied

to the data collected in the current study for the HiPco DOC sensors using the WAR

method to 60 ppm NO2, to compare the values of k1 (irreversible adsorption con-

stant) and k2 (reversible adsorption constant) with k (irreversible adsorption con-

stant) obtained using the irreversible adsorption model and other literature values.

C.3 Using the Origin Pro 2017 fitting tool to fit sensor

desorption curves.
In this section, the Origin Pro 2017 fitting tool was used to extract desorption time

constants from literature data using a double exponential curve as described in the

paper by Rigoni et al ([290], Figure 6) for exposure of a SWCNT chemiresistive

sensor to 10 ppm NH3 for 60 s. This was to compare the values of the desorption

time constants extracted using the Origin Pro 2017 fitting method with the values

reported for the same data in the literature, validating the use of the fitting tool for

sensing parameter extraction.

The raw data from ref [290] and fitting is shown in Figure C.3. The displayed

desorption time constants τ1 = 13.3 s and τ2 = 111.2 s, associated with fast and
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slower desorption processes respectively, compare well with those extracted using

the same method by Rigoni et al ([290], Figure 6, τ1 = 16.7 s and τ2 = 127.9 s).

This suggests that using the Origin Pro 2017 fitting tool is appropriate to extract the

desorption time constants from the sensing data presented in the current thesis.

Figure C.3: Fitting of data from ref [290] to extract desorption time constants from litera-
ture data using a double exponential curve as described in the paper by Rigoni
et al ([290], Figure 6) for exposure of a SWCNT chemiresistive sensor to 10
ppm NH3 for 60 s. The displayed desorption time constants τ1 = 13.3 s and
τ2 = 111.2 s, associated with fast and slower desorption processes respectively
compare well with those extracted using the same method by Rigoni et al.



Appendix D

Potentiostat measurement circuit

Figure D.1: The potentiostat measurement circuit. (a) shows the control circuit that sup-
plies the probe voltage and (b) the measurement circuit. The sensor is con-
nected between points C and S. The probe voltage is set and measured between
Vp and ground, where as the voltage across the sensing element is measured
between Vs and ground. (c) shows the circuit diagram for the power rail to the
unit. The diagram has been adapted from the thesis of Dr. Ayo Afonja [226],
which was based on a triple potentiostat unit designed by Dr. K F E Pratt [307].
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We have discovered that wrapping single-walled carbon nanotubes (SWCNTs) with ionic surfactants

induces a switch in the conductance-humidity behaviour of SWCNT networks. Residual cationic vs.

anionic surfactant induces a respective increase or decrease in the measured conductance across the

SWCNT networks when exposed to water vapour. The magnitude of this effect was found to be depen-

dent on the thickness of the deposited SWCNT films. Previously, chemical sensors, field effect transistors

(FETs) and transparent conductive films (TCFs) have been fabricated from aqueous dispersions of surfac-

tant functionalised SWCNTs. The results reported here confirm that the electrical properties of such com-

ponents, based on randomly orientated SWCNT networks, can be significantly altered by the presence of

surfactant in the SWCNT layer. A mechanism for the observed behaviour is proposed based on electrical

measurements, Raman and UV-Vis-NIR spectroscopy. Additionally, the potential for manipulating the

sensitivity of the surfactant functionalised SWCNTs to water vapour for atmospheric humidity sensing was

evaluated. The study also presents a simple method to establish the effectiveness of surfactant removal

techniques, and highlights the importance of characterising the electrical properties of SWCNT-based

devices in both dry and humid operating environments for practical applications.

1. Introduction

The electronic properties of single-walled carbon nanotubes
(SWCNTs) have prompted investigation into their use for numer-
ous technological applications.1–3 Individualised, bundled and
networks of SWCNTs have been used as an alternative functional
material in wide variety of electronic devices including field
effect transistors (FETs),4–7 transparent conducting films
(TCFs),8–14 and chemical sensors.15–22 Networks of SWCNTs
(a deposition of nanotubes containing many interconnecting
bundles) display the aggregate electrical properties of the
constituent SWCNTs,23–25 facilitating the fabrication of devices
for such applications in a more scalable and repeatable way.26,27

Much attention has been focused on advancing methods to
sort and process SWCNT samples of at least similar electronic

type (i.e. metallic or semiconducting nanotube samples).28

Non-covalent functionalisation using a wide variety of surfac-
tant molecules is applied as a route to disperse inherently
hydrophobic nanotubes in water for sorting processes,29–31 as
well as for a wide variety of SWCNT device fabrication
methods.10,11,32–34

While useful for liquid processing and the deposition of
SWCNTs, the electrical properties of the fabricated devices can
be significantly altered by the presence of surfactant,35 due to
the blocking of inter-nanotube connections in the network
and increased contact resistance.36,37 The removal of this
residual surfactant is possible by washing,35 annealing38,39 or
acid treatment.37,40 The properties of deposited SWCNT net-
works are significantly dependent on the success and ramifica-
tions of such treatments.

In this work, we investigated the effect that surfactant has on
the conductance of SWCNT networks when exposed to water
vapour, in comparison with surfactant free samples. This is a
critical consideration for many applications of SWCNTs, includ-
ing touch screen displays41 and environmental sensors,42 as
changes in the relative humidity of the operating environment
may significantly interfere with device performance.

SWCNT networks were deposited after non-covalent func-
tionalisation with a range of anionic, cationic and non-ionic
surfactants. The magnitude and direction of the change in
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conductance of the SWCNT networks upon exposure to water
vapour was extremely dependant on the type of surfactant
used, as well as the thickness of the SWCNT films. Based on
this insight, the water sensitive properties of the surfactant
containing films were manipulated to develop and evaluate
humidity sensors using the SWCNT networks. The simple
method used to establish the humidity sensing characteristics
could be applied in the future to confirm the complete
removal of surfactant from SWCNT based devices.

2. Experimental
2.1. Preparation of SWCNT solutions and devices

SWCNTs produced via the high pressure carbon monoxide dis-
proportionation (HiPco) process43 (purchased from
Nanointegris, batch number: R1-831) were dried in air at
120 °C to remove moisture from the bundles and stored under
vacuum.

For the HiPco SWCNT control sample, the black powder
was added to water (H2O, CAS number: 7732-18-5, HPLC
grade) at a concentration of approximately 2 mg mL−1. To
prepare the test samples, the SWCNTs were added to aqueous
solutions containing the following surfactants at 0.5 wt%:
sodium deoxycholate (DOC, CAS number: 302-95-4, 97%),
sodium cholate (SC, CAS number: 206986-87-0, 97%),
hexadecyltrimethylammonium bromide (CTAB, CAS Number:
57-09-0, 98%), hexadecyltrimethylammonium p-toluenesulfo-
nate (CTAT, CAS number: 138-32-9) or Triton X-100 (CAS
number: 9002-93-1) purchased from Sigma-Aldrich. The initial
carbon concentration was approximately 2 mg mL−1 for the
HipCo SWCNT surfactant solutions. Surfactant molecules
form micelle like structures around the nanotubes allowing
dispersion in water. To aid efficient solubilisation and de-
bundling of the tubes via surfactant wrapping, the solution
was sonicated using a tip sonication probe at a power of 225 W
for 15 minutes, with the container placed in an ice bath for
cooling.

The surfactant treatment resulted in well dispersed solu-
tions, whilst the carbon in the control sample was highly
agglomerated. The samples were centrifuged at 4000g for
30 minutes and the upper 80% of the supernatant was
decanted to limit the presence of carbonaceous impurities and
highly bundled SWCNTs in the final concentrated solution.
Diluted samples were also obtained by dilution of the concen-
trated solutions in deionised water.

3 × 3 mm alumina tiles with patterned gold electrodes of
175 μm separation (as shown in Fig. 1) were used as the sub-
strate to facilitate measurement of the conductance across the
SWCNT networks. The HiPco SWCNT solutions were deposited
across the interdigitated gold electrodes using a calibrated
Finnpipette novus electronic single-channel micro pipette
(drop volume 1 μL per sensor) and left to dry in air at 23 °C for
24 hours to form chemiresistor type devices.

Thick network devices were formed using the concentrated
solutions detailed in Table 1, with a thickness of 19 ± 5 μm as

confirmed using a microscope (see Fig. S7 in the ESI†) and a
device resistance of Rthick = 200 Ω to 500 Ω. Thin films were
formed using the diluted solutions displayed in Table 1, with
a thickness <1 μm and a device resistance of Rthin = 50 kΩ to
200 kΩ.

2.2. Characterisation techniques

The UV-Vis-NIR absorption spectra for each of the decanted
SWCNT surfactant solutions were obtained using a
PerkinElmer Lambda 950 spectrophotometer to estimate the
concentration of carbon in the aqueous solutions. The initial
decanted solution was diluted (between 1000× and 50× dilution
from the initial solution with deionised H2O) to enable experi-
mental measurement of absorbance. Multiple spectra were
recorded in the 180 nm to 1300 nm range for dilutions of each
SWCNT surfactant solution, using a quartz cuvette with a path
length 1 cm. The background absorbances for the blank H2O
surfactant solutions were subtracted. The relevant extinction
coefficients (ελ) experimentally determined by Goak et al.13

(SWCNTs stabilised with CTAB: ελ = 34.5 mL mg−1 cm−1,
SWCNTs stabilised with SC: ελ = 33.6 mL mg−1 cm−1) at a wave-
length of 700 nm were used to approximate the carbon concen-
tration for each of the diluted solutions.

A linear relationship between the volume of decanted
SWCNT solution present in the diluted aqueous solution vs.
the absorbance was observed. The Beer–Lambert law,

C ¼ Aλ
ελl

; ð1Þ

where Aλ, ελ and l are absorbance, extinction coefficient at a
specific wavelength λ and optical path length respectively, was
used to calculate the concentration of the diluted and concen-

Fig. 1 Schematic representation of (a) the surfactant functionalised
HiPco SWCNTs deposited on an alumina substrate between interdigi-
tated gold electrodes. The conductance (G) across the formed percolat-
ing network is measured in both dry and humid conditions. An SEM
image of a typical SWCNT network is inset top-left. A representation of
the induced electrostatic potential upon exposure to water vapour is
shown in (b) for cationic and (c) anionic surfactant containing networks,
with the respective increase (+ΔG) and decrease (−ΔG) in conductance
indicated when the relative humidity (RH) increases.

Paper Nanoscale

11280 | Nanoscale, 2017, 9, 11279–11287 This journal is © The Royal Society of Chemistry 2017

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

4/
03

/2
01

8 
19

:4
7:

28
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



trated SWCNT solutions as displayed in Table 1. The surfactant
free SWCNT control sample values are included to enable an
approximate comparison, although the carbon agglomerated
in the control solutions formed without the use of surfactant,
decreasing the accuracy of the UV-Vis concentration measure-
ment. The approximate carbon concentrations of the concen-
trated decanted SWCNT solutions were calculated using a
linear fit to the diluted absorbance data.

The mass filtration method was applied to obtain a second-
ary comparison with the estimated UV-Vis-NIR concentration.
A mass balance with 0.01 mg sensitivity was used to obtain the
mass of a PTFE filter membrane before and after 600 μL of the
HiPco DOC suspension was deposited and dried via vacuum
filtration. The difference in mass after the deposition was cal-
culated and the mass of the surfactant (derived from the mole-
cular weight of DOC) subtracted to estimate the mass of
carbon deposited on the membrane. Three HiPco DOC
samples were prepared, with the average carbon concentration
calculated as 1.4 ± 0.2 mg mL−1, in good agreement with the
UV-Vis-NIR based calculations displayed in Table 1.

A Renshaw inVia Raman microscope with laser wavelength
λ = 785 nm and 1 mW power was used to perform Raman
spectroscopy on each of the surfactant wrapped HiPco SWCNT
thick films after deposition and drying on 3 × 3 mm alumina
substrates. Wet measurements were obtained by depositing 1 μL
of deionised water (H2O, CAS number: 7732-18-5, HPLC grade)
on top of the SWCNTs and re-obtaining the Raman spectra.

A Jeol JSM-6700F field emission scanning electron micro-
scope (SEM) was used in secondary electron imaging mode
using a 5 kV probe voltage at a working distance of 5.9 mm to
obtain micrographs of the SWCNT networks.

The hot probe method (as described by Golan et al.44) was
used to confirm that the networks contained sc-SWCNTs and
displayed p-type behaviour. Either the HiPco control sample,
the HiPco DOC or HiPco CTAB containing films were de-
posited on a glass substrate. The potential difference across
the films was measured using a Keithley 2100/230–240 digital
multimeter. A positive probe was heated to a set temperature
while in contact with the SWCNT network using a soldering
iron tip and the induced change in potential was recorded.
A negative voltage at the heated probe indicates that holes are
the majority charge carrier in the semiconducting portion of
the network as described previously.44

2.3. Humidity testing

The SWCNT networks (deposited on alumina substrates
between interdigitated gold electrodes) were placed in electri-
cal read out ports within a cylindrical testing chamber to
measure the change in device conductance as a function of
relative humidity (RH). The circular arrangement of the
devices, along with the extraction of air behind each individual
port location, ensures that each device is exposed to an equal
flow of dry or humid air. The air flow rate of dry synthetic air
(BOC certified synthetic air, 20% pure oxygen, 80% pure nitro-
gen, CAS number: 132259-10-0) was controlled using digital
mass flow controller 1 (MFC 1). Wet air was generated by
flowing dry synthetic air through a Drechsel flask (controlled
using MFC 2) containing 500 mL of deionised water (HPLC
grade, CAS number: 7732-18-5). Dry air and wet air were mixed
at different ratios using the mass flow controllers and deli-
vered to the testing chamber via a central inlet to achieve
between 0% and 90% RH in the testing chamber, confirmed
using an internal humidity meter. A potentiostat setup45 was
used to measure the room temperature device conductance
with a 100 mV bias applied throughout the testing procedure.

Prior to the experiments, dry synthetic air was passed over
the sensors for 2 hours to obtain a baseline conductance (G0)
for each device and achieve 0% relative humidity in the
chamber. A mixture of dry and wet air was then introduced to
the chamber for 600 s to achieve to the required humidity level
and the new device conductance was measured (G). This was
followed by a 1200 s intermediary step in which the relative
humidity was re-adjusted to 0% and G0 was re-established
before the next incremental humidity testing step (in the range
of 20% to 90% RH).

3. Results and discussion

The aqueous solutions of HiPco SWCNTs, non-covalently func-
tionalised with the range of surfactants detailed in Table 1,
were first characterised using UV-Vis-NIR absorption spec-
troscopy. Multiple peaks in the 400 nm to 1000 nm range of
the UV-Vis-NIR absorption spectra (Fig. 2) indicate a mixture
of metallic SWCNTs (m-SWCNTs) and semiconducting
SWCNTs (sc-SWCNTs) in each of the aqueous solutions46 at
high (0.5 to 1.8 mg mL−1) and low (0.004 to 0.01 mg mL−1)

Table 1 Parameters of the HiPco SWCNT networks and their conductance behaviour when exposed to water vapour

Surfactant type (ionicity) DOC (anionic) SC (anionic)
CTAB
(cationic)

CTAT
(cationic)

Triton X-100
(non-ionic)

Control
(surfactant free)

Solution concentration
(concentrated/diluted, mg mL−1)

1.59 ± 0.2/
0.0108 ± 0.001

0.51 ± 0.05/
0.004 ± 0.0004

1.61 ± 0.2/
0.0102 ± 0.001

0.91 ± 0.1/
0.00453 ± 0.001

0.46 ± 0.05/
0.00496 ± 0.001

0.64 ± 0.1/
0.531 ± 0.07

Network conductance change (ΔG)
upon exposure to H2O (thick/thin
networks)

Decrease/
decrease

Decrease/
decrease

Increase/
increase

Decrease/
increase

Increase/
decrease

Increase/
decrease

Conductance sensitivity
(ΔG% ΔRH%−1) to H2O
(thick/thin networks)

−0.49/−0.11 — 0.057/0.17 — — 0.016/−0.041
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concentrations, as to be expected for non-sorted HiPco
SWCNTs.47 The approximate concentrations of the SWCNT
solutions are detailed in Table 1.

The peaks are red or blue shifted at various wavelengths if
dispersed using a cationic or anionic surfactant, compared
with a dry sample of SWCNTs on quartz. This effect has pre-
viously been attributed to the varying charge imparted on the
tubes when surfactant wrapped in aqueous solution, as well as
to nanotube bundling in poorly dispersed samples.48

Raman spectroscopy was performed on the thick SWCNT
networks (thickness = 19 ± 5 μm) after deposition on to the
alumina substrates, firstly in ambient conditions (room temp-
erature = 23 °C, relative humidity = 45%). The ratio of the G+-
bands at 1594 cm−1 to D-bands at 1295 cm−1 indicates good
sample purity (see Fig. S2–S4 in the ESI†).49 The radial breath-
ing modes (RBMs) in the range 100 cm−1 to 500 cm−1 suggest
that nanotubes of different chirality and thus electronic type
are also present in the deposited layer,49 in agreement with the
UV-Vis-NIR data.

Each of the samples was wetted with 1 μL of deionised
water and Raman measurements were re-acquired as detailed
in the Experimental section. The full width at half maximum
(FWHM) of the G+ band decreases significantly for the wet sur-
factant containing networks (see Fig. 3). Previous studies have
found that the Breit–Wigner–Fano (BWF) component of the
G−-band is suppressed for some surfactant m-SWCNTs
aqueous systems compared to the dry equivalent.48 As an
intrinsic feature of bundled m-SWCNTs, perturbation of the
SWCNT electronic charge by the charged groups present in the
surfactant molecule is thought to be partially responsible for

the change in the BWF feature. Also, the intensity, FWHM and
frequency of the G+ band for sc-SWCNTs can be altered by the
application of a gate voltage,50,51 suggesting that any
additional potential difference due to water–surfactant inter-
actions should induce changes in the G+-band line-shape.

In the current study, the decrease in FWHM of the G+ band,
along with the suppression of the G−, is treated as a proxy for a
change in the gate/charge sensitive G+ band and BWF
component respectively. Therefore, the different G-band line-
shapes highlighted in Fig. 3 suggest that exposure to water
alters the interaction between the charged groups present in
the SWCNT-surfactant system. This in turn implies that the
electronic properties of SWCNT based devices containing
residual surfactant could be altered due to electrostatic inter-
actions upon exposure to water vapour.

Networks of HiPco SWCNTs functionalised with the range
of surfactants listed in Table 1 were deposited between gold
electrodes and their electrical conductance was recorded in a
humidity controlled chamber (described in the Experimental
section). The thickness and density of randomly orientated
SWCNT films is important when considering gas sensing
mechanisms52,53 and charge transport in the network.54

Previous work by Battie et al.55 has shown that SWCNT sensing
behaviour changes with a reduction in the number of
m-SWCNTs in the film. Randeniya et al.56 found that thinner
networks of SWCNTs are more influenced by the substrate.
Therefore, surfactant functionalised SWCNT devices based
on both thick films (thickness = 19 ± 5 μm, device resistance
Rthick = 200 Ω to 500 Ω) and thin films (thickness <1 μm,

Fig. 3 The normalised Raman spectra of dry and wet SWCNT networks
containing (a) anionic DOC, (b) cationic CTAB and (c) no surfactant. The
differences in line-shape of the G+ (at 1593 cm−1) and G− (at 1565 cm−1)
band before and after wetting are highlighted in (a)–(c) by grey shading.
The error bars represent the standard deviation between measurements
of 3 different spots on the SWCNT film after normalisation of intensity.
The percentage decrease in full width at half maximum (FWHM) of the
G+ band before and after wetting is shown in (d), where the error bars
represent the error on the measurement of the peak FWHM. Raman
spectroscopy was performed using a Renshaw inVia Raman microscope
with laser wavelength λ = 785 nm and 1 mW power.

Fig. 2 UV-Vis absorption spectra obtained using an Elmer Lambda 950
spectrophotometer for aqueous solutions of HiPco SWCNTs non-co-
valently functionalised with (a) DOC, (b) SC, (C) CTAB and (d) CTAT. The
inset top-right plot shows the shift in the 705–775 nm range peaks for
the respective samples relative to (e) dry HiPco DOC on a quartz slide.
(a)–(d) are offset by 0.05 absorbance for clarity and were 100× dilutions
of the initial concentrated solutions.

Paper Nanoscale

11282 | Nanoscale, 2017, 9, 11279–11287 This journal is © The Royal Society of Chemistry 2017

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

4/
03

/2
01

8 
19

:4
7:

28
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



device resistance Rthin = 50 kΩ to 200 kΩ) were fabricated to
investigate how these quantities affect the conductance behav-
iour in humid conditions.

As is displayed in Fig. 4, the conductance of each network
is sensitive to water vapour. At certain time intervals, the rela-
tive humidity of the testing chamber is increased and a new
steady state conductance value (G) for the network is reached
after time t90. The chamber humidity is then reset to 0% and
the conductance returns to baseline value (G0).

Fig. 4 and 5 demonstrate that the magnitude and direction
of the change in conductance is strongly dependent on the
type of surfactant present in the network. When surfactants
possessing charged groups are present in the films, the
change in conductance is one order of magnitude larger than
those without surfactant (the control HiPco SWCNT sample).
For the SWCNTs non-covalently functionalised with anionic
surfactant (DOC, SC), the conductance decreases upon
exposure to water vapour. However, those functionalised with
cationic surfactant (CTAB, CTAT) show an increase in conduc-

tance when the humidity of the chamber is increased. This is
evidence that the head groups and counterions of the ionic
surfactants contribute significantly to the electrical properties
of the SWCNT networks when exposed to water vapour.

Electrolyte solutions have been utilised to gate SWCNT
FETs.22,57 An applied potential causes a re-distribution of
charges in the solution, imparting a potential on the nano-
tubes and causing changes in the intensity, position and line-
shape of the SWCNT Raman bands.50 Such changes in the G+

and G− bands are observed for the wetted SWCNT networks
containing surfactant in the current study (Fig. 3). The pre-
vious use of liquid gated devices, along with the change in
line-shape of the G+ and G− bands, indicates that the inter-
action of the surfactant molecule and counterions with the
nanotubes (upon wetting) modulates conduction, effectively
gating the SWCNT networks under investigation.

Goak et al.13 proposed that for anionic surfactants such as
SC, the Na+ counterion interacts with both m-SWCNTs and

Fig. 4 Real time changes in SWCNT network conductances (where G0

is the baseline conductance at RH = 0% and G is the conductance at
higher RH levels) as the relative humidity of the testing chamber is
modulated between 0% RH and higher humidity (in the 20% to 70% RH
range, as indicated by the top x-axis and blue shaded regions) for thick
(thickness = 19 ± 5 μm, dense) networks of (■) HiPco DOC, (●) HiPco
SC, (▲) HiPco CTAB, (▼) HiPco CTAT, (+) HiPco Triton X-100 and (★)
HiPco control samples. Results for thin (thickness <1 μm, lower-density)
networks are plotted without a symbol at the same y-axis offset as their
respective sample type. Plots are offset for clarity.

Fig. 5 Magnitude and direction of conductance change for SWCNT
network humidity sensors. (a) (■) HiPco CTAB thick (dense) network, (●)
HiPco CTAB thin (lower-density) network and (▲) thick HiPco control
sample containing no surfactant. (b) (■) HiPco DOC thick (dense)
network, (●) HiPco DOC thin (lower-density) network and (▲) thin sur-
factant free HiPco control sample. The error bars represent the standard
deviation of responses from two identical humidity sensors of the same
type.
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sc-SWCNTS electrostatically in dry network films. When such a
film is wetted, re-orientation of the surfactant molecules on
the surface takes place (in this case the surface of the SWCNTs
in the network).58 Therefore, the re-arrangement of the hydro-
philic, negatively charged head groups away from the tubes
upon wetting would increase the density of positive charges
(Na+ for DOC and SC) interacting electrostatically with the
nanotubes. This would explain the decrease in conductance
through the networks containing residual anionic surfactant.

Conversely, the same re-arrangement of the positively
charged, hydrophillic head group for the CTAB containing
films would increase the density of Br− counterions interacting
with the tubes, inducing a distributed negative charge (δ−) and
increasing electron conduction (or decreasing hole density)
through the SWCNTs. This proposed mechanism for the
respective decrease or increase in conduction for the anionic/
cationic surfactant containing films is represented schemati-
cally in Fig. 1. The red or blue shifts seen in the SWCNT-
surfactant UV-Vis data with respect to the dry samples (Fig. 2,
inset), further suggests a change in electrostatic potential,
depending on the surfactant–nanotube interaction in water.

Bernardes et al.59 measured a humidity dependent electro-
static potential on the surface of ionic surfactant films, which
supports the hypothesis that atmospheric water can change
the imparted potential on the SWCNTs in the surfactant
containing networks. Additionally, positively charged species
(such as the Na+ counterion present in SC and DOC) have pre-
viously been found to reduce DC conductance through
SWCNTs suspended in liquid water.60

It is not expected that swelling of the surfactant functiona-
lised SWCNT film is solely responsible for the change in
network conductance. Although swelling is expected to occur
in surfactant films upon exposure to water vapour,61–64 it
would always decrease the number of nanotube–nanotube con-
ductive pathways (decreasing film conductance), thus does not
account for the increase in conductance of films containing
residual cationic agents.

The conductance of the control SWCNT device (containing
no surfactant) is also affected by water vapour, although to a
lesser extent than the surfactant treated samples. It has been
previously reported that water induces n-type65,66 or
p-type56,67–69 responses from carbon nanotubes, causing a
change in the conductance of ropes and bundles. The study by
Bell et al.70 suggested that this effect is attributable to electro-
static interactions. The permanent dipole moment of water
induces a polarisation of electronic charge density in the nano-
tube over a long range (3 nm). Lekawa-Raus et al.71 also
suggested that chemical doping does not occur in carbon
nanotube fibres, with water vapour instead interacting with
the nanotubes at CNT–CNT junctions. If this is the case, then
it is to be expected that residual charged species in the
network, such as ionic surfactants, increase the polarisation of
charge upon exposure to water vapour and thus the magnitude
of the conductance change observed in Fig. 5.

Thinner SWCNT networks are increasingly influenced by
the substrate and a higher proportion of SWCNTs in the film

contribute towards sensing behaviour.56 Furthermore, contact
resistance between SWCNTs,24 bundling and electrostatic
environment26 influence charge transport in macroscopic net-
works. In low-density networks of non-sorted SWCNTs below
the m-SWCNT perocolation threshold, conductance is increas-
ingly dominated by Schottky barrier modulation at the inter-
face between sc-SWCNT and the electrodes or m-SWCNTs,
while thick networks have complete metallic conduction paths
with the resistance of the film dominated by nanotube-nano-
tube junctions.55 Accordingly, the effect of residual surfactant
and water vapour was found to differ in thin (and thus lower
density) networks.

As a higher proportion of SWCNTs are exposed to the
analyte in a thin network, a larger ΔG was expected for thinner
SWCNT films. This was the case for the SWCNT control, non-
ionic and cationic samples. However, the real time humidity
response plots in Fig. 4 show that the opposite is true for thin
anionic SWCNT films. Fewer metallic pathways exist in the
thinner samples, with the conduction properties of the
network increasingly dominated by Schottky barrier modu-
lation between the sc-SWCNTs and m-SWCNTs or the gold
electrodes. As chemiresistor type devices are used, there is
no applied gate voltage to activate conduction through the
sc-SWCNTs in the dry state. However, in a way analogous to
electrolyte gated SWCNT transistors, wetting of the film and
re-arrangement of surfactant counterions may activate (or
reduce, depending on the counterion) conduction through the
sc-SWCNTs. Thus, the differences in conductance-humidity
behavior of thick vs. thin networks (thickness = 19 ± 5 μm,
thickness <1 μm respectively) containing anionic or cationic
surfactant may be caused by the increasing influence of the
counterion on the sc-SWCNTs in the mixed chirality films.

Reducing the thickness of the SWCNT control sample
(surfactant free) switches the direction of the conductive
response so that conduction through the network is instead
reduced after exposure to water vapour (Fig. 5). Veeramasuneni
et al.72 found that an alumina substrate is positively charged at
pH 7 upon wetting. If this is the case, the net positive charge
may impede electron conduction in the thinner SWCNT
control sample, as well as interact with the charged head
groups to produce the unexpectedly lower ΔG for the thin
network anionic (DOC and SC) samples.

The hot probe method has been applied previously to deter-
mine the charge carrier type in sc-SWCNT networks.73 The
recorded negative voltage upon probe heating (as shown in
Fig. S5 and S6 in the ESI†) indicates that the semiconducting
nanotubes in the DOC, CTAB and control (surfactant free) net-
works are p-type, in line with previous studies of SWCNTs
exposed to ambient conditions. The p-type change in potential
for the CTAB containing SWCNT network after application of
the hot probe (as shown in Fig. S6†) is approximately one
order of magnitude lower than the change for the DOC or
control network, suggesting the CTAB containing film is less
p-type.

As detailed in the ESI,† the setup was adapted so that a
segment of the thick (dense) network film could be exposed to
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water vapour without contacting the hot probe, held at a temp-
erature in the range of 160 °C to 200 °C. The change in poten-
tial, firstly due to the application of the hot probe and then
due to increasing humidity, was recorded. The potential differ-
ence across the DOC containing film increases in magnitude
and remains negative when more water vapour is present,
whereas the potential across the CTAB film increases in magni-
tude upon application of the hot probe, but decreases and
moves towards a positive value when H2O is introduced (see
Fig. S6a and S6b in the ESI†). This indicates that in the CTAB
containing networks, exposure to water vapour decreases the
p-type behaviour of the sc-SWCNTs in the semiconducting
portion of the film. A decrease in the p-type character of
sc-SWCNTs would decrease inter-tube resistances between
metallic and p-type semiconducting nanotubes, which may
explain the overall increase in conductance for the
SWCNT-CTAB films upon exposure to water. Correspondingly,
the increase in p-type nature of the sc-SWCNTs in the DOC
network results in an overall conductance drop, potentially
due to increased inter-tube resistances.

When the surfactant containing films are wetted, the
current–voltage relationship across the SWCNT network
becomes non-linear (as shown in Fig. S8 in the ESI†). It is
thought that the counterions impart a partial potential on the
SWCNTs in a fashion analogous to electrolyte gating of CNT
network FETs. While the Raman bands also display similar
changes to line shape observed for electrolyte gated CNT
devices,50 further work is required to confirm this hypothesis.

Monitoring of humidity is important for industrial pro-
cesses, commercial and domestic technologies.74,75 The high
sensitivity and reversibility of the SWCNT network conduc-
tances upon adsorption and desorption of water vapour indi-
cates that the chemiresistors may be useful as humidity
sensors. The conductance-humidity behaviour is predictable
and repeatable between multiple identical devices, as shown
in Fig. 5, with the chemiresistors containing ionic surfactant
functionalised SWCNTs showing the largest ΔG. The percen-
tage change in conductance per percentage change in relative
humidity, as displayed in Table 1, compares well with values
for carbon nanotube based humidity sensors in the literature
(−0.5% RH%−1 from Liu et al.76 and −0.7% RH%−1 by Han
et al.77). Some signal drift was observed after exposure to
higher levels of relative humidity. This may be addressed by
optimising the SWCNT to surfactant ratio and the thickness of
the sensing layer.

The devices are low-powered (operating at room tempera-
ture), affordable and could be easily incorporated into a sensing
array. Furthermore, industrially viable solution based fabrica-
tion techniques, such as screen printing or spray coating, could
be used for large scale manufacture of such sensors.

4. Conclusions

Conductance through SWCNT networks can be altered via
adsorption or desorption of water from the atmosphere. The

change in conductance of surfactant containing samples in
this study was attributed to the electrostatic interaction of
water molecules with the SWCNTs in the network, rather than
to chemical doping.

Ionic surfactants in the SWCNT films can enhance the
change in conductance by a factor of 10. SWCNTs functiona-
lised with cationic surfactants (CTAB and CTAT) demonstrate
an increase in conductance upon exposure to water vapour,
whereas anionic agents (DOC and SC) have the opposite effect,
causing the conductance to decrease. It is suggested that this
behaviour is due to the interaction of polar water with the
charged head groups and counterions of the ionic surfactants,
which impart a partial potential on the SWCNTs.

In line with previous reports, the substrate influences the
SWCNT–analyte interaction, enhancing the humidity induced
conductance change for thin SWCNT control (surfactant free)
networks. Moreover, differences in conductance-humidity be-
havior of thin vs. thick networks containing anionic or cationic
surfactant were attributed to the varying contribution of sc-
SWCNTs to conduction across the wetted films.

SWCNT networks functionalised with ionic surfactants
display fast and reversible humidity sensing behaviour.
Optimising the thickness and type of ionic surfactant may in
future enable the development of low powered humidity
sensors based on SWCNT networks. Additionally, through
investigation of the SWCNT network conductance-humidity
behaviour, this study provides a method to evaluate the
success of various surfactant removal strategies. The observed
intrinsic sensitivity to water vapour demonstrates the impor-
tance of assessing the characteristics of SWCNT based devices
in humid environments.
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A. Grüneis, and R. Saito, “Stokes and anti-Stokes Raman spectra of small-

diameter isolated carbon nanotubes,” Phys. Rev. B, vol. 69, p. 115428, Mar.

2004.

[171] A. Jorio, R. Saito, J. H. Hafner, C. M. Lieber, M. Hunter, T. McClure,

G. Dresselhaus, and M. S. Dresselhaus, “Structural (n, m) determination of



Bibliography 302

isolated single-wall carbon nanotubes by resonant Raman scattering,” Phys.

Rev. Lett., vol. 86, no. 6, p. 1118, 2001.

[172] M. S. Dresselhaus, A. Jorio, and R.Saito, “Characterizing Graphene,

Graphite, and Carbon Nanotubes by Raman Spectroscopy,” Annual Review

of Condensed Matter Physics, vol. 1, no. 1, pp. 89–108, 2010.

[173] J. L. Blackburn, C. Engtrakul, T. J. McDonald, A. C. Dillon, and M. J. Heben,

“Effects of Surfactant and Boron Doping on the BWF Feature in the Raman

Spectrum of Single-Wall Carbon Nanotube Aqueous Dispersions,” J. Phys.

Chem. B, vol. 110, pp. 25551–25558, Dec. 2006.

[174] P. T. Araujo, I. O. Maciel, P. B. C. Pesce, M. A. Pimenta, S. K. Doorn,

H. Qian, A. Hartschuh, M. Steiner, L. Grigorian, K. Hata, and A. Jorio, “Na-

ture of the constant factor in the relation between radial breathing mode fre-

quency and tube diameter for single-wall carbon nanotubes,” Phys. Rev. B,

vol. 77, p. 241403, June 2008.

[175] S. Chiashi, K. Kono, D. Matsumoto, J. Shitaba, N. Homma, A. Beniya, T. Ya-

mamoto, and Y. Homma, “Adsorption effects on radial breathing mode of

single-walled carbon nanotubes,” Phys. Rev. B, vol. 91, p. 155415, Apr. 2015.

[176] P. T. Araujo, C. Fantini, M. M. Lucchese, M. S. Dresselhaus, and A. Jorio,

“The effect of environment on the radial breathing mode of supergrowth sin-

gle wall carbon nanotubes,” Appl. Phys. Lett., vol. 95, p. 261902, Dec. 2009.
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[282] L. Hu, D. S. Hecht, and G. Grüner, “Percolation in Transparent and Conduct-

ing Carbon Nanotube Networks,” Nano Lett., vol. 4, pp. 2513–2517, Dec.

2004.

[283] G. Gruner, “Carbon nanotube films for transparent and plastic electronics,”

vol. 16, pp. 3533–3539, Sept. 2006.



Bibliography 316

[284] T. M. Barnes, J. L. Blackburn, J. van de Lagemaat, T. J. Coutts, and

M. J. Heben, “Reversibility, Dopant Desorption, and Tunneling in the

Temperature-Dependent Conductivity of Type-Separated, Conductive Car-

bon Nanotube Networks,” ACS Nano, vol. 2, pp. 1968–1976, Sept. 2008.

[285] M. Shiraishi and M. Ata, “Conduction mechanisms in single-walled carbon

nanotubes,” Synth. Met., vol. 128, pp. 235–239, May 2002.
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