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Carbon-based nanomaterials are key to developing high-performing electrochemical sensors with improved
sensitivity and selectivity. Nonetheless, limitations in their fabrication and integration into devices often
constrain their practical applications. Moreover, carbon nanomaterials-based electrochemical devices still face
problems such as large background currents, poor stability, and slow kinetics. To advance towards a new class of
carbon nanostructured electrochemical transducers, we propose the in-situ polymerization and carbonization of
furfuryl alcohol (FA) on porous silicon (pSi) to produce a tailored and highly stable transducer. The thin layer of
polyfurfuryl alcohol (PFA) that conformally coats the pSi scaffold transforms into nanoporous carbon when
subjected to pyrolysis above 600 °C. The morphological and chemical properties of PFA-pSi were characterized
by scanning electron microscopy, and Raman and X-ray photoelectron spectroscopies. Their stability and elec-
trochemical performance were investigated by cyclic voltammetry and electrochemical impedance spectroscopy
in [Fe(CN)6]>/*, [Ru(NH3)6]*™/3*, and hydroquinone. PFA-pSi showed superior electrochemical performance
compared to screen-printed carbon electrodes while also surpassing glassy carbon electrodes in specific aspects.
Besides, PFA-pSi has the additional advantage of easy tuning of the electroactive surface area. To prove its
potential for biosensing purposes, a DNA sensor based on quantifying the partial pore blockage of the pSi upon
target hybridization was built on PFA-pSi. The sensor showed a limit of detection of 1.4 pM, outperforming other
sensors based on the same sensing mechanism.

1. Introduction chemical stability, and rich surface chemistry [1-3]. In electrochem-

istry, the performance of a transducer largely depends on the reaction

Recent advancements have taken the application of carbon-based
nanomaterials to the next level with the development of diverse syn-
thetic allotropes of carbon, such as graphene, carbon nanotubes (CNTs),
carbon nanofibers, carbon dots (CDs) and carbon nanoparticles (CNPs).
Carbon-based materials have become a common electrode material for
electrochemical sensing due to their excellent electrical properties,

* Corresponding author.
E-mail address: beatriz.prieto-simon@urv.cat (B. Prieto-Simén).

https://doi.org/10.1016/j.mtadv.2024.100464

between the electrode surface and the solution interface. Therefore, the
electrode surface structure and its chemistry are important factors in
determining the electrochemical reaction rate [4]. In this regard,
carbon-based nanostructured materials have been exploited to develop
electrochemical transducers. They are often used to modify and thereby
improve the electrode properties, especially in the case of
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polycrystalline graphite electrodes such as pyrolytic graphite electrode
(PGE) [5] and glassy carbon electrode (GCE) [6], along with commercial
screen-printed carbon electrodes (SPCE) [7]. Eminently, such modifi-
cations not only improve the electrode sensitivity, but also the electrical
conductivity and electrocatalytic performance [8,9]. Despite the several
advantages that carbon materials may offer, their usage also involves
some drawbacks. For instance, the large current response sparked by
carbon nanomaterial-based electrodes evokes background noise that can
hamper the electrode performance in sensing applications [10]. Back-
ground noise is even more significant for pure carbon nanomaterials,
where extensive reduction of the carbon surface is required to generate
oxygenated reactive sites for sensing [10,11]. Also, the orientation and
arrangement of certain carbon materials (e.g., CNTs) on the electrode
surface significantly affect the electron transfer rate [4]. This is because
in such materials the reactivity of atoms differs at the edge/plane sites
[11]. In addition, certain types of carbon-based materials are vulnerable
to oxidative environment. Lanza et al. reported that defects in the
boundaries of graphene sheets can suffer local oxidation in a disordered
way even at room temperature. Such oxidative effect significantly re-
duces the material conductivity and mechanical resistance [12]. More-
over, the tedious synthesis, high fabrication cost, tendency to aggregate
and often-unknown levels of defects arising during fabrication make the
development of efficient electrochemical transducers based on carbon
nanomaterials rather challenging [13-16].

Hence, there is a need for novel electrochemical transducers that can
overcome the challenges emerging from existing transducers. “Ideal”
electrochemical transducers must be characterized by low background
currents, wide potential window, fast electron transfer kinetics, high
effective electrode area, and excellent reproducibility and stability [17].

Following this direction, a new breed of electrode architecture based
on carbon-stabilized porous silicon (pSi) has been recently studied [18,
19]. The potential of using pSi to build electrode architectures relies on
its unique properties, especially its readily tunable pore morphology (e.
g., pore size and depth, porosity), high surface area (>100 m%cm~2), and
a versatile surface chemistry affording ease of functionalization
[20-26]. By simply tuning the etching parameters viz. current density,
etching time, or etchant ratio, the pore morphology can be adjusted to
meet the desired needs [22,27,28].

Despite such advantageous features, the use of pSi as electrochemical
transducer is still limited, with a very few studies published. One of the
main challenges is the poor stability of hydride-terminated freshly
etched pSi, that is prone to oxidation in both water and air [27].
Although there are many chemical modifications reported to stabilize
pSi (e.g, thermal oxidation [29], hydrosilylation [30], electrochemical
alkylation [31]), they limit pSi performance as electrochemical trans-
ducer. Notably, Salonen et al. pioneered a method of in-situ thermal
decomposition of acetylene gas for the generation of two
carbon-stabilized pSi nanostructures: thermally hydrocarbonized pSi
(THC-pSi) and thermally carbonized pSi (TC-pSi) [18]. The carbon layer
protects pSi from surface degradation and enables crafting its surface
chemistry to facilitate immobilization of biomolecules, hence gathering
attention towards (bio)chemical sensing applications [32]. This study
paved the way for harnessing those carbon-stabilized pSi structures as
electrodes featuring a large surface area-to-volume ratio, and thus being
able to deliver outstanding sensitivity.

More recently, Guo et al. reported on the potential of THC-pSi and
TC-pSi as novel electrochemical transducers [20]. Both platforms
showed large effective electrode area, and excellent electrochemical
performance and stability [20,22].

Additional strategies have been developed to generate conformal
carbon coatings on pSi. As aforementioned, not only does carbon
directly bonded to silicon yield a very stable surface, but also a new
material owning fast electron transfer kinetics. To this end, Sailor et al.
reported a method of thermally carbonizing pSi using furfuryl alcohol
(FA). In that work, a highly stable mesoporous carbon coating was
formed on pSi by extensive pyrolysis of polyfurfuryl alcohol (PFA),
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polymerized in situ in a pSi template [33]. Added to endowing pSi with
high stability, it was found that the mesoporous carbon coating signif-
icantly improved the sensitivity of the carbon/Si composite for optical
organic vapor sensing [33].

PFA is a thermally cross-linked polymer that generates nanoporous
carbon (NpC) when pyrolyzed above 600 °C [33]. PFA has often been
the precursor choice to produce nanostructured carbon materials and
carbon-based nanocomposites for applications such as molecular sieve
adsorbents, catalyst supports or ultracapacitors [34-38]. The
temperature-dependence of PFA electrical conductivity has been
extensively investigated [38]. Increasing pyrolysis temperature not only
promotes charge carriers (holes) mobility by connecting neighboring
smaller conducting domains into larger ones, but also efficiently creates
charge carriers by degrading PFA molecules. This agrees with previous
reports that attribute the conduction in disordered carbon materials to
the presence of holes acting as charge carriers, created by heating
carbonaceous materials at temperatures between 500 and 1000 °C
[38-40]. Thus, exploiting PFA advantages as powerful carbon nano-
material, and combining them with tunable pSi’s features could yield a
highly efficient electrochemical transducer. While PFA optical and
electronic properties have been thoroughly studied, its relevance in
electrochemistry is yet to be explored.

Here, we report a novel carbon-stabilized pSi device, prepared
through the polymerization and carbonization of FA infiltrated within
pSi to introduce a conformal conductive layer suitable as a nano-
structured electrochemical transducer with unique advantages. Unlike
electrochemical transducers based on carbon nanomaterials, PFA-pSi is
a highly stable transducer with a straightforward fabrication process.
Freshly etched pSi was first modified with FA by spin coating, and later
subjected to thermal heating for polymerization and carbonization. The
morphological, chemical and electrochemical properties of PFA-pSi
were extensively studied. Its electrochemical performance was bench-
marked against commercial SPCE and GCE, and also against other
nanostructured carbon-stabilized pSi platforms previously reported (i.e.,
THC-pSi, TC-pSi).

Finally, PFA-pSi’s potential for electrochemical (bio)sensing was
underpinned by developing and optimizing a PFA-pSi-based DNA
sensor. The excellent electrochemical performance of PFA-pSi along
with its ease of functionalization highlights its potential as a novel
nanostructured electrode.

2. Experimental section
2.1. Reagents

Hydrofluoric acid (HF) (48 %, AR grade), absolute ethanol, sodium
hydroxide (NaOH), potassium ferrocyanide (K4[Fe(CN)g]), potassium
ferricyanide (K3[Fe(CN)g]), furfuryl alcohol (FA), oxalic acid, 4-amino-
benzoic hydrazide (4-ABH), sodium nitrite (NaNO;), phosphate-
buffered saline (PBS) tablets, Tris-HCl, sodium chloride (NaCl), and
ethanolamine hydrochloride were purchased from Sigma-Aldrich
(Spain). P-type Si wafers with 0.00055-0.001 Q cm resistivity, (100)-
oriented were purchased from Siltronix (France). All the DNA strands
were purchased from Integrated DNA Technologies S.L. (Spain). The
sequence of the amino-modified ssDNA capture probe was 5’-/
5AmMC6/AGT TAT CCC AGT CTT ATA GGT AGG T-3’. The amino-
modified non-specific ssDNA capture probe was 5’-/5AmMC6/GTC
CAC GCC GTA AAC GAT GTC GAC TTG G-3’. The sequence of the target
ssDNA was 5- ACC TAC CTA TAA GAC TGG GAT AAC T-3’.

2.2. PSi fabrication

PSi was fabricated from p-type Si wafers with 0.00055 Q cm re-
sistivity, and (100)-oriented conditions propagating primarily in this
direction. Fabrication was performed via electrochemical etching by
anodizing the Si substrate in two steps. Anodization needs two
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electrodes to maintain charge neutrality and to close the electrical cir-
cuit. A platinum electrode (cathode) supplies electrons to the etching
solution, and the Si wafer (anode) removes electrons from the solution.
The etching solution consisted of HF as an etchant and ethanol as a
surfactant or wetting agent, which lowers the surface tension of the
etching solution and helps HF to access the surface.

First, the sample was electropolished with a current density of 350
mA for 30 s in a 3:1 (v/v) solution of aqueous HF (48 %) and absolute
ethanol, to etch the sacrificial layer. The sacrificial layer was dissolved
by replacing the electrolyte with a 2 M aqueous solution of NaOH for a
few min, and the clean Si was then rinsed with ethanol. The second
anodization was performed under a current of 72 mA for 100 s using a
1:1 (v/v) solution of aqueous HF (48 %) and ethanol. Passing an electric
current through the Si wafer led to the dissolution of Si atoms and the
removal of surface roughness when a critical current density was
exceeded. As the wafer was soaked in HF, uniform porosity and thick-
ness of the Si surface were achieved.

2.3. Polymerization of FA on pSi and PFA carbonization

Freshly etched pSi samples were modified with FA by spin coating.
20 % FA by volume was prepared in absolute ethanol containing 5.0 mg
mL ! oxalic acid used as catalyst. Spin coating was done in two steps
where two angular velocity conditions were applied. First, the spin
coating was done at 700 rpm for 2 min to infiltrate FA into the porous
structure. Next, the spinning was increased to 4000 rpm for 1 min.
Subsequently, to generate carbon-infiltrated pSi composites, FA-coated
pSi samples were placed into a quartz tube under N, flow. First, the
temperature was increased 5 °C min~! until reaching a temperature of
100 °C to polymerize FA. This temperature was maintained for 2 h and
then increased 15 °C min~! up to 700 °C to form a carbon composite. At
this time, the temperature was constant for 2 h and 20 min. Finally, the
tube cooled back to room temperature under N5 flow.

2.4. Field-emission scanning electron microscopy (FESEM)

FESEM was used to characterize specific properties of the fabricated
pSi samples. FESEM (Scios 2 from FEI Company) imaging was carried
out at an accelerating voltage of 5 kV to confirm both pore size and
thickness of the samples.

2.5. Optical tensiometer

The water contact angle measurement on pSi and PFA-pSi was per-
formed using an Attension theta lite optical tensiometer (basic model
with manual dispenser and droplet placement) from Biolin scientific,
(Gothenburg, Sweden). Images of water droplets (1 pL) with a 1 mL
syringe at four different spots on the surface of the sample were taken.
One Attension software was used to analyze the surface contact angle of
the water drop.

2.6. Spectroscopic ellipsometry (SE)

SE measurements were carried out on a Semilab SE2000 variable
angle spectroscopic ellipsometer in the spectral range from 300 to 900
nm. The obtained values for amplitude component (¥) and phase dif-
ference (A) were subsequently analyzed using the Semilab’s SEA soft-
ware (v1.6.2) using the Cauchy dispersion law to determine the layer
thickness and refractive index, from which the relative porosity of the
surface structure was estimated using the Bruggeman effective medium
approximation.

2.7. Optical interference spectroscopy

Reflectance spectra were obtained using a Perkin Elmer
UV-visible-NIR lamda 950 spectrophotometer. Incident light of 8° was
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focused through a lens onto the porous films. The reflectivity spectra
were recorded in the range from 300 to 1200 nm, with NIR resolution of
2 nm. MATLAB program was applied to the resulting spectra to obtain
the single peak position corresponding to effective optical thickness
(EOT).

2.8. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a Jasco FTIR-4000 series using
transmission and reflectance modes. All spectra were recorded at an
average of 64 scans within a range from 400 to 4000 cm L. The spectra
were then plotted using Origin software.

2.9. X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a K-alpha spectrometer equipped
with a monochromated, micro-focused, Al K-Alpha X-ray source
(1486.6 eV), a quartz crystal monochromator set in a 250-mm Rowland
circle, hybrid optics, multichannel plate, hemispherical analyzer and
128-channel sensitive detector. The incident and collection angles were
30° and 0°, respectively, comparative to the surface normal. The base
pressure was 10~° mbar and 180° double-focusing hemispherical
analyzer having mean radius 125 mm which was run in constant
analyzer energy mode. The pass energies were set to 20 eV for high
resolution and 80 eV for survey scans.

2.10. Raman spectroscopy

A Renishaw inVia Raman microscope with a 100 mW 532 nm laser
excitation source was used to acquire Raman spectra. To avoid the
damage of the sample surface, a 10 % excitation power density was
applied. The band deconvolution of the Raman spectra was performed
using Origin software.

2.11. Electrochemical measurements

Electrochemical measurements were carried out with an electro-
chemical potentiostat (Ivium-n-Stat, s module 2.5 A/10 V) using a three-
electrode electrochemical cell.

Cyclic voltammetry (CV) measurements were performed, at a scan
rate of 100 mV s 1. Electrochemical impedance spectroscopy (EIS)
measurements were recorded in a 2 mM [Fe(CN)é]S'/ 4 solution prepared
in PBS buffer (140 mM NaCl, 10 mM phosphate buffer and 3 mM KCl, pH
7.4) at an open circuit potential of 0.2 V and scanning from 100 kHz to
100 mHz, with a fixed AC amplitude of 10 mV.

All the data and analysis were done using Ivium-n-Stat Instrument
software (Ivium Technologies B.V., Eindhoven, Netherlands). DropSens
electrodes (110) were used as SPCE. For PFA-pSi, the working electrode
area was delimited to 7.4 mm diameter by an O-ring present in an in-
house built Teflon cell. For both SPCE and PFA-pSi an external Ag/
AgCl (3 M NaC(l) electrode and a platinum wire were used as reference
and counter electrodes, respectively. For the measurements, all the
electrodes were placed into a Faraday cage.

2.12. Electrografting with 4-aminobenzoic hydrazide

Hydrazide groups were introduced on pSi by electrografting a dia-
zonium salt generated from 4-ABH. 5 mM aqueous solution of NaNOy
was mixed with 10 mM 4-ABH prepared in 0.5 M HCl in a ratio of 1:2 (v/
v), which was left to react for 30 min in ice, prior to the electrografting
process. The electrochemical reductive modification of the PFA-pSi was
conducted by CV, by scanning the potential between —0.6 and 0.6 V at
100 mV s~! for 20 scans 41,42. Subsequently, functionalized PFA-pSi
electrodes were rinsed with 10 mM PBS (pH 7.4) and then subjected
to potential scanning between —0.2 and 0.6 V for 10 cycles at 100 mV
s! to remove any physisorbed compounds.
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2.13. Covalent immobilization of ssDNA

Once the PFA-pSi surface was functionalized with hydrazide groups,
the next step was to bring in a bifunctional linker molecule. The
hydrazide-modified PFA-pSi surface was immersed in a freshly prepared
solution of 2.5 % glutaraldehyde in 10 mM PBS for 1 h to allow further
immobilization of the amine-modified ssDNA capture probes. A 0.5 pM
DNA capture probe solution prepared in 10 mM PBS was incubated on
the aldehyde-terminated surface overnight at 4 °C. Next, 0.1 M etha-
nolamine prepared in 10 mM PBS was incubated for 1 h on the sensor
surface to block any remaining aldehyde groups.

2.14. Electrochemical sensing protocol for the DNA sensor

Solutions of the target ssDNA were prepared in 10 mM Tris buffer
with 75 mM NaCl (pH 7.4) at the following concentrations: 0.1 pM, 10
pM, 100 pM and 1000 pM. These solutions were incubated on both PFA-
pSi sensors and controls (sensors modified with a random sequence) for
30 min. EIS was used as the electrochemical detection technique to
quantify the partial pore blockage caused upon DNA hybridization. EIS
measurements of five PFA-pSi sensors and five PFA-pSi control samples
were performed in 2 mM [Fe(CN)g] 3-/4 solution in 10 mM PBS buffer at
pH 7.4, prior and after target incubation. After every incubation, both
PFA-pSi sensors and controls were thoroughly rinsed with 10 mM Tris
buffer containing 75 mM NaCl (pH 7.4).

2.15. Statistical analysis

All the figures related to chemical characterization and electro-
chemical characterization of PFA-pSi were plotted using Origin 9 soft-
ware. Graph Pad prism 8 was used to quantify all statistical analysis
using t-test. The data obtained from all measurements (n = 5) were
presented as mean + standard error mean.

3. Results and discussion
3.1. Fabrication and characterization of pSi modified via pyrolysis of PFA

PSi was fabricated via two-step electrochemical anodization of
boron-doped (p-type) crystalline Si (100) in the presence of hydrofluoric

Electrochemical
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acid (HF) and ethanol. Freshly etched pSi was then subjected to coating
of FA by spin coating in two angular velocity conditions. First, the spin
coating was conducted at 700 rpm for 2 min to infiltrate FA into the
porous structure. Next, the spinning was increased to 4000 rpm for 1
min to remove any excess of FA. This was followed by pyrolysis of FA at
700 °C. This process introduced a carbon layer on the pSi surface,
therein stabilizing and rendering pSi electrically conductive (shown in
Fig. 1).

3.1.1. Morphological characterization

The pore morphology and film thickness of both freshly etched pSi
and PFA-pSi were investigated using FESEM. Fig. 2a and c shows the top
and cross-sectional FESEM images of freshly etched pSi. Samples etched
for 100 s with a current density of 43 mA cm™2, showed an average pore
diameter of 60 & 18 nm and a layer thickness of 2.3 + 0.3 pm. After PFA
pyrolysis, the layer thickness was retained (Fig. 2d), but pore diameter
decreased to 24 + 3 nm (Fig. 2b). The pore size significantly decreased
due to the introduction of NpC generated by the carbonized FA, which
contains microporous domains (pores <1 nm). This results in two
distinct classes of pores within the sample, the microporous domain of
NpC that adds to the porous domain of pSi [32,40]. The morphology and
structure of the NpC shows significant changes with varying pyrolysis
temperature. At low temperatures (200-500 °C), a highly chaotic
structure of amorphous carbon and polyaromatic microdomains
comprising hydrogen and oxygen (hetero) atoms forms the basis of the
NpC upon pyrolysis of PFA. The microporosity of PFA has been attrib-
uted to this chaotic structure. Above 500 °C, the aromatic microdomains
grow significantly such that the region occupied by amorphous carbon is
consumed, forming a fragile structure and causing the micropores to
collapse leading to a decrease in their average pore mouth dimension
[43-45]. At 700 °C and beyond, dehydrogenation takes place along with
the rearrangement of carbon atoms to form glassy carbon-like structures
within pSi [44]. At temperatures between 1500 and 2000 °C, the poly-
mer precursor completely breaks down forming well-organized
graphitic carbon structures, and any structural defects are eliminated.
This graphitization process enhances the material density and shrinks
the pores. The introduction of such carbon coating stabilizes the pSi
surface. The chemical stability provided by this carbonization technique
has been well investigated by Tsang and colleagues [46]. By comparing
the stability of PFA-pSi in aqueous solution (phosphate-buffered saline,

etching in
HF + ethanol - '
I |
Siwafer  Freshly etched Spin coating Pyrolysis under PFA-pSi: after
pSi with FA N, at 700°C pyrolysis
2 0.5
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Fig. 1. Schematic of stepwise fabrication and modification of freshly etched pSi using FA, followed by its carbonization.
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Fig. 2. Top FESEM images and water contact angle photographs (insets) of a) freshly etched pSi and b) PFA-pSi. Cross-sectional FESEM images of c) freshly etched

pSi and d) PFA-pSi.

PBS) at pH 7.4 and 12, with pSi modified via three strategies commonly
applied to stabilize freshly etched pSi, thermal oxidation at 800 °C,
thermal hydrocarbonization (with acetylene, at 700 °C), and hydro-
silylation (with undecylenic acid), PFA-pSi showed the highest stability
in both neutral and alkaline aqueous solutions [46].

Unlike the ease of tuning of the pore morphology intrinsic of the pSi
structure by simply changing the etching parameters, the size of the
pores in PFA-pSi can only be tailored to some extent by changing the FA
spin-coating conditions: angular velocity () and time. The effect of the
applied ® on PFA-pSi pore size was studied with samples prepared from
freshly etched pSi featuring an average pore diameter of 60 &+ 18 nm,
upon PFA modification by spin coating a 20 % ethanolic solution of FA.
Three spin-coating conditions were employed, where the o of the FA
infiltration step was set at 400, 1000 or 3000 rpm, keeping the o of the
second step fixed to 4000 rpm (Table S-1, Supplementary Information).
The lowest w gave the smallest pore size, with an average pore size of 20
+ 6 nm, while the highest o led to the largest pores, with an average size

60

a)

Reflectance (%)

600 800 1000 1200

wavelength (nm)

400

[DFT(spectrum)]2

of 36 + 8 nm.

To further understand the contribution of the w of FA spin coating
toward PFA-pSi pore morphology, the carbon film thickness was studied
using spectroscopic ellipsometry (SE) [47]. SE measurements were
performed using PFA pyrolyzed on a flat Si surface. SE results showed
the effect of @ on the carbon film thickness, providing significantly
thicker films at low o compared to the thickness of films obtained at high
®, i.e., at 400 rpm, 1000 rpm and 3000 rpm film thickness were 49 nm,
31 nm and 26 nm, respectively. This confirms the direct relation be-
tween carbon film thickness and PFA-pSi pore size, with thinner films
resulting in slightly larger PFA-pSi pores. Please note that while higher ®
(>4000 rpm) can be applied, the penetration depth of the carbonized
polymeric film would be limited due to the narrow aspect ratio of pSi.

To study the effect of the pyrolyzed PFA coating on the pSi
morphology, reflective interferometric Fourier transform spectroscopy
(RIFTS) was performed. Results were compared to those obtained for a
freshly etched pSi sample. Fig. 3a displays the reflectance spectra for

5x10°1 P)

4x10°

3x10°1

2x10°

1x10°

" 8000 10000 12000 14000
2nL (nm)

4000 6000

Fig. 3. a) Interferometric reflectance spectra and b) Fourier transformed reflectance spectra for freshly etched pSi (black lines) and PFA-pSi (red lines). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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both freshly etched pSi and PFA-pSi (prepared after spin coating FA at ®
= 1000 rpm), the latter showing a significantly reduced percentage of
reflectance. This is due to the increased absorbance of light of the carbon
film formed after PFA pyrolysis, an effect that directly depends on the
film thickness [46]. The reflectance spectra depict a series of interfer-
ence fringes, referred to as Fabry-Pérot fringes, that correspond to
constructive and destructive interferences when light is reflected from
the interfaces of pSi (i.e., pSi-medium and pSi-crystalline Si) [22]. The
wavelength of the fringe maxima is given by the following equation:

MA o =2nL (@]

where m is the integer correlating the spectral order of the fringe, Amax
(nm) is the maximum wavelength of the fringe, n is the refractive index
of the pSi layer and L (nm) is the thickness of the pSi layer. The factor 2
represents the optical path taken by the light source where the light
source and the detector are at normal incidence [48]. The term 2nL is
often described as the optical path length, also known as EOT. Here, the
EOT values for both PFA-pSi and freshly etched pSi were calculated.
Fourier transforms were applied to the reflectance spectra of freshly
etched pSi and PFA-pSi, providing FFT peaks at 5334 nm and 4918 nm,
respectively (Fig. 3b). Using their optical thickness, the refractive in-
dexes (n) of pSi and PFA-pSi were calculated, being 1.07 and 1.21,
respectively. These values were used to apply the Bruggeman effective
medium approximation [49], which yielded porosity values of 83 + 1 %
and 54 + 1 % for freshly etched pSi and PFA-pSi, respectively. The
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change in porosity confirms that the porous structure was partly filled by
the pyrolyzed PFA film.

3.1.2. Chemical characterization

The surface properties of PFA-pSi were studied by measuring its
wettability using an optical tensiometer. As shown in the inset of Fig. 2b,
the PFA-pSi surface was moderately hydrophilic, with a water contact
angle of 68 + 4° when compared to the higher contact angle of freshly
etched pSi at 93 + 1°. The surface properties of carbonized pSi are
strongly dependent on the treatment temperature and carbon source.
Evidence for changing surface properties has been reported previously.
For instance, Tsang et al. reported that the carbonaceous pSi formed
using PFA when annealed at 700 °C, was fairly hydrophilic with a
contact angle of 58 + 1° [50]. Apart from PFA-pSi, the wettability of
THC-pSi and TC-pSi has also been studied in detail. THC-pSi formed
when treated at 525 °C retains the hydrophobic nature of freshly etched
pSi (122 + 4°), whereas TC-pSi formed at 800 °C leads to a hydrophilic
surface (31 & 4°) [19,20].

The hydrophilic nature of PFA-pSi is advantageous for infiltrating the
porous structure with a wide range of chemicals to introduce the func-
tionalities required for the covalent immobilization of diverse bio-
molecules used as bioreceptors.

Furthermore, the chemical composition of pSi before and after PFA
coating and subsequent pyrolysis was characterized using FTIR. As
shown in Fig. 4a (black line), freshly etched pSi displays bands
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Fig. 4. a) FTIR spectra for freshly etched pSi (black line) and PFA-pSi pyrolyzed at 700 °C (red line), b) C1s XPS spectrum of PFA-pSi (with both measured data and
fitted envelope), and c¢) Raman spectra of freshly etched pSi (black line) and PFA-pSi (red line). The peaks at ~1340 and ~1600 cm™? in the Raman spectra are
attributed to the D and G bands of carbon. The intensity ratio of the D and G bands (Ip/Ig) was calculated by Lorentz fitting of the data. Inset in ¢) showing different
modes of vibrations in sp2 C-C bonding. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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characteristic of Si-H and Si-Hj stretching vibrations at 2088 and 2110
em ™! along with a bending Si-H mode at 905 cm ™. In addition, another
characteristic band for pSi corresponding to the asymmetrical Si-O-Si
stretching, is observed at 1050 cm ! [41]. Fig. 4a (red line) shows that
the Si-Hy moieties disappeared after polymerization of the deposited FA
indicating chemical coverage of the pSi surface. The disappearance of
the Si-H is due to the nucleophilic attack on the hydrides by the oxygen
atom of the hydroxyl group (OH) featured by PFA. A proposed mecha-
nism based on the one reported by Cleland et al. is shown in Fig. S-1
(Supplementary Information) [51]. It is important to highlight the
complexity of the polymerization process of FA, recently studied in
detail by D’Amico et al. [52] and Tondi et al. [53]. FA polymerization
comprises diverse cross-linking mechanisms that can lead to different
chemical structural arrangements such as 1) linear arrangements
through methylene and di-methylene ether bridges, 2) ring-opening
arrangements to form a,p di-ketones and y lactones, 3) conjugated
structures, and 4) Diels-Alder arrangements between the conjugated and
unconjugated chains [53]. Burket et al. identified in the FTIR spectrum
of PFA, the presence of vibrational modes for some of these structures,
mainly the ring-opening structures of furan and the conjugated struc-
tures of polymer backbone, prior to carbonization [54]. They reported
that after polymerization at 100 °C, the FTIR spectrum of PFA showed a
very broad OH stretching vibration at 3400 cm™! along with a strong
peak at 3100 cm ™! arising from the CH in aromatic rings. Additionally,
bands due to carbonyl groups arising from the acid-catalyzed ring
opening and 2,5-di-substitution of furan rings were observed at 1710
cm ! and 760 cm ™, respectively [54]. Herein, at pyrolysis temperatures
above 500 °C most of the polymer converts to carbon, mainly arising
from the polyaromatic domain. Indeed, in Fig. 4a (red line), between
800 and 920 cm ™}, a sharp band is observed which can be attributed to
CH;, out-of-plane rocking vibration [53,55]. Further, CH stretching and
asymmetric CH, bending vibrations are observed at 1419 ¢cm™! and
2715 cm’l, respectively [53,55-57], and a polyaromatic carbon double
bond stretching band appears at 1640 cm™!. The spectrum does not
show characteristic furan ring vibrations between 1040 and 1100 cm 2,
indicating furan rupture. However, the presence of a weak broad
OH-stretching band near 3400 cm™! could be associated with FA still
present due to incomplete polymerization [54,52,53]. The PFA-pSi
surface was also characterized by XPS. Table S-2 (Supplementary In-
formation) presents the elemental analysis on PFA-pSi with their rele-
vant experimental atomic percentages (at%). The XPS Cls spectrum in
Fig. 4b shows the absorbance peaks for different carbon functionalities
at 283.6 eV (C-Si), 285.1 eV (C-C), 286.7 eV (C-O) and 288.8 eV
(C=0). The carbon content in PFA-pSi is mainly attributed to hydro-
carbons (73.9 %), with a significantly lower contribution from C=0
(12.7 %), C-O (11.9 %) and C-Si species (1.5 %).

Raman spectroscopy was performed to study the properties of the
pyrolytic carbon introduced on the pSi surface. The pyrolysis of PFA
involves three critical temperatures namely carbonization at 400 °C,
followed by nucleation of pyrolytic graphite at 550 °C, and finally, the
growth of microcrystalline carbon particles at 700 °C referred to as
crystal growth temperature (Tg) [58]. When the temperature reaches
TG, a large number of microcrystallites of pyrolytic graphite are ex-
pected to be formed along with the disappearance of PFA degradation
compounds, as previously reported by Li et al. [58-60]. The Raman
spectrum of single-crystalline graphite exhibits two active vibrational
modes mainly at 42 em~! and 1580 cm™! (Ezg mode), the latter
commonly known as the G band. The Raman spectrum of micro-
crystallites with disordered carbon shows a broader G band that can blue
shift to 1600 cm ™!, and a new active vibrational mode at 1350 cm ™! (Arg
mode), known as the D band [60]. Unlike freshly etched pSi (Fig. 4c,
black line), the Raman spectrum of PFA-pSi shows two active vibrational
modes at 1350 cm ™! (D band) and 1600 cm ™! (G band), thereby indi-
cating the presence of microstructured carbon compounds (Fig. 4c, red
line). The D band is associated to out-of-plane vibrations attributed to
the presence of structural defects at the edge of the crystallites causing a
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change in carbon symmetry from D¢y to C3y [58,61]. Whereas the G
band corresponds to in-plane vibrations of spz—bonded carbon atoms in
graphite crystallites. To assess the disorder level of the pyrolytic carbon
on the surface of pSi, the peak intensity ratio of D and G bands (Ip/Ig)
was calculated. First, the Raman spectrum for PFA-pSi was baseline
subtracted and fitted with the Lorentz function to calculate Ip and Ig.
The Lorentz function is a singly peak function expressed as:

y=yor 2 W @
T oAx-X.)+wW?
where A is the peak area, yj is the offset, X is the centre and W is the full
width at half maximum (FWHM). The deconvoluted D and G bands using
Lorentz fitting are shown in Fig. S-1 (Supplementary Information). Using
this fitting, the Ip/Ig was determined to be 0.65, with an FWHM of 112.2
and 51.7 for the D and G bands, respectively. Although the carbon
formed by PFA pyrolysis is ordered and crystalline, the degree of crys-
tallinity is lower compared to graphite. This can be due to the nature of
PFA, which basically belongs to a class of polymers that form non-
graphitizing carbon upon pyrolysis and hence partly retain amorphous
carbon even at high temperature [62]. Fig. 4c shows a characteristic Si
lattice mode at 515 cm ™!, observed in both pSi [63] and PFA-pSi spectra,
confirming that the crystallinity of Si is maintained even after pyrolysis.

3.2. Electrochemical characterization of PFA-pSi

As discussed earlier, PFA pyrolyzed at high temperatures shows
excellent conductivity, due to the increase in the transport of charge
carriers across the pyrolytic carbon. Owing to this property, here the
performance of PFA-pSi (pSi samples etched for 100 s with an average
pore diameter of 60 + 18 nm and a layer thickness of 2.3 + 0.3 pm;
subsequently spin coated with FA at ® = 1000 rpm) as electrochemical
transducer is studied extensively through CV and EIS. CV and EIS are
powerful and versatile electroanalytical techniques to evaluate the
performance of electrodes. CV and EIS measurements were performed in
a 2 mM ferrocyanide and 2 mM ferricyanide solution ([Fe(CN)G]B'/ )
prepared in 10 mM PBS buffer at pH 7.4. [Fe(CN)6]3'/ " is an anionic
inner-sphere redox pair, where the electron transfer rate constant is
sensitive to surface carbon. This redox pair behaves as an ideal quasi-
reversible system on carbon electrodes [64,65].

3.2.1. Stability, repeatability, and reproducibility

First, CV was used to assess electrode stability, response repeatability
and reproducibility among electrodes. Fig. 5a compares the voltam-
metric response of PFA-pSi and freshly etched pSi. Bare pSi showed poor
electrochemical performance with no oxidation (Iox) and reduction (Ieq)
current peaks, whereas PFA-pSi showed a very stable and quasi-
reversible response to [Fe(CN)6]3’/ 4’, proving that surface stabiliza-
tion is crucial to improve the electrical properties. The repeatability of
the electrodes is strongly supported by the results shown in Fig. 5b,
corresponding to 20 consecutive cyclic voltammograms. The relative
standard deviation (RSD) values associated to the Iox (438 pA) and ILyeq
(442 pA) calculated from those consecutive cyclic voltammograms were
1.2 % and 0.4 %, respectively. These values underline the notable
response repeatability of PFA-pSi. Furthermore, the reproducibility
among PFA-pSi electrodes was evaluated. Fig. S-2 (Supplementary In-
formation) displayed cyclic voltammograms corresponding to the 19th
scan obtained using four different PFA-pSi electrodes. RSD values of the
Iox and I;eq calculated for all samples were 3.0 % and 1.7 %, respectively.
This underpins the excellent reproducibility among PFA-pSi electrodes,
thus further promoting that these platforms can be utilized as a highly
capable electrochemical transducer.

3.2.2. Electrochemical potential window of PFA-pSi
The potential of porous carbon electrodes as suitable electrochemical
transducers has been exploited owing to their large electrode surface
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Fig. 5. (a) 1st cyclic voltammogram using bare pSi, and 1st and 2nd scans using PFA-pSi, (b) 20 consecutive cyclic voltammograms using PFA-pSi as working
electrode. All measurements were performed in a 2 mM [Fe(CN)6]3'/ 4 solution in 10 mM PBS at pH 7.4.

area with enhancement in charge transfer kinetics, leading to higher
peak currents and slimming down reaction overpotentials [66]. Porous
carbon electrodes such as those based on functionalized graphene sheets
(FGS), demonstrated that minute amounts of porosity can significantly
increase the apparent electrode kinetics [67]. However, the potential
window within that they provide a stable electrochemical response is
largely limited to —0.6 V for cathodic and 0.6 V for anodic processes[20,
67]. Here, to estimate the electrochemical working potential window,
PFA-pSi was tested by sweeping the applied potential in a window that
spanned from —1.5 V to 1.0 V. To that purpose, the electrodes immersed
in 10 mM PBS at pH 7.4 were scanned four times within that potential
window at a scan rate of 100 mV s%, followed by their characterization
via CVin a 2 mM [Fe(CN)6]3‘/ 4 solution in a narrower potential range.
The objective was to verify that the response to [Fe(CN)g] 3-/4 remained
consistent, indicating that the electrode surface remained intact when
subjected to high potentials. Results in Fig. 6 prove PFA-pSi is highly
stable at very low cathodic potentials (down to —1.5 V) and high anodic
potentials (up to 1.0 V). The broad potential window for PFA-pSi un-
derlines the potential for chemosensing applications [33].
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Fig. 6. Cyclic voltammograms of PFA-pSi electrode when measured in a 2 mM
[Fe(CN)¢]>”* before (black) and after (red) being subjected to four cyclic
voltammograms from —1.5 to 1.0 V in PBS. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

3.2.3. Comparison of the electrochemical performance of PFA-pSi to that of
other carbon-based electrodes

The overall electrochemical performance of the PFA-pSi electrode
was benchmarked against SPCEs and GCEs due to their wide application
in electrochemical sensing. In parallel, a relative comparison of the
electrochemical performance of PFA-pSi and two other carbon-
stabilized pSi electrodes previously reported by Guo et al. was also
performed (viz. THC-pSi and TC-pSi, formed by thermally decomposing
acetylene at 525 °C and 800 °C, respectively) [20]. To compare the
electrochemical performance of these electrodes, first, the electroactive
surface area was calculated, a critical factor given its direct effect on the
electrode signal [68].

CV data against [Fe(CN)(,]S'/ ~was used to estimate the electroactive
surface area of PFA-pSi using the Randles-Sevéik equation (see note 1 in
the Supplementary Information), and the calculated value was
compared to the results obtained using conventional flat electrodes,
such as SPCE and GCE, along with THC-pSi and TC-pSi electrodes. The
electroactive surface area of the PFA-pSi electrode when normalized to
their geometric area was 2- and 1.5 times larger than that of SPCE and
GCE, respectively (Table 1). Moreover, thanks to the morphological
versatility of PFA-pSi, its effective surface area can be easily altered by
tuning pore size and thickness and hence can be adopted for different
sensing applications. This gives PFA-pSi, but also THC-pSi and TC-pSi,
an added advantage over conventional flat electrodes in their ability
to improve the sensitivity of the electrode by just adjusting the fabri-
cation parameters.

To further compare the electrochemical performance of PFA-pSi
against commercial electrodes, and other carbon-stabilized pSi sam-
ples, voltammetric results were analyzed from which the important
parameters are also summarized in Table 1, including Iox and Iieq
(normalized by the geometric surface area), peak-to-peak potential
separation (AE,), and half-wave potential (E;/2) values. Results show
that PFA-pSi, similar to THC-pSi and TC-pSi, clearly outperformed SPCE
and GCE, with very large peak current values. Such signal enhancement
is attributed to the large electroactive surface area featured by all
carbon-stabilized pSi samples, which can be tuned according to the
measuring requirements. The AE, values shown by PFA-pSi are smaller
than those for SPCE and similar to those for GCE, indicating a rather
rapid electron transfer. Nonetheless, previously reported AE), values for
THC-pSi and TC-pSi (58 mV and 66 mV, respectively) are closer to the
expected AE, value (59 mV) for a reversible one-electron transfer reac-
tion obtained from the Nernst equation [20]. The larger AE, for PFA-pSi
(105 mV) relative to that of both THC-pSi and TC-pSi indicates the
system is quasi-reversible [69]. To deepen into the PFA-pSi properties
driving the electron transfer reaction, its kinetics was assessed.

The nature of a heterogeneous electrochemical reaction either
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Table 1
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Electroactive, geometric, normalized surface area and electrochemical performance showcasing normalized I,y and I eq, peak current ratio (Ireq/Iox), AEp, and half-wave
potential (E;,), of PFA-pSi, THC-pSi, TC-pSi, SPCE and GCE extracted from cyclic voltammograms measured in 2 mM [Fe(CN)e]>”* solution in 10 mM PBS at pH 7.4.

Electrodes  Electroactive surface area Geometric surface area Normalized surface Normalized I,x (A Normalized Ieqg (LA Lred/ AE, Ei1/2
(cmz) (sz) area * cm’z) cm’z) Tox (mV) (mV)
PFA-pSi 0.669 + 0.002 0.442 + 0.001 1.52 + 0.02 991 —1000 1.0 105 168
THC-pSi ” 0.588 + 0.002 0.442 + 0.001 1.33 + 0.02 778 -563 0.7 58 208
TC-pSi " 0.770 + 0.001 0.442 + 0.001 1.74 + 0.01 975 —774 0.8 66 210
SPCE " 0.117 + 0.001 0.126 + 0.001 0.93 + 0.03 492 -516 1.0 213 117
GCE " 0.074 + 0.002 0.071 + 0.001 1.04 £+ 0.02 746 —634 0.9 86 185

# Normalized surface area = electroactive surface area/geometric surface area.
b Values taken from Guo et al. for comparison [20].

reversible, quasi-reversible, or irreversible is fairly determined by the
rate at which the electron transfer occurs between the working electrode
surface and the electroactive species in solution [69]. It is therefore
important to estimate the heterogeneous electron transfer rate constant
(ko) to comprehend the speed of electron transfer between the electrode
surface and an electroactive species, thus shedding more insight into the
kinetics and performance of the electrochemical transducer [70]. For
long, the method developed by Nicholson using the AE, as a function of
the v set to measure the corresponding cyclic voltammograms was
adopted by electrochemists to calculate ko, which was subsequently
modified by Lavagnini and coworkers (see note 2 in the Supplementary
Information) [71,72].

Using the Nicholson-Lavagnini equation, the value of ko for PFA-pSi
was calculated to be 7.4 x 1073 cm s}, thus supporting faster electron
transfer when compared to the ko value of 3.6 x 10™% cm s~ ! estimated
by Lavagnini et al. for a carbon paste electrode under the same working
conditions [73]. The excellent electrochemical performance of PFA-pSi
is further supported by its electron transfer kinetics (Table 2).

Under the same conditions, the ko value for PFA-pSi was close to
those of SPCE and GCE, but significantly lower than those of THC-pSi
and TC-pSi. The differences in kinetics when compared to THC-pSi
and TC-pSi can be attributed to the surface carbon microstructure
arising from the different carbon sources for the thermal carbonization
procedure. Acetylene, being a gaseous carbon source, shows high
physisorption onto the pSi surface, thus resulting in a coating of Si-C and
Si-O-C structures [74]. While FA is initially a solubilized carbon source
that undergoes a complex polymerization mechanism, and eventually
forms pyrolytic carbon when heated at high temperature. Moreover, as a
result of the higher annealing temperature, the amount of sp? hybridized
carbon and m electrons present is relatively higher in case of platforms
carbonized with acetylene (such as TC-pSi) when compared to the ones
modified with PFA. When using [Fe(CN)6]3'/ " as redox pair, the disorder
in carbon surface structure can significantly impact kinetics as ko is
sensitive to specific surface reactive sites present at defects [75]. In such
case, Raman spectroscopy as previously shown can be used to recognize
possible structural defects. Besides PFA-pSi, THC-pSi and TC-pSi also
present microstructured carbon compounds with structural defects, as
confirmed by the presence of the D band [76]. The intensity ratio of the
D and G bands (Ip/Ig) estimates the defects on carbon samples, where
higher ratio indicates more defects [77]. In case of THC-pSi (Ip/Ig =
0.72) and TC-pSi (Ip/Ig = 0.95) [76], the intensity is significantly higher
compared to PFA-pSi (Ip/Ig = 0.65), thereby explaining a possible

Table 2
ko values for PFA-pSi, THC-pSi, TC-pSi, SPCE and GCE using a 2 mM [Fe(CN)e
134 solution in 10 mM PBS at pH7.4.

Electrodes ko (cms™1) Nature of electrochemical reaction
PFA-pSi 7.4 x 1073 Quasi-reversible

THC-pSi 2.4 Reversible

TC-pSi 0.1 Reversible

SPCE 1.0 x 1073 Quasi-reversible

GCE 1.1 x107* Quasi-reversible

reason to the faster kinetics observed for THC-pSi and TC-pSi. Apart
from structural defects, the surface of these three carbon-stabilized pSi
platforms was further analyzed using XPS to deepen into their surface
oxides. Fig. S-3 (Supplementary Information) shows the XPS spectra for
the three pSi platforms with PFA-pSi depicting relatively higher surface
oxides in comparison to THC-pSi and TC-pSi platforms. Therefore,
PFA-pSi adds to the list of carbon-stabilized pSi nanostructures with
great potential as effective Faradaic electrochemical platforms, with the
added value of broadening the range of surface carbon microstructures
and chemical functionalities.

To complete the electrochemical characterization of PFA-pSi and its
comparison against SPCE, GCE, THC-pSi and TC-pSi, EIS measurements
were recorded, and the obtained Nyquist plots were fitted to the Randles
circuit shown in the inset of Fig. 7. The Randles circuit corresponds to
the more basic equivalent electrical circuit involving the charge transfer
resistance (R¢t), the resistance of the solution (Rg) which is associated
with the electrochemical kinetics, the Warburg impedance (W), and the
double-layer capacitance (Cqp). Table 3 summarizes the results obtained
for PFA-pSi after fitting the Nyquist plot to the Randles circuit, and
compares those results to those previously reported for THC-pSi and TC-
pSi, and commercial electrode such as SPCE and GCE. As expected, due
to the larger surface-to-volume ratio of the three nanostructured porous
electrodes, their R values were much lower than those of SPCE (747 +
33 Q) and GCE (244 + 8 Q). Also, amongst the carbon-stabilized porous
electrodes, the PFA-pSi platform showed a considerably lower R (11.4
+ 0.5 Q), 2.3- and 4.7-fold lower than R, values associated to THC-pSi
and TC-pSi electrodes, respectively. In addition, the reproducibility in
EIS measurements performed using PFA-pSi, calculated as the RSD of the
R¢t (shown in Fig. 6, with n = 4), was evaluated. The RSD value of 4.7 %
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Fig. 7. Nyquist plots of PFA-pSi samples when performing EIS measurements in
a 2 mM [Fe(CN)s]37* solution (n = 4).
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Table 3

Solution resistance (Rs), charge-transfer resistance (Rct) obtained from EIS for
four electrodes viz. PFA-pSi, THC-pSi, TC-pSi, SPCE and GCE when measured in a
2 mM [Fe(CN)e]>/* solution.

Electrode R (Q) R (Q) Cq (nF)
PFA-pSi 17+1 11+1 316 + 8
THC-pSi* 74 £2 26 +2 75+ 4
TC-pSi” 75+ 2 54+1 72+ 3
SPCE*® 75+ 6 747 + 33 937 £ 59
GCE" 166 + 9 244 + 8 1247 + 65

@ Values taken from Guo et al. for comparison [20].

was within the range of the RSD values previously obtained for THC-pSi
and TC-pSi, 6.2 % and 2.4 %, respectively [20], confirming the excellent
reproducibility of the EIS response of these carbon-stabilized pSi elec-
trodes. Apart from the R, the electric capacitance owing to the electric
double layer formed at the interface between an electrode and its sur-
rounding electrolyte was also studied. It plays a decisive role in under-
standing the signal-to-noise ratio of a sensor thereby interpreting its
sensitivity [20,78]. Although a porous electrode is known to enhance
mass transport rate by providing a large surface area, large Cq values
can significantly impact the electrochemical readout [79,80]. Impor-
tantly, the Cqj values for PFA-pSi (316 + 8 nF) were relatively lower than
those of conventional electrodes such as GCE (1247 + 65 nF) and SPCE
(937 + 59 nF) [20]. Thus, showcasing no significant negative effect on
signal-to-noise ratio. These results support the efficiency of PFA-pSi as
electrochemical transducer, widening the choice of suitable
carbon-stabilized electrodes viz. THC-pSi and TC-pSi electrodes, to
design chemosensors and biosensors.

3.2.4. Electrochemical behavior of PFA-pSi towards different redox species

To understand the effect of the structural and chemical nature of
PFA-pSi on its electrochemical performance, its CV response against
three redox species with different electrode kinetics was compared.
Along with [Fe(CN)¢]®>/", hexamine ruthenium ([Ru(NH3)e]?*/3*, a
cationic outer-sphere redox species), and hydroquinone (HQ, a proton
sensitive neutral aromatic compound) were used to analyze the elec-
trochemical behavior of PFA-pSi (Fig. 8). All three redox species were
prepared in 10 mM PBS (pH 7.4) at a concentration of 2 mM. The ki-
netics of [Ru(NH3)6]2+/ 3+ is neither sensitive to surface structure or
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Fig. 8. Cyclic voltammograms of PFA-pSi sample when measured in a 2 mM
mM Ru[(NH3)e]?>"/3*(blue line), HQ (red line) and [Fe(CN)¢]>” (black line)
solutions in 10 mM PBS at pH 7.4. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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oxide functionality, but to the density of electronic states [20,65,81].
HQ is proton sensitive, and thus its kinetics is significantly governed by
reactions involving proton carriers [82]. The AE, values for the three
redox species obtained from Fig. 8 are summarized in Table S-3 (Sup-
plementary Information). AE, values for PFA-pSi using Ru[(NHg)G]ZH 3+
and HQ turn out to be 88 mV and 255 mV, respectively, which are
similar to those shown by a GCE (70 mV for Ru[(NH3)e] 2+/3+ and 282
mV for HQ, as shown in Tables S-3). To further support the similarities
in the electrochemical performance of PFA-pSi and GCE, C1s XPS spectra
of both electrodes were compared. Previous reports showed prominent
absorbance peaks at 284.5 eV (C-C), 286.3 eV (C-O) and 287.7 eV
(C=0) in the C1s XPS spectrum of GCE [83], data that confirm equiv-
alent carbon functionalities to those of PFA-pSi [84]. This shows for the
first time that not only the nature of pyrolyzed PFA leads to carbon
functionalities similar to those present in glassy carbon [46], but
importantly its electrochemical performance closely resembles that of a
GCE, while providing additional advantages such as the tunable pore
morphology, which can be used to easily increase its active surface area,
and its versatile surface chemistry conducive to a diverse range of
functionalization strategies.

3.3. PFA-pSi-based impedimetric DNA sensor

After fully characterizing the performance of PFA-pSi and show-
casing its strength as an electrochemical transducer, its applicability as a
biosensing platform was demonstrated by the development of a label-
free impedimetric DNA sensor. The surface of PFA-pSi was modified
via covalent immobilization of a single stranded DNA (ssDNA) capture
probe complementary to a 25 bases sequence of a 16STRNA gene asso-
ciated to Staphylococcus aureus (S. aureus). Sensing takes advantage of
the DNA-base pairing interaction between both sequences. DNA was
used as target instead of RNA due to the fact that the former is cheaper
and is less prone to degradation. DNA can work as a good model system
for facile subsequent translation to RNA targets. To exploit the pore
morphological features of PFA-pSi, a biosensing mechanism based on
the blockage of the pores within the structure caused upon hybridization
was selected. The partial blockage of the pores caused mainly from the
electrostatic repulsions and steric hindrance upon target hybridization
to the ssDNA-modified PFA-pSi, hinders the diffusion of the negatively
charged redox species, such as [Fe(CN)6]3'/ 4', added to the measuring
solution as shown in Fig. 9a. This partial pore blockage can be evaluated
in terms of the variation of the parameters calculated from the Randles
circuit fitting obtained from the Nyquist plots.

To prepare the biosensor, initially PFA-pSi with an average pore
diameter of 24 + 3 nm and a thickness of 2.3 & 0.3 pm (prepared using
spin-coating conditions consisting of 2 min at 1000 rpm followed by 1
min at 4000 rpm, as depicted in Table S-1, Supplementary Information)
was selected to accommodate the immobilized ssDNA capture probe and
allow free diffusion of the target. The PFA-pSi surface was first func-
tionalized by grafting hydrazide-phenyl radicals through electro-
chemical reduction of 4-aminobenzoic hydrazide (4-ABH) [41]. 4-ABH
provided the functional groups required for the covalent immobilization
of the bioreceptor. Next, the biorecognition element, an amine-modified
sSDNA (NHj-ssDNA) complementary to a 16SrRNA growth factor from
S. aureus, was immobilized via glutaraldehyde cross-linking. After
4-ABH electrografting, PFA-pSi substrates were incubated with glutar-
aldehyde that acted as a bifunctional linker between the
hydrazide-functionalized electrode and the NHj-terminated ssDNA
probe. The aldehyde group on one end of glutaraldehyde reacted with
the hydrazide group to form hydrazone linkages [85], whereas the other
end reacted with the amino group on the ssDNA probe to form an imine
bond enabling covalent immobilization of the ssDNA probe on the pSi
electrode surface.

FTIR was used to confirm the surface modification at each stage of
PFA-pSi biosensor development. Fig. S-4 (Supplementary Information)
shows the FTIR spectrum of PFA-pSi after 4-ABH electrografting, with a
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Fig. 9. a) A schematic showcasing pore blockage sensing mechanism for a PFA-pSi-based DNA sensor, and corresponding EIS spectra expected before and after
ssDNA hybridization. b) Calibration curves for target ssDNA using PFA-pSi biosensors prepared with complementary ssDNA capture probe (black), and controls

prepared with a random ssDNA sequence (red). Impedimetric measurements were performed in a 2 mM [Fe(CN)g

137~ solution. Data are shown as mean =+ standard

error, n = 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

characteristic N-H stretching vibration band around 3410 cm™!. The
presence of the hydrazide-phenyl group was confirmed by the band at
1500 cm ™}, representing the C-N mode. The carbonyl G=0 stretching
modes arising from the benzoic hydrazide were displayed in the region
of 1650 cm™! in agreement with previous reports 41,42. After glutar-
aldehyde cross-linking, a CHO band from the aldehyde group was
observed at 1700 ¢cm ™ [86]. Finally, the FTIR spectrum of the PFA-pSi
sample upon covalent immobilization of the ssDNA capture probe
showed a band around 1650 cm™! that corresponded to the stretching
vibration of the C=N of the imine group. The broad peak at approxi-
mately 3413 cm™! could be assigned to the N-H stretch of the amine
group from the NHj-modified ssDNA. Nonetheless, the imine peak
confirmed that DNA was successfully immobilized.

In addition to FTIR, electrochemical characterization via EIS was
performed to confirm the immobilization of the NHy-ssDNA capture
probe on PFA-pSi. EIS measurements were performed at each step of
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sensor modification in the presence of 2 mM [Fe(CN)6]3'/ 4 solution in
10 mM PBS buffer at pH 7.4. Fig. S-5 (Supplementary Information)
showed a significant increase in R after 4-ABH grafting on PFA-pSi,
with R values of 750 + 84 Q compared to 14.1 + 1.8 Q for the un-
modified PFA-pSi. The results also confirmed the successful immobili-
zation of the ssDNA capture probe after 4-ABH functionalization. The
increase of R¢ to 1077 + 70 Q was attributed to the electrostatic
repulsion between [Fe(CN)g]>”* species and the negatively charged
ssDNA.

For the biosensing step, impedimetric measurements were conducted
after incubating the sensor with target ssDNA over a wide range of
concentration from 0.1 to 1000 pM. The obtained spectra were fitted to
the equivalent Randles circuit (as shown in the inset of Fig. 7), and the
response to target sSDNA was evaluated from the variation of the Rt as
any interfacial changes occurring at the surface of the electrode strongly
affect this circuit element. Changes in the R.; measured before and after
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hybridization were normalized as follows:

ARcll = (Rcl° - Rcﬂ) /Rct° (3)
where AR is the normalized change in R, and R, and R are the Ret
values prior and after incubation in a target ssDNA solution at a given
concentration, respectively. We hypothesize that the change in R is
mainly due to the pore blockage caused by the hybridization event as
mentioned earlier leading to the hindrance of the diffusion of [Fe
(CN)e] 3-/4 added to the solution [87,88].

Along with the DNA sensor, controls were prepared by immobilizing
a random sequence of ssDNA instead of the capture probe. The ARy
values calculated for both DNA and control sensors were plotted against
the logarithmic concentration of target ssDNA as depicted in Fig. 9b. On
the one hand, AR values for sensors increased linearly with the con-
centration of target ssDNA. On the other hand, when comparing to the
values obtained from controls (p-value of 0.04), it was confirmed that
the difference between biosensors and controls was statistically signifi-
cant. This confirmed that the changes in R measured by the developed
DNA sensor could be assigned to the hybridization with the comple-
mentary target ssDNA. The limit of detection (LOD) was estimated using
the equation yrop. = Yplank + 3Shiank Where Ypink represents the
normalized R in buffer solution whereas Spjqnk is the standard deviation
of the replicates (n = 5) [89]. An LOD of 1.4 pM was obtained, under-
pinning the great potential of this sensing platform to detect tiny con-
centrations of DNA analytes, as it outperforms the results previously
reported by similar DNA sensing platforms based on electrochemically
measuring the pore blockage caused upon analyte hybridization
[90-93]. All those sensors used nanoporous alumina membranes to
build the biorecognition layer, in some cases including signal amplifi-
cation by enhancing the pore blockage through extending the DNA
target via a polymerase reaction [91], or using gold nanoparticles as
labels [93]. The dual role of PFA-pSi as biorecognition layer and
transducing element is hypothesised to be responsible of the sensitivity
enhancement achieved.

4. Conclusion

Successful fabrication and thorough characterization of a novel
electrochemical transducer built from in-situ carbonization of PFA on pSi
is reported. Using FESEM, EP and RIFTS the morphological features of
synthesized PFA-pSi were systematically studied. FTIR, Raman spec-
troscopy and XPS results showed the chemical composition of the carbon
film formed and the nature of pyrolytic carbon on the PFA-pSi surface.
For the first time, the electrochemical performance of PFA-pSi was
explored and compared to that of both carbon-stabilized pSi (i.e., THC-
pSi and TC-pSi), and SPCEs and GCEs. Results demonstrate the use of
PFA-pSi as a highly suitable electrochemical transducer, owing to its
remarkable stability over a potential window wider than that of THC-pSi
and TC-pSi, and its excellent electrochemical performance, underpinned
by faster electron transfer kinetics and large electroactive surface area.
One of the key features that distinguishes PFA-pSi from other conven-
tional electrodes is the combination of the advantages derived from the
use of pSi along with the polymerization and carbonization of FA infil-
trated within its structure to form a highly conductive carbon layer.
Moreover, pyrolyzed PFA has shown a higher Ip/I ratio compared to
that of graphite, being this ratio correlated with a higher electrical
conductivity. Therefore, PFA-pSi does not only provide a large surface
area-to-volume ratio, but also the possibility to easily adjust the elec-
troactive surface area by simply changing the pSi anodization conditions
and FA spin-coating parameters, adding value to the electrochemical
performance of PFA-pSi when compared to that of both SPCEs and GCEs.

Importantly, the electrochemical behavior of PFA-pSi was studied
using three redox species namely [Fe(CN)6]3’/ 4', Ru [(NH3)6]2+/ 3+ and
HQ, with results exhibiting better performance compared to GCE, results
that were further supported by PFA-pSi XPS characterization showing
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similar carbon functionalities. To demonstrate the potential of PFA-pSi
in biosensing applications, an impedimetric DNA sensor was devel-
oped showing a low LOD of 1.4 pM for a DNA analyte used as a model of
a 16SrRNA used to identify S. aureus, underlining the potential of this
new class of carbon-stabilized pSi nanostructures as efficient (bio)
sensing systems in future. Specially, we envisage the highest potential of
this platform to be in the development of biosensors based on the pore-
blockage sensing principle, harnessing other biorecognition elements in
addition to oligonucleotides for DNA/RNA sensing.
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