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Abstract

A ‘lawn-like’ distribution of interconnected zinc oxide nanorods, coated with a metal-
organic compound based on zeolitic imidazolate frameworks — ZIF-8 was prepared on
microstructured thin-film interdigitated Pt-electrodes forming ZnO@ZIF-8 core-shell
heterostructures and investigated as gas sensor material in relation to the identical, but
uncovered pure ZnO-layer. This composite combines the gas sensing properties of the metal
oxide ZnO with the specific properties of the metal organic framework material which result
in a distinct change of the conditions of gas sensing at the ZnO/ZIF-8-interface. Herein, for
the first time it is reported that as prepared ZnO@ZIF-8 composite material is an attractive
choice to reduce the cross-sensitivity to water vapour (humidity) in the gas sensing response
towards propene and ethene. The observed change of sensitivity in relation to uncovered
ZnO is discussed to be due to (i) the specific interaction of the ZIF-8 at the interface with the
ZnO taking influence on the gas reaction processes, (ii) the diffusivity of ZIF-8 for the
different gas components, and (iii) the sorption behaviour of the used gases at the ZnO
interface and inside the ZIF-8 material.
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1. Introduction

Metal oxide gas (MOG) sensors are known since the mid 1950s where ZnO was used for the
detection of hydrogen and other gaseous components, including CO,, propane, ethanol,
benzene and toluene [1, 2]. Starting with these basic investigations the gas/surface
interaction was understood as a catalytically driven (electro-)chemical reaction of the target
gases resulting in a change of the electronic states of the semiconducting oxide material,
which can be detected by conductivity measurements. According to generally accepted
theories the following chemical processes take place at the oxide surfaces [3, 4]. Oxygen
molecules from the air adsorb on the semiconductor surface and form an 0, .4, surface
state or, at higher temperatures, dissociate to two surface bound negatively charged surface
oxygen species 0,4, (Eq. 1). In both cases one or two electrons per oxygen molecule are
trapped in surface states and resulting in a surface-near electron depletion zone where the
electronic conductivity is highly reduced. Consequently, the overall conductance of the
porous metal oxide layer is low. Target gaseous species R(g), like CO or hydrocarbons from
the adjacent gas atmosphere may be adsorbed on the surface as well and sensitively react
with the charged surface oxygen states forming an oxidized gaseous species RO, which
subsequently desorbs from the oxide surface by injecting the electron(s) into the conduction
band of the semiconductor (Eq. 2). This results in an increase of conductivity in the space-
charge layer.

The effects of water vapour on the resistance of tin oxide layers are described in different
surface reaction mechanisms [5].0ne of the simpler possible ways is the direct reaction of
the ionosorbed oxygen (O'.4s) with the adsorbed water molecule which leads to the
formation of terminal hydroxyl groups while an electron is injected into the conduction
band of the semiconductor (Eq. 3) [6]. Hence, in difference to the reaction with R(g)
according to eq. 2, in all reaction mechanisms with water it is assumed, that the terminal
OH-groups keep adsorbed after reaction and, as a consequence, may block the reaction site
for further (O ,4s)-formation (eq. 1) in thermodynamic equilibrium with the local H,O partial
pressure at the interface. This means, both, the humidity in the adjacent atmosphere and
the water formed as a reaction product, if processes with hydrocarbons (RH) are involved
[3] (Eq. 4), enhance the conductance and give rise to general cross-sensitivity of this kind of
sensors.
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Since the first published papers demonstrating the application of metal oxide as sensor
materials huge efforts were taken to develop metal oxide-based gas sensor devices for
many fields of application. As an example, a first patent has been placed by N. Taguchi in
1970 (UK Patent 1280809), where metal oxide (MO) based interfaces heated to
temperatures between 300 °C and 450 °C were used as - albeit unspecific — sensor material
for detection of leaks of gases in homes. During the decades great progress in the
development of semiconducting metal oxide gas sensors has been reported not only in
terms of optimized sensor materials, sensitivity and selectivity [7, 8], but also with respect
to the integration of the sensor materials in technical environments including different
approaches for miniaturization [9], minimized heating power [10] and/or the setup of
sensor arrays [11]. Considerable improvement of gas analysis capability has been shown to
be possible by thermocyclic operation of those (one-chip) sensor arrays and numeric
analysis of the resulting conductance-over-time profiles [12, 13]. However, in spite of this
great progress, cross-sensitivity to humidity is still an unsolved problem. This motivated
another approach to increase the specificity of gas sensing by developing hybrid materials,
i.e. by combining classical gas-sensitive metal oxides with other materials, particularly
metal-organic frameworks (MOFs) [14, 15]. MOFs are a class of nanomaterials that have
recently attracted attention due to their potential interest in applications that range from
catalysis [16, 17], photovoltaics [18, 19], energy storage [20-22] to gas storage [23, 24] as
well as sensing [25, 26]. MOFs were introduced by O. Yaghi [27] and consist of two
components — (i) inorganic metal ions or metal ion-containing subunits and (ii) organic linker
molecules — which form highly porous, crystalline materials by self-assembling. The
geometrical, chemical and physical properties of the linker molecules can be used to tune
the properties of the MOF in terms of pore geometry (size, diameter, shape) or physical
properties (polarity, magnetic, electric, optical) for certain application [28]. MOFs can either
be produced as a pure bulk material or as a coating of particulate systems or substrates to
form hybrid materials. Hybrid materials of the category ‘semiconductor@MOF’ [15, 29-33]
use silicon dioxide or metal oxides as core material and are applied for gas
storage/separation and/or gas sensing. Recently, several research reports revealed the gas
sensing capability of nanostructures consisting of semiconducting metal oxide cores with a
MOF shell (MO@MOF) [25-28, 32] where the MOF functions as a selective gas filter or - in
the case of Co-doped MOF shells - as a catalytically active layer [31].

As already stated above, even being highly sensitive to very low concentrations of inorganic
gases and volatile organic compounds (VOCs), chemo-resistive semiconducting metal oxide
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gas sensors often suffer from their low specific gas discriminative capability and cross-
sensitivity to other gases particularly water vapour [34]. The latter aspect is particularly
relevant when the composition of combustion gases has to be analysed, where water
always is one of the main combustion products (see equation 3). Extensive studies have
been reported in this context to overcome those limitations [35], which deals with exploring
materials by functionalization of MOs with specific metals, decoration with catalysts, doping
with other metal oxides and developing composite materials [13].

Within the family of Zeolitic Imidazole frameworks (ZIFs), ZIF-8 is one of these candidates to
improve molecular discrimination by covering the metal oxide gas sensing layer. It is well
known for its efficient separation of molecular mixtures, high permeation fluxes, high
molecular separation factors [36] and the high stability against increased temperatures up
to 500 °C [37]. Several ways are published in literature, how surfaces can be coated with
MOFs ranging from the direct crystallization by immersing the substrate into a solution
containing both components (i. e. organic linker and the inorganic building block) or by a
layer-by-layer deposition (LBL) technique, where the substrate is subsequently exposed to
each component separately by a dipping, spraying or rinsing process during a defined
number of deposition cycles [36, 38, 39]. As an alternative the “self-sacrificial template
method” [40] has been introduced as a feasible strategy for fabricating MO@MOF core-shell
hetrostructures [40, 41] by immersing the MO in the solution of the linker. In this case the
metal oxide itself acts not only as the substrate, which has to be coated but also as the
source of metal ions by partial dissolution in suitable solvents. A MOF shell is formed by the
coordinative reaction between the organic linker molecules and the metal ions released by
the MO material. The challenge of this method is the control over the size and morphology
of the heterostructures by a careful optimisation of the reaction conditions.

Herein, we demonstrate the successful preparation of ‘lawn-like’ interconnected ZnO@ZIF-8
core-shell nanorods directly on platinum (Pt) thin-film inter-digital electrodes (IDEs) of a
specifically designed, self-heated gas sensor chip [13]. The ZnO@ZIF-8 nanorods are
prepared in a three-step process by applying the sacrificial template method. The gas
sensing properties of this hybrid material were tested with two model gases - propene and
ethene — whereupon particular attention was focused on the influence of relative humidity
(rH) on the sensitivity performance of the sensor. Furthermore, Grand Canonical Monte
Carlo (GCMC) simulations were carried out taking the experimental conditions into
consideration in order to explain the behaviour of ZnO@ZIF-8-based sensor towards
propene and ethene at different values of rH.



2. Material and methods
2.1 Preparation of sensor elements

The sensing element consists of a sensor chip with a nanostructured sensing material which
was deposited in-house. Gold or platinum thin-film interdigitated electrodes (IDEs) and a Pt-
heater structure were microstructured onto the top and bottom surfaces of the alumina
chips, respectively, by DC magnetron sputtering, followed by UV-lithography and plasma
etching. A micro-welding technique was used to contact the test structures of the sensor
and to mount the sensor chip on a TO-8 header with gold wires (diameter of 100 um). Fig.
1a shows exemplarily an image of a bonded sensor which was used for the present study. A
detailed description of the sensor fabrication process is given elsewhere.[42, 43]

2.2 Synthesis of ZnO nanorods

ZnO nanostructured gas sensitive thin films were deposited onto the afore prepared Pt-IDEs
via a two-step process: First a 10-nm seed layer of ZnO (Sigma Aldrich, Germany) was
deposited site-selectively onto the pre-cleaned IDEs by RF magnetron sputtering (Pfeiffer
Vacuum GmbH, Germany) at 100 W for 10 minutes. As it is a non-reactive sputtering
without oxygen, the seeded substrates were oxidised at 400°C for 60 minutes. Afterwards,
these substrates were directly used for hydrothermal growth [44] of ZnO nanorods. For this
procedure 297 mg of zinc nitrate hexahydrate (Zn(NOs),6H,0) and 70 mg of
hexamethylenetetramine (HMTA, both Sigma Aldrich, Germany) were solved in 20 ml of
distilled water each. Both solutions were mixed and stirred well. Then 1.2 ml of an aqueous
25 wt% NH40H solution was added to the mixed solution to stimulate the growth of ZnO
nanorods [44]. This solution was transferred to a Teflon lined stainless steel autoclave. In
the next step the IDEs with ZnO seeds were placed inside the Teflon veil, with the seeded
surface facing upwards. The autoclave was closed and heated to 100 °C for 24 hours. After
the hydrothermal growth, the samples were rinsed de-ionized water and finally sintered at
400 °C for 60 min to ensure the complete removal of HMTA. The procedure resulted in a
dense carpet-like layer of ZnO nanopillars (Fig. 2a and 2b).

2.3 Synthesis of ZnO@ZIF- 8 Core-shell hetrostructures

ZnO@ZIF-8 core-shell heterostructures were prepared by a sacrificial template assisted
method [30, 32, 45, 46]. The ZnO nanorods grown on Pt-IDEs were placed inside a Teflon-
lined stainless-steel autoclave containing 16 mL of a 0.48 mM solution of 2-methyl imidazole
(2-Melm, Sigma Aldrich, Germany) in a 1:4 volume mixture of H,O/dimethylformamide
(DMF). The autoclave was heated in an oven at 70° C for 24 h. After cooling to room
temperature, the samples were washed with methanol and dried at 100 °C for 2 h.



2.4 Material characterization methods

The morphological analysis of the surfaces was done by an environmental scanning electron
microscopy (ESEM, Field Emission Gun (FEI) Philips XL SERIES 30 ESEM-FEG (FEI Co.,
Eindhoven, The Netherlands), which was operated with an acceleration voltage of 10-20 kV.
For improving the electrical conductivity, all measured sample have been coated with a thin
layer (3-5 nm) of gold and platinum. The composition analysis was carried out by X-ray
photoelectron spectroscopy with Al K,-radiation (E,, = 1486.6eV). The measurements have
been carried out at room temperature in grazing emission geometry (theta=70°) using
electron analyser R4000 (Scienta, Sweden). X-ray diffraction (XRD) measurements in out-of-
plane geometry were carried out with a Bruker D8-Advance diffractometer using Cu Ky
radiation (A=0.154 nm). The measurements were carried out over a 28 range of 5-40°, with a
scan step of 0.05°%. The thermal stability of the samples was analysed using simultaneous
thermal analysis (STA).

2.5 Gas sensing studies

An automated standard gas sensor test setup [47] was used for the characterization and
comparison of the sensing layers consisting of non-coated ZnO nanopillars and ZnO
nanopillars coated with ZIF-8 sensing layers in terms of the response towards propene and
ethene at different concentrations in synthetic air under non-humid and humid (25%, 50%
and 75% rH) conditions. The corresponding sensor chips were mounted into the sensor
head, which is implemented in a sealed flow cell equipped with an inlet and an outlet for
well-defined gas supply [48]. A flow-through technique was used to admix a flux of synthetic
air with a flux of analyte gas for a defined period of time. Humidity was adjusted by
additional admixing of a well-defined flux of water saturated synthetic air (T=21° C) with
corresponding fluxes of analyte and dry synthetic air to adjust pre-defined compositions
according to the analyte exposure sequence over time shown in Fig. 3b. All sensitivity
experiments were conducted under a constant chip-temperature at 350 C. Before starting
the real gas exposure experiments, the test structures were aged for one week in ambient
air and for another week at constant synthetic air flow.

3. Results
3.1 Growth of ZnO@ZIF-8 core shell structures

Fig. 1a-d shows the preparation principle of ZnO@ZIF-8. The growth process of the ZIF-8
shell around the ZnO nanorods by sacrificial template approach is a two-step process (see
Fig. 1e): (1) partial dissolution of Zn** ions and (2) coordination of the imidazolium anions (2-
Melm’) with Zn?" cations to form ZIF-8 crystals [30, 32, 45, 46]. In such a process, precursor
composition together with reaction conditions play a vital role in the formation of desired
core-shell heterostructures with a functional MO core, covered uniformly by a MOF shell.
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The Zn* ions are provided by the ZnO of the nanopillars and are tetrahedrally coordinated
by four nitrogen atoms of four different 2-Melm molecules. The shown crystal structure of
ZIF-8 is taken from the work of Fujie et al. [49].

RF sputtering Hydrothermal Sacrificial
of ZnO seeds / synthesis ZIF-8 growth
AT (400 °C)

Figure 1: Schematic representation of the intermediate steps of ZnO@ZIF-8 preparation: (a) Scheme of an IDE
thin-film electrode on an alumina-chip and photograph of the chip mounted in a TO8-header, (b) IDE coated
with ZnO seeds after RF sputtering and temperature treatment under oxidizing conditions at 400 °C for 60 min,
(c) ZnO nanopillars after hydrothermal growth, and (d) ZnO core nanopillars after sacrificial deposition of ZIF-8
shell; (e) schematic representation of the principle of sacrificial deposition of ZIF-8 shell on ZnO nanopillars. .
The ZIF-8 crystal structure shown in (e) is taken from the work of Fujie et al. [49].

The partial dissolution of ZnO nanorods to provide the Zn** ions depends on the ratio of the
mixed solvents, water (H,0)/DMF [32, 46]. Detailed investigations of the role of
solvents/reaction conditions with respect to the morphology of ZIF-8 grown on ZnO have
been done by several groups [30, 32, 45, 46]. Since the dissolution rate of ZnO is very fast in
H,0 and slow in DMF [32], for high H,O:DMF volume ratios, the dissolution rate of the ZnO
nanorods is significantly higher than the crystallization rate of ZIF-8, which leads to an
enhanced consumption of ZnO nanorods and an inhomogeneous deposition of ZIF-8 crystals
along the longitudinal axis of the ZnO nanopillars. Decreasing the volume ratio H,O:DMF
retards the dissolution rate of the ZnO nanorods. Therefore, in order to avoid too fast ZnO
nanorod dissolution as efficiently as possible on the one hand - which is very important for
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the current work as it is the active sensing material — and to maximize the crystallization
rate for ZIF-8 on the other hand, a H,O0:DMF volume ratio of 1:4 has been chosen after
several trials. Besides the H,O:DMF ratio an optimized linker (2-methyl imidazole, 2-Melm)
concentration is a crucial factor for the formation of the core—shell structure and for
controlling the grain size of ZIF-8 crystallites of the shell [30, 32, 45, 46]. Lower
concentrations of the linker in the precursor solution result in larger ZIF-8 particles
inhomogeneously deposited on the ZnO interface of the nanorods, whereas, a gradual
increase of 2-Melm concentration leads to a decrease in the grain size of individual ZIF-8
crystallites resulting in a homogeneous coating of ZIF-8 around the ZnO nanorods.

It has been observed, that the growth process of ZnO@ZIF-8 starts with a heterogeneous
nucleation process which takes place at the ZnO interface, followed by a diffusion-
controlled growth process as soon as the interface of the ZnO is covered by the ZIF-8. The
latter one is characterized by a growth which may take place on the ZnO/ZIF-8 interface as
well as on the ZIF-8/linker solution interface, as both MOF components, the linker molecules
and the Zn** ions, may diffuse through the pores of the ZIF-8 MOF in opposite directions [30,
32, 46].
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Figure 2: Scanning electron microscope images of ZnO nanopillars grown on an IDE in cross-sectional (a) and

top (b) view. (c) Cross-sectional view of a ZnO@ZIF-8 core-shell structured gas sensing layer and (d)

representative top view image of ZnO nanopillars coated with ZIF-8. The arrows mark the bright cone-shaped

ZnO core coated by ZIF-8, depicted as a darker shell.

Surface morphology, elementary composition and thermal stability of the ZnO@ZIF-8-based
gas sensor materials were analysed using XRD, XPS and STA, respectively and are presented
in the Supporting Information (Figs. S1-S3). The SEM images (cross-sectional and top view)
of the ZnO nanopillars and ZnO@ZIF-8 are shown in Fig. 2. Figs. 2a and b show a uniform



‘lawn-like” distribution of the ZnO nanopillars forming a 3D network, inter-connecting the
IDEs of the gas sensor element via inter-grown ZnO structures at the bottom forming the
ZnO/IDE interface. The contact regions formed by those inter-connected nanorods enable
the electrical conductivity of the sensor device and the effective resistance changes
occurring by gas exposure on the ZnO interface [29]. Fig. 2(c) indicates that after the MOF
deposition process the surface of the ZnO nanopillars is coated with ZIF-8. It can be
observed that the initial inter-grown architecture is retained without much change in the
rod dimensions apart from a coating of ZIF-8 layer. In Fig. 2d the ZnO core is shown as a
bright cone which is uniformly coated by ZIF-8 which is depicted as darker shell.

3.2 Gas sensing experiments with model gases propene and ethene

Before the sensor behaviour was investigated in the presence of sample gases, the
conductance of the sensor exposed with synthetic air at different rH was investigated. Fig.
3a shows the conductance of the identical sensor before (black curve) and after (red curve)
the coating with ZIF-8 at 0%, 25%, 50% and 75% rH. The conductance increases with
increasing humidity in both cases, whereas the effect is more pronounced for the ZnO@ZIF-
8-based material.

However, the corresponding sensitivities S (see Fig. 4) which represent the relative
conductance changes related to the conductance at dry air as calculated according to Eq. 5,
are nearly equal for both materials, because the base line (conductance at dry air) is
increased by about an order of magnitude when the ZnO nanorods are covered by ZIF-8.

Ggas—G i
_ Ygas—bYdryair
§ = e —dvar (5)
dry air

All gas sensing experiments are operated at about 350 C at different values of rH with an
analyte gas exposure sequence as shown in Fig. 3b. The gas sensing responses of the pure
ZnO and the ZnO@ZIF-8 gas sensor towards propene and ethene under non-humid and
humid conditions are shown in Figs. 3c and 3d. The horizontal dotted lines show that the
sensor conductance one hour after the exposure to the humidified target gases (rH = 25%,
50% at 250 ppm) shows equal values compared to the case, when the target gas (250 ppm)
was applied to the sensor in a first step and then humidity was increased to 25%, 50% and
75% in a second step. This confirms the high reproducibility of the conductance data even at
different histories of gas exposure conditions. Fig. 4 summarizes the differences in
sensitivities (Eq. 5) based on the data shown in Figs. 3a, 3c and 3d.



107+

10

Conductance (S)

10°F

—Zn0

— ZnO@ZIF-8

1,0x10*

3
Time (h)

(b)

8,010
6,0x10 -

4,0x10™ 4

Conductance (S)

2,0x10™ 4

0,0 1

Propene

0 2

8 10

Time (h)

Synth. air 75% 75%
= rH
Propen (250 ppm)
= Ethen (250 ppm)
50% 50% 50%j 50%,
25% 25% 25%j 25%
H L
T T T T ¥ T T T
0 4 8 12 16
Time (h)
2,5x107 4 ZnO@ZIF-8
o 2,0x1074
I}
c
£ 1,5x107
=
°
S 1,0x1074
&)
5,0x107
0,0 ~
Propene
T T T T —rr r 1t 1
0 2 4 6 8 10 12 14 16 18
Time (h)

Figure 3: Conductance behaviour of a ZnO-based sensor before (black) and after (red) coating with

ZIF-8. (a) Exposure of synthetic air at different rH values (0%, 25%, 50% and 75%) (b) Procedure of

target gas (propene, ethene, 250 ppm each in synthetic air) exposures at different rH, adjusted by
the admixture of water vapour saturated synthetic air (T=21°C). Sensing responses of a ZnO-based
sensor (c) before and (d) after coating with ZIF-8, respectively, according to the gas exposure

procedure as shown in (b). The arrows labeled with coloured symbols and numbers mark those data

points for which the sensitivities are calculated according to Eq. 5 and plotted as function of rH in

Fig. 4.
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Figure 4: Sensitivity values to propene and ethene at 250 ppm, respectively, calculated according to
Eg. 5 at those data points marked in Figs. 3a, 3c and 3d as a function of relative humidity. The
numbers on top correspond to the numbers indicated in Fig. 3a, 3c and 3d. The conductance
correlated to the corresponding air/sample gas mixture is generally recorded one hour after the
change of gas composition without awaiting a stable signal state, i.e. the data shown in Fig. 4 reflect
sensitivity trends.

In addition, Grand Canonical Monte Carlo (GCMC) calculations were carried out to simulate
the adsorption of the different gaseous components (propene, ethene, oxygen, nitrogen,
and water). The adsorption values of the different gases at the different experimental
scenarios are summarized in Fig. S3. For details concerning the parameters and assumptions
for the GCMC method see the experimental part of the supporting data.

4. Discussion

From Figs. 3c, 3d and 4 the following observations can be summarized: (i) For ZnO and
ZnO@ZIF-8-based sensor types the conductance increased with propene or ethene gas
exposure, reflecting typical n-type semiconductor behaviour [50] and a complete response
recovery for both gases is observed. (ii) For both sensor materials a significantly higher
sensitivity toward propene compared to that of ethene is measured (Fig.4). (iii) The
conductance of the ZnO@ZIF-8-based sensing layer was measured to be generally higher
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compared to the pure ZnO-layer (Fig. 3a, 3c and 3d). (iv) In the case of ZnO-based sensors
(Fig. 3c) for both gases a stepwise increase in conductance due to a stepwise increase of rH
from 25% to 75% is observed. This is in clear difference to the behaviour of the ZnO@ZIF-8-
based gas sensor (Fig. 3d): Although for propene and ethene an increase of conductance can
be observed after the initial step from rH=0% to rH=25%, no enhanced response to further
rH increase is observed after some quick relaxation of the signal following the step of rH-
change (Fig. 3d).

While several of the before mentioned observations such as the increase of the
conductance of the gas sensitive material with increasing humidity or with target gas can be
explained by Eqgs. 1-4 in coincidence with the established theory of n-type gas sensors [51],
the observation of no further change in sensitivity in the case of ZnO@ZIF-8-based sensor
material when going from 25% rH to 50% rH or 75% rH (Fig. 3d) reflects an unexpected
behaviour.

4.1 Sensitivity to propene and ethene

According to Fig. 4 both, ZnO- and ZnO@ZIF-8-based sensor materials exhibit a higher
sensitivity towards propene than to ethene. One qualitative explanation for generally higher
sensitivity to propene might be based on the assumption that a complete oxidation of the
target gases at the ZnO/ZIF-8-interface takes place according to Egs. 6 and 7. However, six
oxygen atoms are consumed for one ethene molecule, while for propene molecule nine
oxygen atoms are required, leading to the insertion of six, respectively nine electrons into
the conduction band of ZnO and therefore the related conductance change is different. In
this first approach of an explanation it is assumed that reactions (6) and (7) proceed with
similar kinetics, i.e. the resulting O7,4s surface fractional coverage which is given by the
balance of reactions (1) and (2) and estimates the mobile electron concentration in the
surface near the depletion layer of the ZnO is mainly estimated by the different numbers of
electrons transferred per target molecule.

CzH4+60__)2602+2H20+6e_ (6)

CsHs+9-0">3-C0,+3-H,0+9 ¢~ (7)

4.2 Influence of humidity

The particular phenomenon introduced in chapter 3 that an increase of humidity beyond
25% rH has no further influence on the conductance of the ZnO@ZIF-8-based material on
target gases like propene and ethene, is now interpreted in several steps. First, the influence
of (i) the sacrificially deposited ZIF-8 on ZnO and (ii) the humidity in the absence of sample
gases on the conductance behaviour of the sensor is discussed. Fig. 3a shows the
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conductance of the identical layer before (i.e. with pure ZnO, black line) and after the
sacrificial deposition of ZIF-8 (i.e. with ZnO@ZIF-8, red line) in dependence on four different
rH values (0%, 25%, 50%, 75%). After deposition of ZIF-8 the baseline conductance increased
from 2.9-10°S to 1.4-10™ S by a factor of about five. As this experiment was carried out with
one and the same sensor chip before and after ZIF-8 coating and ZIF-8 itself was found to be

a very good electrical insulator [52, 53],

When increasing rH to 25 % a significant increase in conductance can be observed for
uncoated and coated ZnO (Fig. 3a). In case of uncoated ZnO the conductance increases by a
factor of 7 from 2.9:10° S (baseline) to 2.1-:10™* S (peak conductance after rH increase) or by
a factor of 3 when the conductance of 8.6 S 1 h after rH increase and signal relaxation is
taken into consideration. Correspondingly, for ZnO@ZIF-8 the conductance increases also by
a factor of 7 from 1.4-10” S (baseline) to 1.0-10> S (peak conductance after rH increase).
And again, when taking into account the conductance value of 4.7-10% S 1 h after rH
increase to 25% and signal relaxation, the increase factor of conductance for Zn@ZIF-8 is 3.
This increase of conductance with increasing humidity is well-known from literature and is
explained by different surface processes [5] where water interacts with the oxygen
adsorbed on the metal oxide surface by forming hydroxyl groups. By this mechanism the
electron which was trapped as a surface O',4-state is transferred to the ZnO conduction
band (Eq. 3). The sharp signal peak formation after humidity change especially when going
from 0% rH to 25% rH indicates a quick surface process and a slower process of surface state
formation and can less be explained by an assumed instability of gas exchange in the sensor
cell.

4.3 Influence of humidity on the sensitivity to sample gas components

When increasing rH from 0% to 25 % after exposition of the target gases (250 ppm )
propene and ethene, respectively, a significant increase in conductance only for ethene can
be observed for both the uncoated and the coated ZnO (Figs. 3c and 3d), not for propene.
Surprisingly and in disagreement with the observations to exposure with ethene, the
conductance increase after exposition of 250 ppm propene is not observed when rH is set
from 0% to 25% in the case of ZnO-based material (Fig. 3c). After a quick response, the
conductance relaxes to approximately the same value which was reached at the step before
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with the same propene concentration but 0% rH. This indicates, that at low water vapour
partial pressure after signal relaxation there are no further electrons inserted into the ZnO
conduction band compared with the relaxed situation at rH=0%.

Looking to ZnO@ZIF-8 the absolute increase of conductance when going from 0% rH to 25%
rH is significantly higher at both target gases (250 ppm) compared to that of ZnO (Figs. 3c
and 3d). And, in case of ethene exposure, the relative increase of conductance is not so
much different for both materials (Fig. 4) showing that the coating with ZIF-8 results mainly
in an offset by more than an order of magnitude related to the conductance values obtained
with ZnO without MOF coating. These observations, however, mean that ZIF-8 does not
significantly hinder water diffusion to the ZnO/ZIF-8-interface, although ZIF-8 is known as a
hydrophobic material [57]. We have to take into consideration that the permeation of any
gas through a membrane includes three steps: (1) the sorption of the gas at the solid
interface, (2) the diffusion of the gas inside or through the pores of the membrane material
and (3) the desorption from the opposite membrane surface to the gas phase [58]. The
Grand Canonical Monte Carlo (GCMC) method was used in this work to simulate the
adsorption of the different gases involved in the sensor experiments including O,, N, H,0,
propene and ethene as a function of humidity (Fig. S3). According to the results it is obvious
that the uptake of water in ZIF-8 (i.e. less than 0.09 cm® H,O/cm® ZIF-8) is negligible
compared to the uptake of the other gases. This is in agreement with results from Zhang et
al. [59] where single-component adsorption isotherms for water and ethanol in ZIF-8 were
determined. However, when comparing the corrected diffusivity for water at 40 °C (1.8 X10°
7 [59]) with the corrected diffusivities for the other gases such as propene (3.6+1.6X10”
[60]) or ethene (1.620.3 X 10 [60]) at 35 °C it can be concluded that the diffusivity for water
is comparable or even higher than those for the organic gases used in our work. This finding
is supported by the work of Han et al. that mentions point defects in the ZIF-8 framework as
origin of this increased diffusivity for water despite the hydrophobic character of the MOF
material, particularly the hydrophobic character of the imidazole linker molecules. They
used molecular simulations by introducing a force field which implements point defects in
the ZIF-8 structure and determined a value for the self-diffusion coefficients D for water
of 2.5:10”° cm?s™ [61]. The D value of water experimentally determined by Zhang et al. is
1.0:10° cm?®s™ [59] and is in good agreement with the theory values. Compared to
simulated D.es values for ethene (Dseis = 4-107 cm?s? [62]) or propene (Dsqis = 210 cm?s?
[62]) the self-diffusion coefficient of water is significantly higher than those of the alkenes
which is qualitatively in agreement with the findings for the corrected diffusivities
mentioned above.

As already mentioned above, in the case of ZnO-based material there is a clear increase of
the conductivity with relative humidity at values beyond rH=25% (Fig. 3c), while for the
ZnO@ZIF-8-based sensitive layer a conductivity increase is only observable when going from
0% to 25% rH. This behaviour of the ZnO@ZIF-8 gas sensitive layer in the presence of sample
gases propene and ethene (Fig. 3d) is different compared to the case, when no sample gases
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are present (Fig. 3a), where a clear increase of conductance was observed with each step of
humidity increase. In this context the GCMC results (Fig. S3) of the sample gases can help to
understand this behaviour. As mentioned above water shows a high self-diffusion
coefficient for the ZIF-8 framework. However, this diffusion could be significantly hindered,
when other gases are present, which show a strong adsorption to ZIF-8 framework. Figs. S3a
and S3b show that the calculated adsorption of the sample gases propene (26 cm® per cm®
ZIF-8) and ethene (2.6 cm? per cm? ZIF-8) are significantly higher than that of water and that
the adsorption of propene is about ten times higher than that of ethene. When looking at
the values for experimentally determined permeabilities for both gases the values vary
between 994 Barrer (measured at 23 °C) [63] and 1270 Barrer (measured at 23 °C) [64] for
ethene and 201 Barrer [65] and 390 Barrer (both measured at 35 °C) [62] for propene. Here
the permeability of ethene is up to a factor of 6 higher than that of propene. Due to the fact
that the sorption of ethene is just 10% of that of propene this means that for ethene the
permeability is dominated by diffusion.

With the arguments mentioned so far, we now can conclude: (i) By coating with ZIF-8 the
conductance of the ZnO-layer is enhanced by about a factor of 4 (Fig. 3a) at synthetic air
conditions (base line

explain the ‘observedconduictance lincrease. (i) The initial increase of the sensor

conductance when dosing the corresponding sample gas at rH=0% (Figs. 3c and 3d) is
interpreted to be observed due to the further decrease of O ,4s adsorption sites in general
accordance with the gas sensing behaviour of n-type metal oxide materials in accordance
with eq. 2. In addition, when comparing the absolute values of conductance of ZnO and
ZnO@ZIF-8 based material after exposition of the target gas as shown in Figs. 3c and 3d,
respectively, in the latter case we find values which are up to 30 times higher than those for

N
>

according to Eq. 3 in full agreement with the data (compare Fig. 3c with Fig. 3d). (ii)) When

increasing the rH to 25%, in case of ZnO after relaxation there is no conductance increase
measured at propene and only a slight increase observed at ethene exposure. But,
surprisingly, the corresponding conductance change of the ZnO@ZIF-8-layer is much higher



(Fig. 3b,c and Fig. 4). Further increase of rH to 50% and 75% induces further stepwise
increase of conductance at ZnO but leads to a conductance saturation effect in case of
ZnO@ZIF-8, i.e. the sensitivity to water vapour is limited at the ZIF-8 coated ZnO-layer. In a
first attempt of interpretation the enhanced sensitivity of the ZnO/ZIF-8—interface to rH at
the step from 0% rH to 25% rH may be due to the above mentioned hindering of desorption
of the water molecules which leads to enhanced formation of OH,q4s surface states related to

the corresponding conductance increase (Eq. 3). _

of Water molecules with the ‘atmosphere by the ZIF-8 coatingi In contrast to ZnO@ZIF-8-

based material, pure ZnO (Figs. S3c and S3d) shows a significant dependence on humidity.
According to the GCMC calculations (Figs. S3c and S3d), the adsorption of water is
significantly higher by a factor of about 5x10° compared to that of propene or ethene. From
that we can conclude that the conductivity is particularly influenced by the dynamic
equilibrium of adsorption and desorption of the H,O molecules coming from the
surrounding atmosphere while the influence of water produced by the surface reaction of
the sample gases plays only a minor role.

5. Conclusion

ZnO@ZIF-8 core-shell heterostructures have been fabricated on thin-film Pt-interdigitated
electrodes (IDEs), following a self-sacrificial template assisted synthesis. The gas sensing
behaviour towards propene and ethene has been studied under non-humid and humid
atmosphere conditions. The structural and morphological analysis supported the formation
of core-shell heterostructures with a functional ZnO core and a porous ZIF-8 shell and good
material stability under the given experimental conditions. Gas sensing tests yielded an
increased sensitivity towards propene compared to that of ethene, a general increase of
conductance after deposition of ZIF-8 and a typical sensitivity of both, the ZnO- and the
ZnO@ZIF-8 layer to water vapour when exposed to synthetic air. However, at exposure to
the target gases the conductance of the ZnO@ZIF-8-layer increased with increase of the
relative humidity to 25%, while a further increase of rH does affect neither the conductivity
nor the sensitivity of the sensor. An explanation approach for this unexpected behaviour is
based (i) on comparable gas sensitivity experiments to propene and ethene at various
relative humidities of the identical ZnO-layer uncoated and after coating with ZIF-8 and (ii)
on comparative calculations of the adsorption properties of all included gas components in
the ZIF-8 pores and on the ZnO surface by Grand Canonical Monte Carlo simulations
assuming the experimental conditions. The experimental results have been interpreted by
assuming that the gas sensitivity of the ZnO@ZIF-8 layer is given by gas reaction processes
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at the interface between ZnO and ZIF-8. In this context it is an interesting and important
result that in spite of the insulating properties of ZIF-8 there is a clear increase of
conductivity of the ZnO@ZIF-8 layer. This was interpreted by the coating process induced
reduction of the density of surface reaction sites, which limits the formation of O ,4s.and
OH,g4s states and takes corresponding influence on the conductivity behavior.

The fact that the sensitivity of a metal oxide based sensor is independent of relative
humidity after exceeding 25% rH threshold (21°C), is highly relevant from an application
point of view having in mind, that the cross-sensitivity to humidity is one of the most
problematic and challenging properties of those types of metal oxide gas sensors.

Overall, the results of this work are promising in terms of developing metal oxide based gas
sensors which are not only stable against water vapour and high operation temperatures up
to 400°C but which also show a significantly reduced dependence of the sensor
performance on relative humidity. A future challenge will be the improvement of the
sensors in terms of response time which can be realized e.g. by optimizing the thickness of
the ZIF-8 layer and the investigation of sensitivity behaviour in case of multi-component gas
mixtures.
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1. Characterization of ZnO- and ZnO@ZIF-8-based sensor material by XRD

X-ray diffraction (XRD) measurements in out-of-plane geometry were carried out with a
Bruker D8-Advance diffractometer using Cu K,; radiation (A=0.154 nm). For additional
prove of the co-existence of the ZnO and the crystalline ZIF-8 phase in case of ZnO@ZIF-8
XRD was carried out with pure ZnO nanopillars (black curve in Figure S1a) and with ZnO
pillars coated with ZIF-8 (blue curve in Figure Sl1a). The red curve in Figure Sla represents
the simulated XRD pattern of ZIF-8. The strong reflexes of ZnO can also be detected in the
case of ZnO@ZIF-8. The reflexes of the simulated ZIF-8 XRD pattern are in agreement with
those of ZnO@ZIF-8 [1]. XRD investigation after the sensing experiment with different gases
and humidity values show no change in the diffractogram (Fig. S1b).
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Figure S1: (a) shows the XRD patterns of ZnO nanostructures grown on IDE (black);
simulated XRD pattern of ZIF-8 (red) and ZnO@ZIF-8 gas sensors (blue); (b) shows the
XRD pattern of ZnO@ZIF-8 after the measurement with probe gases.



2. Characterization of ZnO- and ZnO@ZIF-8-based sensor material by XPS

XPS analyses further substantiate the partial conversion of ZnO to ZnO@ZIF-8 composite
material. The high resolution XPS 2p spectrum of Zn shows two characteristic peaks at
1045.85 eV and 1022.75 eV (Fig. S1a) which can be assigned to the 2p1» and 2ps, binding
energies of Zn?* [2, 3]. In addition, the binding energies of N 1s (Fig. S1b) and C 1s peaks
(Fig. Slc) are observed at 398.5 eV, and 285.5 eV, respectively, which are characteristic for
the imidazole linker [4, 5].

XPS analyses further substantiate the partial conversion of ZnO to ZnO@ZIF-8 composite
material. Here we show the corresponding XP spectra, which were resolved on C 1s (Fig.
S2a), N 1s (Fig. S2b) and Zn 2p (Fig. S2c) binding energy regions.
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Figure S2: (a) C 1s, (b) N 1s and (c) Zn 2p XPS data of the ZnO@ZIF-8 based sensor
material.

Before measurement, the sample was vacuum dried overnight. The spectra were recorded
under grazing emission (0=70°) with Al K, radiation at room temperature. The binding
energies of all elemental components were calibrated on the main carbon line at 284.8 eV.
According to literature this peak can be associated to the carbon atoms of the pentagonal ring
from imidazolate units, which all exhibit sp?>-character [6]. The shoulder around 288.5 eV
could be related to the presence of carbonate or carboxylate terminations, which may decorate
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the surface of the ZIF-8 framework [7, 8]. In compatibility to literature the N 1s peak was
identified at 397.7 eV and characterizes both of the N-heteroatoms in the 2-
methylimidlazolate linker [9, 10]. It is worth to mention, that the satellite feature around the
position of 394.1 eV does not belong to the MOF compound itself. Instead, it is attributed to
an unwanted molybdenum (Mo 2ps/,) contaminant that was unfortunately measured along the
sample carrier. This is confirmed by the spectrum of the full range survey. Finally, the high
resolution XPS 2p spectrum of Zn shows peaks at 1044.8 eV and 1021.8 eV which can be
assigned to Zn 2p1, and Zn 2ps, core levels indicating +2 oxidation states on surface Zn ions
[5, 11].



3. Characterization of ZnO- and ZnO@ZIF-8-based sensor material by
simultaneous thermal analysis
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Figure S3: (a) STA analysis (TG = black curve; DSC = blue curve) of ZIF-8 membrane grown on a
a-Al,0; membrane. The red dashed line marks the operation temperature of the sensor at 350 °C. (b)
MS curve of evolved CO, (m/z = 44).

The thermal stability of a ZIF-8 membrane grown on a a-Al,0; membrane was investigated

with simultaneous thermal analysis (STA). STA measurements were performed on a STA 449

C Jupiter  (Netzsch-Geratebau GmbH, Selb, Germany) equipped with a

thermogravimetry/differential scanning calorimetry (TG/DSC) sample holder. The STA is

connected to a quadrupole mass spectrometer (MS) 403 C Aéolos (InProcess Instruments
5



(IPI)/NETZSCH-Geratebau GmbH, Selb, Germany) by a heated quartz glass capillary (T =
230°C). Samples were heated at 10 K/min from 35 to 590 °C in streaming dry air (79 mass-%
N / 21 mass-% Oy; SynA; 50 mL min™ and 20 mL min™* N ). Aluminum crucibles (diameter
5 mm and height 3 mm) with a punched lid were filled with approximately 30 mg of material.
An empty Aluminum crucible with lid served as inert reference sample.

The DSC showed two exothermal peaks at 459 °C and 550 °C (Fig. S3a). Both are associated
with a mass loss in the TG curve (Fig. S3a) and with the release of CO, (m/z = 44; Fig. S3b)
and H,O (data not shown). The mass loss was 0.44% and 0.45% in range between 350 °C and
590 °C. The mass loss and the release of CO, and H,O can be attributed to the decomposition
of the ZIF-8 membrane. The low absolute mass loss of 0.44% and 0.45% is due to the small
amount of ZIF-8 MOF material compared to the overall mass of the sensor chip. The
operation temperature of the sensor at 350 °C is far below the critical degradation temperature
(459 °C) of ZIF-8 (red dashed line in Fig. S3a and S3b).



4. Grand Canonical Monte Carlo (GCMC) method for calculating adsorption
isotherms

To mimic the experimental composition of the mixtures, the total pressure of the propene/air
and ethene/air gas mixtures were set to 1 bar. The mole fractions of propene and ethene were
set to 5% and the oxygen mole fraction to 21%, according to the natural O, mole fraction in
air. The mole fraction of water varied according to the rH conditions considered in the
experiments, that is, 25%, 50% and 75%. The remainder if the mixture was set to be N, to
create a mixture with a total pressure of 1 bar. Simulations for adsorption on the surface of
ZnO were conducted at a sensor operating temperature of 350 °C and the amount of the
adsorbed gas was determined as volume per cm? ZnO at standard temperature and pressure
(STP) conditions. For ZIF-8 simulations the temperature of the inlet gas (25 °C) was assumed,
since the thermal conductivity of MOF materials is known to be very poor and the adsorbed
amount of gas is given by the volume of the gas under STP conditions per cm® of ZIF-8 [12].

Grand canonical Monte Carlo (GCMC) method was used to simulate the adsorption of the
propene-air and ethene-air mixtures in ZIF-8 and on ZnO surface. To mimic the experimental
composition of the mixtures, the molar fraction of propene and ethene was set at 5% and the
oxygen molar fraction at 21%. Water mol fraction varied with %rH value and the balance was
nitrogen. The total pressure of both gas mixtures was set to 1 bar. Simulations for adsorption
on the surface of ZnO were conducted at the sensor operating temperature (350 °C); whereas,
in ZIF-8 simulations were conducted at the temperature of the inlet gas (25 °C) since thermal
conductivity of MOF materials are known to be very poor [12]. All simulations were carried
out with the RASPA [13] molecular simulation software. The ZIF-8 atoms were kept fixed at
their experimentally determined crystallographic positions [14] and the ZIF-8 unit cell was
replicated by 2 x 2 x 2 for the GCMC simulations. For ZIF-8 atoms force field parameters
were taken from the work of Krokidas et al. [15]. Similarly, ZnO atoms were kept fixed at
their experimentally determined crystallographic positions [16] after creating a non-polar
surface (1010) on a slab with dimensions 22 x 31 x 38 A in the x, y and z directions,
respectively (Fig. S2). In order to avoid the artificial electrostatic interactions between the two
ZnO surfaces, a vacuum space which is equal to 3 times of the thickness of the ZnO slab was
added along the x direction, that is, perpendicular to the surfaces. Force field parameters for
the ZnO structure were taken from the work of Nawrocki et al. [17]. N,, O, ethene and
propene molecules were modelled with the TraPPE-UA (Transferable Potentials for Phase
Equilibria — United Atom) [18] force field and the TIP4P [19] model was used for water.
Periodic boundary conditions were applied in all three dimensions and the cut-off distance
was set to 14 A. Ewald summation was used to compute coulombic interactions and short
range interactions were handled with the Lennard Jones potential while using the Lorentz-
Berthelot mixing rule to determine interaction parameters between alike atoms. Each
simulation was equilibrated for 1 million cycles followed by a 1 million cycle production run.
One cycle is equal to N steps, where N is the number of molecules present in the system.
Translation, rotation, insertion and deletion moves were sampled with equal probability for
water, oxygen, nitrogen and ethene or propene molecules.



Figure S2. Zinc oxide (1010) slab. The total simulation box dimensions are 88 x 31 x 38 A in

the X, y and z directions, respectively.
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Figure S3: Simulated adsorption (i) of a propene/air (a) and an ethene/air (b) mixture in a
ZIF-8 MOF and (ii) of a propene/air (c) and an ethene/air (d) mixture on a ZnO surface as
function of rH. Due to the low adsorption of nitrogen, oxygen and target gas in the case of
ZnO, the corresponding data are given in an expanded scale (inset of images (c) and (d)).
Simulations in ZIF-8 were conducted at the gas temperature (25 °C) whereas for ZnO the
sensor operating temperature (350°C) was taken into account.
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