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Chemiresistive Polymer Percolation Network Gas Sensor

Created with a Nanosphere Template
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Liren Wang, and Martin R. Castell*

The sensitivity and limits of detection (LOD) of chemiresistive gas sensors
can often be improved by increasing the surface area of the sensing material
that interacts with the analyte. This process is referred to as nanostructuring.
Nanostructured polypyrrole (PPy) chemiresistive sensors for ammonia
detection were created with the aid of a nanosphere template. Polystyrene
nanospheres are deposited to form a template between interdigitated
electrodes, and chronoamperometry is then used to grow PPy between the
electrodes within the gaps of the nanospheres. The PPy growth is controlled
to create electrical percolation networks. After removal of the nanospheres
by dissolving them, the percolation behavior and sensing response of the
nanostructured PPy sensors are investigated. The nanostructured percolation
sensors show higher sensitivity and lower LOD to ammonia than percolation

different gas sensing devices including
chemiresistors,® transistors,”” and optical
sensors.' Furthermore, molecular semi-
conductor-doped insulator heterojunc-
tions based on small molecules have been
designed to achieve stable gas detection.!"!
Among various materials and device con-
figurations, CP-based chemiresistors are
regarded as one of the simplest methods
of gas sensing.’¥l CPs are deposited as a
sensing layer during device fabrication,
and interactions between the CPs and the
analyte gas molecules cause changes in
the electrical conductivity of the sensing
layer that can be easily monitored.

networks prepared without nanosphere templates. An optimal nano-
structured ammonia percolation sensor with a chemiresistive sensitivity of

2.59 + 0.20% ppm~' and a LOD of 71 £ 6 ppb is obtained.

1. Introduction

Organic semiconductors have attracted broad academic and
industrial interest owing to their flexibility, lightweight, ease of
processing, and tunable properties.l! They have great potential
for use in a wide range of applications, such as for light emis-
sion, as transistors,?l as solar cells, in electrochromism,® as
supercapacitors,l®l and as sensors.”! To create high-performance
gas sensors using organic semiconductors, many different
materials and device configurations have been explored.
A variety of conducting polymers (CPs) have been used in
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Sensitivity is one of the most significant
parameters for the sensing performance
of chemiresistors and various approaches
have to date been developed to improve
it. Among all the reported approaches,
nanostructuring is regarded as an effec-
tive strategy because morphologies with higher surface area-
to-volume ratios can increase the sensitivity by improving the
diffusion rate of gas molecules into and out of the CP-based
sensing layers as well as providing more binding sites. To
create nanostructured surfaces, CPs have in the past been fab-
ricated through complex processes into different structures,
including nanotubes, nanowires, nanoribbons, nanoparticles,
and nanofibers.[’]

Electrical percolation is another effective approach to
improve sensitivity.'" For CP-based chemiresistors, electrical
percolation is identified by the sharp increase in conductance
between two electrodes during polymer deposition. In the per-
colation region, a relatively small number of electrical bridges
are formed between the electrodes compared with a thin film.
CP-based chemiresistors based on percolation networks are
more sensitive compared to their thin-film counterparts. This
is because the conductivity of an entire percolation pathway will
be disrupted by the interaction of the analyte anywhere along
the pathway, and this means that a small number of interactions
between the analyte molecules and the CP percolation network
will lead to a relatively large resistance change. On the other
hand, for CP thin film sensors, the analyte only locally affects
the surface conductivity of the thin film, resulting in lower sen-
sitivity. Previous work has shown that electropolymerization
can be used to fabricate chemiresistors based on polypyrrole
(PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) percola-
tion networks.!’l The sensitivities and limits of detection of the
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resulting percolation networks to ammonia, nitrogen dioxide
and ammonium nitrate/fuel oil are significantly improved com-
pared to traditional thin-film chemiresistive sensors.

Because both nanostructuring and electrical percolation
improve the sensitivity of CP-based chemiresistors, it is a nat-
ural step to combine these approaches. Here, electrochemical
polymerisation to create percolation networks is coupled with
nanosphere templating to facilitate nanostructuring. Nano-
sphere templating is an established, straightforward, cost-
effective and reproducible technique for nanofabrication, which
uses highly monodispersed nanospheres as deposition tem-
plates or etch masks for the fabrication of nanostructures.['o! It
has previously been shown that electrochemical polymerisation
can be performed between the nanospheres. After removal of
the template, well-ordered CP networks with honeycomb-like or
inverse-opal structures can be obtained and they can possess
special surface and optical properties.l”l Owing to the unique
properties of nanostructured polymers, electrochemical poly-
merisation coupled with nanosphere templating has been used
in the creation of sensors, solar cells and other devices.[®l

In our work, nanosphere templating is used to create CP
percolation networks with well-ordered nanostructures between
interdigitated electrodes (IDEs). PPy is used to form the per-
colation networks because it can be grown straightforwardly
using established electrochemical techniques 1% and it is
known to change its electrical conductivity when exposed to
ammonia gas.”?! We show that when nanostructured percola-
tion networks are used in chemiresistive devices for the detec-
tion of ammonia they have higher sensitivities and lower LODs
compared to their counterparts without nanosphere templates.

2. Result and Discussion

2.1. Preparation of Nanostructured Polypyrrole

Figure 1 shows a schematic of the preparation steps for the crea-
tion of the nanostructured PPy networks on platinum (Pt) IDEs.

PS nanosphere
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Figure 1. Schematic illustration of the preparation process of the nano-
structured PPy sensor. Two electrodes (E) on a glass substrate are sepa-
rated by a 5 um gap. In Step 1 PS nanospheres are deposited onto the
substrate. In Step 2 sintering is performed. In Step 3 PPy is grown elec-
trochemically between the electrodes. In Step 4 the PS nanospheres are
dissolved.

(1) DEISA

(2) Sintering

(3) Electrodeposition
(4) Removal of PS
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Figure 2. SEM image of a PS nanosphere template deposited on Pt
IDEs. The PS nanospheres cover the electrodes and the gaps between
the electrodes.

Monodispersed polystyrene (PS) nanospheres with a diameter
of 300 nm were deposited on Pt IDEs via directed evaporation
induced self-assembly (DEISA). The DEISA technique enables
the creation of high-quality nanosphere templates to be depos-
ited on substrates with controllable thickness and geometry.?!
The IDEs decorated with PS nanospheres were then placed on
a heating plate at 90 °C for 1 h to induce moderate necking
between the nanospheres. This sintering process is regarded as
an effective way to improve the adhesion and stability of the
nanosphere templates.?>2)l The scanning electron microscope
(SEM) image in Figure 2 shows the surface morphology of a
nanosphere template on IDEs. The template exhibits a close-
packed structure over most of the substrate.”) Some narrow
empty regions can be found between the close-packed domains.
These are defects caused by the processes of DEISA and sin-
tering. Using this method, a stable and well-ordered overlayer
of PS nanospheres can be routinely obtained which is then
used as a template for the electrochemical deposition of PPy.
PPy networks were grown on the PS nanosphere templates
via chronoamperometry at 0.85 V. The electrochemical deposi-
tion process and electrolyte did not damage or alter the PS nano-
sphere templates. Figure 3 shows an example of the current as
a function of deposition time during chronoamperometry. Here
the deposition current initially decreases from a relatively high
value until approximately 10 s. This current decay could be
attributed to a diffusion-controlled process involving the infiltra-
tion of pyrrole monomers to the Pt surface through the porous
templates, or possibly an indication that the interaction with
the bare Pt electrodes proceeds relatively rapidly until they are
covered in polymer. When the current starts to increase after
around 10 s, this indicates that the polymerisation of monomers
and the doping process of the polymer starts to dominate the
current. In the final processing step tetrahydrofuran (THF) is
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Figure 3. Chronoamperometric transient obtained for the deposition of
PPy on the PS nanosphere template. The potential was set at 0.85 V and
held for 150 s.

used to dissolve the PS nanospheres. The resulting deep blue
PPy films are firmly attached to the IDEs without disintegrating
during this process. Each sample exhibited similar electrical
resistance values before and after nanosphere removal.

The chemical composition of PPy on the IDEs after nano-
sphere removal was determined by X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy (Figures 4 and 5), and
the results are consistent with those reported in the existing lit-
erature.?>) The XPS analysis (Figure 4) confirms the presence
of p-doped PPy with ClO,~ as the counterion. In the Raman
spectrum (Figure 5), peaks attributed to polarons and bipo-
larons also support the formation of PPy in the p-doped state.
No peaks related to PS (Figure S1, Supporting Information)
were found, indicating the nanospheres on the surface of the
sensing layers were fully removed through chemical etching.

2.2. Electrical Percolation

To study the electrical percolation behavior, various PPy net-
works were prepared on the PS nanosphere templates via
chronoamperometry. Four repeat samples were obtained at
a variety of deposition times ranging from 80 to 150 s. The
resistance values between the IDE electrode fingers were
recorded after the dissolution of the PS nanospheres (Figure 6).
The linear plot in black shows the conductance ranging from
the insulating region to the percolation region and then the
thin-film region and is consistent with previously reported
trends.®®?! The same data plotted as a semi-logarithmic plot
in blue is used to determine the boundaries between insu-
lating, percolation, and thin film regions. Initially, PPy nucle-
ates and grows between PS nanospheres on the Pt IDE fingers.
After filling the voids between the PS nanospheres on the IDE
fingers, PPy starts to grow into the spaces between the nano-
spheres on the insulating gaps between the electrode fingers.
No electrical conductance can be detected until 100 s of growth,
indicating that samples prepared at 80 and 90 s belong to the
insulating region. Then, from 100 s, the conductance sharply
increases owing to the formation of PPy bridges between IDE
fingers. This behavior demonstrates the percolation behavior
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Figure 4. a) Survey-scan and b) Cl 2p XPS spectra of nanostructured PPy
on the IDE after nanosphere removal. Siy; and Siy, signals originate from
the glass substrate.

of PPy networks prepared with the PS nanosphere templates.
As deposition proceeds, the fingers are fully connected and a
PPy thin film is formed. Thus, the increase in conductance is
less rapid at 140 s, indicating the end of the percolation region.
It should be noted that variations in conductance for samples
produced with identical procedures exist in both the percolation
and the thin-film regions. This is attributed to several unavoid-
able factors including the variation between each template, the
random nature of the polymer growth,?°l and the influence of
the post-treatment washing procedure.

The SEM images in Figure 7 show the growth of PPy net-
works on IDEs in a nanostructured form following the dis-
solution of the nanospheres. PPy networks consisting of
bowl-shaped pores are obtained on Pt IDE fingers when the
deposition process is stopped at 80 s (Figure 7a). At this early
stage of growth, the thickness of this nanostructured PPy is
thinner than that of the templates on the IDE fingers. As more
PPy is deposited between the PS nanospheres, the pore size
becomes smaller and PPy expands onto the glass gaps at 90 s
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Figure 5. Raman spectrum of nanostructured PPy on the IDE after nano-
sphere removal.

(Figure 7b). Shells in a close-packed structure can be observed
on the fingers and even in some parts of the glass gaps from
100 s (Figure 7c—f). This suggests that the topmost layers of the
templates in corresponding areas are fully covered with PPy at
these stages. Otherwise, new layers of pores in a close-packed
structure should appear in these areas after 100 s, changing
the surface morphology of PPy networks. Figure 7c—f shows
the increasing penetration of the PPy networks across the glass
gaps. Although no obvious bridges are observed in Figure 7c,d,
some conducting bridges must have formed at 100 s and 110 s
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Figure 6. Plot of electrical conductance between the IDE electrodes
versus deposition time in black, and the same data as a semi-logarithmic
plot in blue for PPy deposition times of 80-150 s, measured after removal
of the PS nanosphere templates. The error bars are the standard deviation
of the conductance values of four separate samples.
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based on the non-zero conductance measurements (Figure 6).
The glass gaps are fully covered at 140 s, indicating that the
electrical percolation regime ends at around 140 s (Figure 7g).
This is consistent with the conductance measurements in
Figure 6. From 140 s onwards, PPy networks close the upper
layers in the middle of the gaps until a uniform overlayer is cre-
ated (150 s, Figure 7h). Growth beyond 150 s adds to the thick-
ness of the surface PPy film and is equivalent to a sensor in
the thin-film region, where the increase in conductance slows
down since film thickness becomes the major factor controlling
film conductivity.

Although a porous bowl-shaped surface morphology is pre-
ferred due to its ability to absorb more chemicals to the inte-
rior of the polymer networks,?’] this remains challenging. The
polymer growth starts on the IDE fingers and the growth on top
of the fingers happens earlier than the growth across the glass
gaps. Therefore, it is likely that the topmost layers of the tem-
plates in some areas are fully covered, leading to a structure of
close-packed shells of PPy, before PPy bridges the gap between
the electrodes. One possible solution would be to increase the
thickness of the nanosphere templates.

2.3. Sensor Performance

Nanostructured PPy created with the PS nanosphere template
was used to fabricate chemiresistors for gas sensing experiments.
Percolation sensors called Sy.py, Sy.pz, and Sy.p; were fabricated
by stopping electrochemical deposition at 130, 120, and 110 s,
respectively. For performance comparison, a thin-film sensor
called Sy was fabricated at 140 s with the aid of the nanosphere
template. The sensors were placed in our sensor testing chamber
under N, flow and 1.0 V was applied across the IDEs. Sensors
were then exposed to 1, 2, 3, and 4 parts per million (ppm)
ammonia gas diluted with N, and the resulting change in resist-
ance were recorded (Figure 8). As expected, the sensor resistance
increases during the exposure to ammonia gas because electron-
donating ammonia molecules reduce the number of hole charge
carriers in p-doped PPy. The resistance decreases again when the
sensor is left to recover under pure N,. According to the pub-
lished literature,>»428! the ammonia interaction mechanism
with PPy occurs through electron transfer and/or proton transfer
(Scheme 1). When interacting with NH; molecules, the p-doped
PPy (PPy") is reduced to the neutral form (PPy") via a lone pair of
electrons on the nitrogen atom of ammonia and/or the deproto-
nation of PPy creating ammonium salt (NH,"X"). Figure 8 shows
that higher ammonia concentrations result in larger resistance
changes and sensors with higher initial resistances exhibit higher
levels of noise. This is in agreement with our previous work.>*?1
It should be noted that the resistance change during the first
exposure to 4 ppm ammonia is greater than those for subse-
quent exposures. This feature suggests that the interaction of
nanostructured PPy networks with ammonia is not fully revers-
ible on the time scale of these experiments. A longer recovery
time of 2 h improves the reversibility at 4 ppm (Figure S2,
Supporting Information). Similar to the reported work,?l our
sensors can also recover to the baseline values by annealing at
100 °C. After the first exposure better reversibility of the resist-
ance change is seen for each sensor within 15 min of recovery.
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(c)

Figure 7. SEM images of nanostructured PPy prepared with the PS nanosphere templates via chronoamperometry on Pt IDEs for a) 80, b) 90, c) 100,
d) 110, e) 120, f) 130, g), 140, and (h) 150 s. As the deposition time increases, both the amount of PPy on the Pt fingers (light grey) and across the

glass gaps (dark grey) increases.

With better reversibility of the resistance change than the
first exposure, the subsequent exposures for each sensor were
used for further sensor evaluation and analysis. The sensing
responses of Sy, Sn.p1, Sn.pz, and Sy.p; Were obtained by calcu-
lating the percentage change relative to the starting resistances
before exposure (AR/R, x 100%). For each sensor, a linear rela-
tionship was observed between the sensing response and the
concentration of ammonia (Figure 9). The sensitivity is defined
as the slope of the linear fit in Figure 9 and the limit of detec-
tion (LOD) is defined as three times the standard deviation of
the baseline noise level (o) divided by the sensitivity. Figure 10
shows that Sy, obtained in the thin film-region, exhibits low
sensitivity. As the initial resistance increases, the sensitivity
also increases and becomes stable above 2.5% ppm™, where
electrical percolation determines the sensitivity. In the percola-
tion region, interactions between PPy networks and ammonia
molecules have a larger effect on the resistance of the networks,
resulting in a significantly increased sensitivity compared to
thin film-based sensors. As shown in Figure 8, higher initial
resistances also lead to higher levels of noise. Therefore, the
LOD first decreases and then increases since it is determined
by a competitive relationship between sensitivity and baseline
noise, which is in agreement with our previous work for PPy
percolation networks without the nanosphere templates.[>*21
Especially for the sensor Sy.ps, its high level of noise results
in a very high LOD around 1 ppm, which is consistent with
the result in Figure 8d. Among these sensors based on nano-
structured PPy networks, Syp; is regarded as the optimal
sensor with a sensitivity of 2.59 £ 0.20% ppm™ and a LOD of
71+ 6 ppb.

For comparison, a series of sensors called Sg1, Sgp1, Sp.p2s
and Spp; were fabricated on Pt IDEs without nanosphere

Adv. Mater. Interfaces 2023, 2202042 2202042 (5 of 9)

templates (Figure S3, Supporting Information). For each blank
sample, its sensing responses were obtained using the same
method for sensing experiments, and a linear relationship
was also observed between the sensing response and the con-
centration of ammonia (Figures S4 and S5, Supporting Infor-
mation). As shown in Figure 10, these sensors exhibit similar
trends in sensitivity and LOD to those based on nanostructured
PPy. However, their nanostructured counterparts show higher
sensitivities in the percolation region because the introduc-
tion of nanostructuring provides higher surface area-to-volume
ratios. This indicates that creating nanostructured CP networks
with nanosphere templates is a promising approach to further
improve the sensing performances of the polymer percolation
Sensors.

Although a systematic comparison between each sensor can
be difficult to accomplish since experimental conditions like
temperature, response time, and analyte flow rate may vary,
attempts have been made to compare the optimal sensor in this
work (Sy.p;) with other PPy-based chemiresistors from previous
studies (Table S1, Supporting Information). As far as we know,
only a few sensors exhibit high sensitivities above 2% ppm™
with detection ranges under 10 ppm (Figure 11).113¢115221.30]
This indicates that Sy.p; prepared with the nanosphere tem-
plate shows a desirable sensitivity of 2.59 + 0.20% ppm™" at low
concentrations. Moreover, its LOD of 71 £ 6 ppb demonstrates
the ability to detect ammonia under 100 ppb, which is com-
petitive with other PPy-based chemiresistors.*"3!l Combining
the benefits of nanostructuring and electrical percolation, cre-
ating nanostructured CP networks with nanosphere templates
is a promising method to fabricate PPy-based sensors with
enhanced performance. To further improve sensor perfor-
mance, many factors should be considered in future work, such
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Figure 8. Sensor response to ammonia for the chemiresistors a) Sy.1, b) Sn.p1, €) Sn.pz, and d) Sy.ps based on nanostructured PPy at deposition times
of 140, 130, 120, and 110 s, respectively. Sy.t was obtained in the thin-film region while Sy, Sn.p2, and Sy.p3 were obtained in the percolation region. All
sensors were exposed three times to 1, 2, 3, and 4 ppm NHs in N, for 6 min, with a 15 min recovery time under pure N, flow between exposures. The
subscript N-T means nanostructured PPy in the thin film region and N-P means nanostructured PPy in the percolation region. The test temperature is

26 £ 1 °C and the humidity is 1.22 £ 0.23% RH.

as the material porosity,?? the deposition potential, and the
type of the counterion.[3%33l

Figure 11 also shows that sensors with different perfor-
mances are applicable in different fields of ammonia detec-
tion, spanning from industrial and daily safety (>25 ppm) to
medical diagnosis (0.4-14.7 ppm).[13%34 With a high sensitivity
at low concentrations, Sy.p; shows its potential in point-of-care
applications for medical diagnosis. Analyzing its responses
to ammonia gas from human breath could be a promising
approach to the early detection of many diseases, such as
ulcers, hepatic injury, renal disorders, and cancers.[28229:30]
Compared with instrument-based testing, a non-invasive

Electron transfer: PPy*X + NH; === PPy%NH;*X

Proton transfer:  PPy*X + NH; =— PPy?(-H) + NH,*X"

Scheme 1. Detection mechanisms of PPy towards ammonia. (X™: counterion).
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device has various advantages including low cost, no require-
ment for experienced operators, time saving, and low power
consumption.

To further characterize the optimal sensor (Sy.pj) in this
work, more sensors based on nanostructured percolation PPy
were reproduced at the deposition time of 130 s, and addi-
tional performance parameters including selectivity, stability,
and the influence of humidity were investigated. Figure S6a
(Supporting Information) shows the selectivity of ammonia
compared with other toxic gases such as CO and NO,. This
can be attributed to the different electron-donating and with-
drawing properties of the different analytes. Probably due to
the film aging and/or the reduction in the number of unstable
adsorption sites,'*13% a slow decay of the sensing response was
observed during a 2-week study (Figure S6b, Supporting Infor-
mation). Furthermore, as the relative humidity increases up
to 20% RH (Figure S6c, Supporting Information), the sensing
response to ammonia drops because the proton transfer
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Figure 9. Sensing responses (AR/R,y x 100%) as a function of ammonia
concentration for Sy.1, Sn.p1, Sn.p2, and Sy.ps.

induced by water molecules reduces the number of the sensing
sites for ammonia molecules.*’]

3. Conclusion

Nanostructured PPy-based chemiresistors were fabricated with
nanosphere templates via electrochemical polymerization.
During preparation PS nanosphere templates were created via
directed evaporation induced self-assembly and PPy networks
were obtained via chronoamperometry on the nanosphere
templates. After the dissolution of the nanosphere templates,
this resulted in nanostructured PPy layers, whose composition
was confirmed by XPS and Raman spectroscopy. By varying
the electrochemical deposition time PPy layer densities span-
ning from the insulating region to the thin-film region were

3.0 4 Sn.p1 Sy.p2 fN-Ps
2,51 " n !
c 2.0+ 1
2 154 | ! | =
2 15 ! : ! - 1200 ‘é
= 101 | v v e L1000 =
= S Y P ‘ (=]
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Figure 10. Values of sensitivity (black data points) and LOD (red data
points) for the sensors investigated. Black-filled squares are the sensi-
tivities of the nanostructured sensors, and red-filled points are the cor-
responding LODs. Blank samples for comparison (black open triangles
and red open stars), Sg1, Sg.p1, Sp.p2, and Sg.p; were fabricated on blank
Pt IDEs without PS nanosphere templates. Sg.t was obtained in the thin-
film region while Sg.py, Sg.pz, and Sg.p3 were obtained in the percolation
region. The dashed lines connect the sensitivity and LOD for each sensor.
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Figure 11. Sensitivities and corresponding detection ranges during
sensing experiments for Sy.py (in black) and other PPy-based chemire-
sistors from previous studies. Sensors from previous studies have been
classified according to Table ST, Supporting Information, including thin-
film sensors (in blue), sensors based on nanostructured PPy (in red),
and percolation sensors (in green). Most of the sensors show desirable
detection ranges covering the threshold limit value of 25 ppm for indus-
trial and daily safety. Sensors with detection ranges at low concentrations
(0.4-14.7 ppm) are applicable for medical diagnosis.

obtained. The electrical percolation behavior of the nanostruc-
tured PPy networks was confirmed by electrical measurements
and SEM imaging. The sensing responses to the ammonia of
nanostructured PPy layers fabricated by this method in both
the thin-film and percolation regions were investigated. Com-
pared with their counterparts prepared on IDEs without tem-
plates, they show better sensing performances to ammonia,
indicating that creating nanostructured CP networks with
nanosphere templates is a promising approach to further
improve the performances of percolation sensors. An optimal
sensor (Sy.p;) with a sensitivity of 2.59 + 0.20% ppm™' and a
LOD of 71 £ 6 ppb was obtained and it has a competitive per-
formance when compared with other PPy-based chemiresis-
tors for ammonia detection. With a desirable sensitivity at low
concentrations, our optimal sensor has potential in point-of-
care applications.

4. Experimental Section

Preparation of Nanosphere Templates: All the chemicals for template
preparation were purchased from Sigma—Aldrich (UK). Pt interdigitated
electrodes (IDEs) were purchased from Micrux (Spain). Each IDE
consists of 180 pairs of 5 um wide Pt electrodes separated by a gap
of 5 um on an insulating glass substrate. Prior to use, each substrate
was treated with piranha solution (H,SO,:30% H,0, = 3:1, by volume;
warning: piranha solution is very corrosive and must be treated with
extreme care) at 50 °C for 30 min to enhance its hydrophilic nature
and then washed carefully with de-ionized water and ethanol (C,HsOH,
99.8%). The nanosphere templates were prepared via directed
evaporation induced self-assembly (DEISA). During this process,
substrates were vertically immersed in a 50 mL glass beaker containing
10 mL of ethanol (C,HsOH, 99.8%) and 20 uL of 10 wt% latex of
polystyrene (PS) nanospheres in water. The mean diameter of the PS
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nanospheres is 300 nm. The beaker was then left at room temperature
for 60 h until all the solvents had evaporated. After DEISA, the substrates
decorated with PS nanospheres were sintered at 90 °C for 1 h.

Electropolymerization of Polypyrrole: All the chemicals for PPy
preparation were purchased from Sigma-Aldrich (UK). Electrochemical
deposition was performed using a PGSTAT204 Autolab electrochemical
workstation (Eco Chemie, Netherlands) interfaced to a PC with NOVA
version 2.1 software. The three-electrode cell used a Pt coil (BASi, USA)
as the counter electrode, an Ag/AgCl (CH Instruments, USA) reference
electrode, and the Pt IDEs of the sample with a previous deposited
nanosphere template as the working electrode. PPy was synthesized
by chronoamperometry at 0.85 V from a solution of 10 mM pyrrole (Py,
98%) and 0.1 M lithium perchlorate (LiClO,, 95%) in de-ionized water.
Samples with various polymer coverages were prepared by halting
electropolymerization at different deposition times. After deposition,
samples were carefully washed with acetonitrile (CH;CN, 99%) and
dried in air for 10 min. The PS nanospheres were removed by immersing
the samples in a tetrahydrofuran (THF) bath for 24 h followed by a THF
rinse. After the removal of PS the samples were dried under ambient
conditions.

Characterization: The surface morphologies of the nanosphere
templates and PPy networks were imaged using a Zeiss Merlin
scanning electron microscope (SEM) at an accelerating voltage of
10 kV. The surface composition of PPy on the IDEs was determined
using a PHI VersaProbe Il X-ray photoelectron spectrometer (XPS) with
monochromated Al Kor X-ray radiation (1486.6 eV), a 5 um beam, and an
analyzer pass energy of 224 eV with 0.28 eV energy resolution. XPS data
were processed with smoothing, using a moving average of 15 points.
To further confirm the chemical composition of PPy on the IDEs, Raman
analysis was carried out using a Renishaw InVia Raman microscope
employing a 633 nm laser. The acquisition time was set to 10 s, while
five repetitions were acquired to improve the signal/noise ratio. The
resistance of each sensor was measured using an RS PRO IDM 98IV
handheld digital multimeter.

Sensing Experiments: Sensing experiments were carried out in
a custom-made sensing chamber at room temperature under
atmospheric pressure.’!l. Ammonia gas (10 ppm, nitrogen fill) and
nitrogen gas (for further dilution of the ammonia) were purchased from
BOC gases UK. The flow rate from each gas cylinder was controlled by a
mass flow controller (Alicat) and the concentration of ammonia gas was
determined by the relative flow rates of the two mass flow controllers.
Gases were mixed at a T-joint before entering the gas inlet of the
chamber and a constant total flow rate was maintained at 500 standard
cubic centimeters per minute (sccm) throughout the experiments.
Each sensor was placed in the chamber and connected to a B2900A
source/measure unit (Keysight, UK). The chamber was first purged
with nitrogen gas for 30 min to remove impurities from the chamber
and the sensing layer. Then, a dc potential of 1.0 V was applied across
the two interdigitated electrodes of the sensor and the current was
monitored on a PC equipped with Benchvue software. Once a stable
current baseline was reached, the sensor was exposed to concentrations
of ammonia gas from 1 to 4 parts per million (ppm) for 6 min each.
After each exposure, the sensor was purged with nitrogen for 15 min
before the next exposure.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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