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ABSTRACT: Proton conducting polyoxometalate has re- T
ceived considerable attention because of its unique structural /‘1
properties. This article reports the fabrication of hybrid & £ | = iR

polymer films of polypyrrole/polyoxometalate and their
resistive-type humidity sensing performance. Hybrid polymer
films with different thicknesses were prepared via the |-
coelectrodeposition of free pyrrole monomers with metal |-
oxide clusters. A sensing response of 1.9 s and a recovery time L=
of 1.1 s were exhibited in a 59 nm thick sample at 98% relative
humidity and in a sensing range of 11—98% relative humidity. The outstanding sensing in the polypyrrole chain could be ascribed
to the synergistic effect of the proton acid doping structure and the oxidation doping structure. The humidity sensor based on the
nanocomposite was repeatable even after two months with good response and recovery times.

| R
vl
I

KEYWORDS: proton conduction, polyoxometalate, conductive polymer, humidity sensor

B INTRODUCTION Similar to polymeric materials, nanoscale metal oxides have
been widely utilized for the fabrication of humidity sensing
materials because of their superior thermal durability, their
moisture-resistance to avoid degradation, and a broad range of

.. . . P operating environments.”* " Polyoxometalates (POMs), a

human health, clinical diagnosis, the automobile industry, and 1 £ earl i 1 oxide dl idered

iculture.>~” class of early transition metal oxide clusters, are considere
agricu X

] ] ) one potential research area in sensing materials.”' —>” POMs are
Conductive polymers have attracted extensive theoreti%a; defined as a class of metal oxide clusters that are entirely
” distinguishable from most metal oxides, revealing a large variety
of molecular structures from the nanoscale to the micro-

To date, one of the key topics in current science and
technology is sensing.”” Sensing humidity is important in many
areas including environmental control, industrial processing,

interest and practical applications in sensing technology.
These polymers could be utilized for various purposes and may

offer distinct possibilities.”~'> Because of its excellent electrical scale.*** In this context, one of the most significant properties
and mechanical properties and thermal durability, polypyrrole of POMs is the ability to accept and release a specific number
(Ppy) is a promising candidate for sensor applications.”™* In of electrons without a decomposition or a change in their
contrast, their inevitable drawbacks are poor linearity and a original structures.”” The types of interactions between the
relatively long response time, which is typically several tens of organic cationic components and inorganic anionic compo-
seconds or even minutes. Recently, many conducting polymers, nents play a vital role in the properties exhibited by the hybrid
such as zinc oxjde/polypyrrole,18 a nanocrystalline-based ionic materials.

polyimide film*' and a redox conducting supramolecular jonic In this paper, for the first time, we report the design and

material,”* exhibited both high sensitivity and a fast response synthesis of humidity sensing films based on a POM/Ppy
time compared with those shown by the pure components by

taking full advantage of the high hygroscopicity and water Received: October 24, 2017
stability arising from one material and the hydrophobic Accepted: January 5, 2018
interactions from the other material. Published: January 5, 2018
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nanocomposite, as shown in Figure la. For the preparation of a
humidity sensing material, the polyoxoanion of POM, a
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Figure 1. (a) Schematic illustration of the synthetic process of the
POM/Ppy thin film: synthesis of PMo;,—Ppy via a green electro-
deposition reaction. (b) Deposition time vs film thickness of the
POM/Ppy thin film. Inset: photograph of the POM/Ppy thin film with
electrodeposition time.

reversible and fast redox electrolyte used in electrochemical
deposition reactions, was chosen as the anionic building block,
and protonated polypyrrole was selected as the cationic
building block because of its relatively large size and
hydrophobicity. The responses of the sensing films with
various thicknesses were measured at five different humidity
levels from 11% to 98% relative humidity (RH). The optimal
sample was further tested for durability, repeatability, hysteresis,
and response/recovery time. Compared with a POM-based
ionic crystal,*"*> POM/conductive polymer (CP) nano-
composites exhibit an advantage during the formation of
uniform films. Compared with the POM—polyethylene glycol
(PEG) composites,” the POM/Ppy-based humidity sensor
exhibits high sensitivity. The judicious choice of POM/CP
nanocomposites for humidity sensing films will permit high
sensitivity and fast response. This work will provide a new
method for the design and synthesis of practical humidity
sensing materials.

B EXPERIMENTAL SECTION

Preparation of the POM/Ppy Film. Coelectrodeposition was
carried out using a chronoamperometric technique on a Zennium X
workstation. A chronoamperometric potential (+0.75 V) was applied
continuously for a specific period of time to obtain the POM/Ppy film.
The electrolyte solution for POM/Ppy electroplating was prepared by
mixing a 7 mM pyrrole monomer (98%, Sigma-Aldrich) and 5 mM
POM (H;PMo;,0,yxH,0) in deionized (DI) water for 0.5 h. The pH
of the final solution is ~2.8 to prevent [PMo;,04]° from
decomposition. Finally, the POM/Ppy films after electrodeposition
of POM/Ppy were carefully removed from the bath and cleaned
repeatedly with DI water and ethanol. Different ratios of POM and
Ppy (7 and 2.5 mM, and 7 and 10 mM,, respectively) were used as the
reference sample.
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Morphological and Structural Characterization. The micro-
structure and morphology of the POM/Ppy film were investigated
using scanning electron microscopy (SEM, Zeiss Sigma FESEM and
TESCAN VEGA 3 LMH). The transmission electron microscopy
(TEM) images were obtained using an FEI Tecnai F30 microscope.
The chemical composition was evaluated using Raman spectroscopy
(HORIBA LabRAM HR Evolution) equipped with laser excitation
(532 nm). Thickness measurements were conducted using a Stylus
Profiler (KLA-Tencor D-120) instrument.

Humidity Sensor Measurements. The humidity test setup
consisted of a sealed Makrolon chamber in which to place the samples,
a Keithley 4200A-SCS parameter analyzer, a gas pump, and a
compressed air source. Two copper wires were connected to the two
silver paste electrodes to make electrical contacts. By using K,SO,,
KCI, NaCl, NaBr, and LiCl saturated solutions, the different humidity
environments were obtained which correspond to approximately 98%,
85%, 75%, 59%, and 11% RH, respectively. By probing the fluctuation
in the dc conductance of POM/Ppy, the response of the humidity
sensors was measured. The sensitivity is denoted as S (S = AC/C,,),
where AC and C,, denote the conductance change in humid
environments and the conductance in air, respectively. The response
time (cfresponse) is defined as the period required for a 90% increment in
conductance after the humid air was switched on. Similarly, the
recovery time (frecovew) is the period required for a 90% reduction in
conductance after the humidity was switched off. The environmental
humidity was approximately 46%, and the temperature was 25 °C.

B RESULTS AND DISCUSSION

POM/Ppy thin films have been plated onto indium tin oxide
(ITO) glass substrates by using an electrodeposition method.
The process is based on the cation-radical electropolymeriza-
tion processes of pyrrole with the participation of solution
anions.”* In electrochemical polymerization, the pyrrole
monomer first competes with the anion in the electrolyte to
adsorb onto the electrode; Py is oxidized into the cation (Py**)
and forms a neutral ionic pair (Py;*A*") with the anion (A7)
simultaneously. Then, the ion pair is deprotonated to form a
pyrrole trimmer, which is oxidized as a cationic radical and
combined with the anion to form an ionic pair. The cationic
radicals are then coupled to each other to cause the growth in
the polypyrrole chain. For an investigation of the thin film
thickness dependence on the electrochemical properties, six
different samples were prepared with electrodeposition times of
1800, 900, 600, 300, 100, and 60 s. The thicknesses of the six
samples, which were measured using a Stylus Profiler (KLA-
Tencor D-120) instrument, were 8 um, 3 um, 1.6 ym, 624 nm,
156 nm, and 59 nm, as shown in Table S1 in the Supporting
Information. Figure 1b demonstrates a plot of film thickness
versus deposition time, which shows that the film growth is
approximately linear with time. It is noted that there is a more
rapid growth in film thickness with longer deposition times.

The Raman spectrum obtained with an incident laser beam
at 532 nm is demonstrated in Figure S1 in the Supporting
Information and is representative of the POM/Ppy films. The
peaks at 1601 and 1429 cm™" were assigned to C=C and C—
C stretching vibrations, respectively.”” The C—N stretching
vibrations led to the peaks at 1338 cm™.*" The intensity ratio
of the C=C and C—C stretching bands for the POM/Ppy
films (2.55) was greater than that of the Ppy films (2.36),
indicating the increased conjugation length of the Ppy chains in
POM/Ppy."” The spectrum of the POM/Ppy film shows a
relatively strong band at 1004 cm™". This band was assigned to
the characteristic symmetric stretch of the Mo—O, bonds (1)
in [PMo,,0,]*", which is comparable to the characteristic
band observed at 1016 cm™" for H;PMo,,0,o-14H,0.*
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Scanning electronic microscopy (SEM) photographs dem-
onstrate that the diameters of the grains in the polypyrrole and
POM/Ppy films are approximately 20—200 nm, and the
electrodeposited POM/Ppy film on an ITO glassy electrode
have a rather smooth structure owing to the agglomeration of
particles with sizes of tens of nanometers or smaller, which are
different from the PPy films prepared by spin coating, as shown
in Figure 2a and Figure S2 in the Supporting Information. A

Figure 2. (a) SEM of the POM/Ppy film grown electrochemically
onto the ITO glassy electrode (scale bar, 200 nm). (b) HRTEM
images of the POM/Ppy film (scale bar, S nm).

probable reason for this is that the reaction mechanism of the
coelectrodeposition between POM and pyrrole is a cation-
radical electropolymerization process involving the participa-
tion of solution anions.*”** The polymerization of pyrrole and
the deposition of POM are competitive reactions during the
formation process of the POM/Ppy films. The nanostructures
help to enhance the humidity sensitivity of the film, which can
result in the high conductance and the sensitivity of the
copolymer films to humidity as well as its excellent attachment
to the substrate. HRTEM images have been taken to clearly
observe the growth in the composite film, as shown in Figure
2b. However, no obvious lattice fringes were observed,
indicating the existence of a PMo,, cluster as an anion (a
dispersive cluster, not a crystal particle). Energy-dispersive
spectrometer (EDS) was used to examine the composition of
the POM/Ppy. As shown in Figure 3, five elements, C, N, O, P,
and Mo, are identified in this spectrum. This result indicates
that the PMo,, clusters (ca. 1.0 nm) are homogeneously
dispersed in the ionic network. It is demonstrated that both the
polymerization of pyrrole and the deposition of POM are
competitive reactions during the formation of the POM/Ppy
films. The composition of the reference samples was also
examined by using EDS. There is no obvious difference
between the reference samples (Figure S3 in the Supporting
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Figure 3. (a) Energy-dispersive spectrometry (EDS) pattern of the
POM/Ppy film. (b) EDS elemental mapping analysis of the POM/Ppy
film.

Information), which can be ascribed to the cation-radical
electropolymerization processes with the anions in the solution.

The chemoresistive sensor device, as demonstrated in Figure
4a, was first made accessible to pressurized air for
approximately 30 min to obtain a static baseline conductance,
and the conductance of the sample changes with a fluctuation
in the humidity. The humidity sensing performance at room
temperature was measured in ambient humidity with 46% RH.
The response and recovery curve of the POM/Ppy humidity
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Figure 4. (a) Schematic representation of the humidity sensors. (b)
Response and recovery of a typical humidity sensor based on POM/
Ppy-S4 at 25 °C.
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sensor at 98% RH is demonstrated in Figure 4b. It was
observed that the conductance of the sensor increases gradually
with increasing humidity. The conductance increase can be
explained as a combination of the following two processes: (i)
The absorption of water molecules on the metal oxide cluster
surface has been shown to be a dissociative mechanism to form
hydroxyl groups. The water molecules adsorbed on the grain
surface react reversibly with molybdenum oxide clusters. (ii)
The terminal oxygen of metal oxide cluster reacts with H*
coming from the dissociation of water vapor to form hydroxyl
groups (heteropolybules). Because of the free electrons given
by this reaction, the conductance increases with increase in
humidity. The sensitivity of the sensor based on the POM/Ppy
film was 758 uS/% RH at 98% RH, which is higher than that of
the other types of Ppy humidity sensors."”'®* The surface
oxygen atoms of the POMs provided the larger number of
active sites, which was attributed to the improved sensitivity.
Moreover, the POM/Ppy sensor showed more rapid response
and recovery times of 3.7 and 2.6 s, respectively, as shown in
Figure 4b. For a further investigation of the humidity sensing
performance of the POM/Ppy sensor, the dynamic response
was measured at the room temperature. Figure Sa demonstrates
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Figure S. (a) Typical response curves of the POM/Ppy-S4 sensor to
various RH values at 25 °C. (b) Dynamic response curve to 98% RH
at 25 °C.

the typical response properties of the RH values differing from
11% to 98% RH. The resistance increased with the humidity of
11% because of desorption of water on polypyrrole with
decrease in humidity. The conductance signal fluctuates rapidly
with different RH values. Figure Sb demonstrates the dynamic
properties at 98% RH for four cycles. There is only a negligible
change in sensitivity, indicating the durability of the sensor
operating at room temperature.
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The typical response curves reveal obvious changes in the
humidity-response behavior of the POM/Ppy nanocomposites
in comparison with those of the other Ppy samples.'®'%*%*
The presence of POM plays a vital role in the increase in
conductance. This increase may be due to the porous
morphology of the polypyrrole, as demonstrated in the SEM
and TEM photographs. Initially, the water molecules exposed
to the POM/Ppy nanocomposites facilitate a possible swelling
of the framework, and more proton transfer pathways are
constructed.*”*” As a result of the swelling nanocomposite, the
polymer chains and the metal oxide clusters are tensioned
together producing a better connectivity of the network. The
degree of swelling depends on the bonding between the
polypyrrole chains and POMs, the stability of the exposure of
the POM/Ppy nanocomposite to the surrounding environ-
ment, and its physical and chemical nature. This phenomenon
consequently induces an increase in the conductance value, as
demonstrated in Figure S. The conductance C is established in
the following equation:*’

Co/C = (s/s,) exp[yAs]

where C, is the initial conductance before swelling, As is the
change in separation (between the metal oxide particles and the
conductive polymer) under swelling, and y is a factor that
depends on the potential barrier height between the metal
oxide particles and the conductive polymer.

To show the hysteresis of the sensor, the equilibrium
conductance of the device was measured at various humidity
levels with increasing humidity from 11% to 98% RH and then
decreasing back to 11% RH again. Figure 6 shows the
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Figure 6. Equilibrium conductance of the POM/Ppy humidity sensor
when it was exposed to air after testing under different relative
humidity conditions.

equilibrium conductance of the humidity sensor in ambient
environment after measuring at various RH levels. The
equilibrium conductance scarcely increased when the sensor
was removed from the higher humidity level to ambient
environment and scarcely decreased when it was removed from
the lower humidity level to ambient humidity, demonstrating a
very slight hysteresis when operating at room temperature.
The response/recovery times were investigated to compare
the sensing properties of the POM/Ppy films with various
thicknesses while working at room temperature, as shown in
Figure 7. The sensors with thicknesses ranging from 8 ym to 59
nm showed fast response and rapid recovery times from 9.8 s/
8.7 s to 1.9 s/1.1 s, respectively, at 98% RH. This ultrafast
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Figure 7. (a) Response times and (b) recovery times of the POM/Ppy
sensor with various thicknesses under 98% RH at room temperature.

response behavior can be explained by the polarizability and
transferability of the polyoxoanions.”’ However, the sensitivities
of S5 and S6 exhibit an obvious change, and the linearity of the
typical curve ceases to be a first-order linear relationship.
However, the response and recovery times of the sample are
the shortest among the 6 samples (see Figures S9 and S10 in
the Supporting Information), which may result from the limited
water absorption capacity of the thinner films.

It has been demonstrated in Figure 5 that the conductance of
the POM/Ppy samples increased with increasing humidity.
Two conduction mechanisms proceed simultaneously: One is
electron conduction through the Ppy chains with H,O as
electron donors, and the other is proton conduction through
the terminal oxygen atoms of the POMs, the main chain of the
polypyrrole, and the continuous H,O chains by the Grotthuss
mechanism, as shown in Figure 8. The results indicate the
following: (i) Water vapor is adsorbed onto the POM surface
and reacts reversibly with the molybdenum oxide clusters. The
terminal oxygen of the metal oxide cluster reacts with H*
resulting from water vapor dissociation to form hydroxyl groups
(known as heteropolybules). (ii) It has been reported that the
charge transfer between POM and H,O enhances the proton
conductivity of the POM-based material in the presence of
humidity.”>">° In this case, besides p-doping, the -C of the
pyrrole units was protonated with a positive charge transfer to
the main chain of the polypyrrole. The H,O adsorbs onto the
sensing material and serves as proton hopping sites. Thus, the
proton conductivity of the POM-based material increases in the
presence of humidity.

The POM/Ppy films show characteristics of a temperature-
dependent electron conductivity in accordance with the Mott
variable-range hopping model:
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Figure 8. Two doping structures of conducting polypyrrole. (a)
Counteranion doping structure with the oxidation of the conjugated
chain. (b) Proton acid doping structure.

8(T) = 8 exp[—(Tp/T)" 1]

where 7 is the dimension of the space, and when n = 1, 2, and 3,
it represents one-, two-, and three-dimensional variable-range
hopping conduction.”” The temperature dependence of the
conductivity was studied in the temperature range 25—85 °C.
Both Ppy and POM/Ppy conform to an approximately linear
relation between the log 6 and T~Y* (as shown in Figure 9),
indicating the Mott variable-range hopping mechanism in three
dimensions.

Furthermore, for an investigation of the humidity properties
of the POM/Ppy sensor at elevated temperatures, the dynamic
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Figure 9. Mott plots of the conductivity of (a) POM/Ppy and (b)
Ppy.
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Table 1. Comparison of the Sensors Based on Polypyrrole and/or Its Composites with Other Inorganic Materials

sensor type sensing material

hybrid polymer POM/Ppy
hybrid polymer PPy/ZnO
hybrid polymer PPy/quaternized

resistive-type
resistive-type
impedance-type
impedance-type hybrid polymer PPy/graphene

capacitance-type PPy

measurement range response/recovery time ref
11-98% RH 19s/1.1s this work
11-95% RH 180 s/60 s 18
11-95% RH 45/25 s 30
12—-90% RH 15s/20 s 20
25-85% RH not applicable 14

response was measured at 80 °C, as demonstrated in Figure
Slla in the Supporting Information. Figure S11b in the
Supporting Information shows the dynamic characteristics at
98% RH for four cycles with a nearly invariable sensitivity,
indicating the durability of the sensor operating at an elevated
temperature. As shown above, the POM/Ppy humidity sensors
exhibit good sensing properties, such as ultrafast response time,
good stability, and good linearity. The humidity sensing
properties of the polypyrrole and/or its composites with
other inorganic materials found in the literature are summarized
in Table 1.

H CONCLUSION

In summary, a facile and green method was developed for the
design and synthesis of POM/Ppy films and the fabrication of
POM/Ppy nanocomposite-based resistive humidity sensors.
The humidity sensing test results demonstrate that the as-
prepared POM/Ppy nanocomposites exhibit excellent humidity
sensing performance and elevated temperatures in comparison
with those of other hybrid polymers of polypyrrole. The
optimized POM/Ppy sample showed record rapid response/
recovery times (1.9 s/1.1 s at 98% RH level, respectively), a
sensing range of 11-98% RH, excellent durability, and
repeatability with little hysteresis, which are superior to
commercial thermosetting polyester (S s, 20—80% RH, the
data from Sensirion). By taking full advantage of the high
hygroscopicity and water stability of the POMs and the
hydrophobicity from the polypyrrole conducting polymer, the
POM/Ppy-based humidity sensor exhibits both high sensitivity
and a fast response time. Thus, we strongly believe that the
POM/Ppy nanocomposite can act as a promising candidate in
the future to develop ultrafast, low-priced, and highly sensitive
humidity sensors.
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