Open Access Article. Published on 27 September 2017. Downloaded on 10/21/2025 6:53:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 45988

Received 22nd June 2017
Accepted 29th August 2017

DOI: 10.1039/c7ra06959f

Ultrahigh humidity sensitivity of graphene oxide
combined with Ag nanoparticles

-

Ning Li, 2 Xiangdong Chen,* Xinpeng Chen, Xing Ding and Xuan Zhao

Novel capacitive-type humidity sensors with ultrahigh sensitivity based on graphene oxide (GO) combined
with Ag nanoparticles (AgNPs) in different concentrations are reported in this study. Various
characterization techniques such as transmission electron microscopy (TEM), X-ray diffraction (XRD),
water contact angles, and Fourier transform infrared spectroscopy (FTIR) were used to verify the
composite formation. The best performance was shown by the GO/Ag (2 wt%) composite-based
sensors, with a sensitivity of 25 809 pF/% RH in the humidity range from 11% RH to 97% RH and 328
pF/% RH in the humidity range from 11% to 33% RH, which was 100 times larger than that of the
previous humidity sensor, especially at low humidity levels (<33% RH). The Schottky junction theory and
complex impedance spectroscopy were employed to understand the underlying sensing mechanisms of
the GO/Ag composite towards humidity. The GO/Ag composite was proven to be an excellent candidate

rsc.li/rsc-advances

Introduction

Humidity sensors have attracted significant attention because
of their extensive application in various fields."> However, more
efforts should be made to investigate various high-performance
humidity sensors for meeting high-sensitivity requirements
such as in industrial control, medical and pharmaceutical
chemistry, and environmental monitoring.>® Moreover, highly
sensitive sensors in a low humidity environment have been paid
significant attention such as for humidity control in ultra-clean
chambers, IC industrial production, and chemical material
storage.®® To meet these requirements, many novel sensing
materials and methods, especially with regard to nano-
materials, have attracted significant interest for the fabrication
of high-performance humidity sensors.***

Graphene oxide (GO) presents many advantages as a material
for sensing applications. Moreover, GO is water dispersible,
thereby allowing the formation of continuous films via an easy
method.*” Furthermore, the basal plane and edges of GO platelets
are composed of distributed oxygen groups, which can increase
the hydrophilicity of GO and consequently enhance the humidity
sensing properties.'* Recently, many research teams have used GO
sensing materials to detect humidity. Borini et al.** fabricated
a humidity sensor with an ultra-fast response speed by initially
spin-coating a GO film on IDEs. Bi et al.*® fabricated a humidity
sensor with high sensitivity by drop-coating GO on IDEs. Zhang
et al.*® fabricated a capacitive-type humidity sensor with a GO/
PDDA composite film using a layer-by-layer self-assembly
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for the construction of ultrahigh-sensitivity humidity sensors for various applications.

method. However, since it is restricted to natural GO, all the
previous GO humidity sensors have limited sensitivity at low
humidity levels and are hardly able to meet the abovementioned
needs.

Incorporation of metal nanoparticles into inorganic semi-
conductors or polymers is an effective method for enhancing
the function of materials.””* Ag nanoparticles/nanowires and
their composites with semiconductors or polymers have been
used to fabricate humidity sensors. Dzhafarov et al.?® found that
the open-circuit voltage of a Ag porous Si-Si substrate interface
changed linearly with variations in the humidity. Power et al.>*
prepared Ag nanoparticles stabilized with polyvinyl alcohol and
revealed the rapid humidity response of these nanoparticles. Lu
et al.* fabricated Ag nanowires with DNA as a template and
reported that the Ag-DNA network showed a current increase of
more than 400%. Wang et al.>® fabricated sensors based on NA-
graphene modified with Ag nanoparticles, which showed a fast
response speed (~1 second). Therefore, the combination of Ag
and GO could be expected to create new functional nano-
composites with excellent humidity sensing properties.

In the present study, the development of an excellent
humidity-sensing layer based on the GO/Ag composite utilizing
simple physical blending methods has been reported for the
first time. The composites were extensively characterized using
different material characterization techniques. The humidity
sensing properties of the proposed sensors were investigated
over a wide range of 11-97% relative humidity at room
temperature. The proposed sensors exhibited unprecedented
sensitivity. The influence of different proportions of Ag nano-
particles in the composites on the sensing property was
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investigated. Moreover, the possible humidity-sensing mecha-
nism has been discussed in detail.

Experimental
GO/Ag composites

All the chemicals were of analytical grade and purchased from
Xianfeng-nano company. The GO dispersion (1 mg ml~") and Ag
nanoparticle dispersion (0.1 mg ml~") with a grain size of 20 nm
were ultrasonically treated for 30 min before use; then, AgNPs at
various weight percentages (0.5, 1, 1.5, and 2 wt%) were added
to the GO dispersion,® which was sonicated to achieve
a uniform dispersion of nanoparticles. The final product has
been denoted as GO/Ag(X), where X represents the different
weight percentages of Ag to GO. Interdigitated electrodes (IDEs)
were fabricated on a N-doped silicon wafer with a top layer of
SiO, (300 nm) formed as an insulating layer. Ti/Au layers with
a thickness of 100 nm/400 nm were deposited on the SiO, layer
using magnetron sputtering. Au electrodes with a 50 um-wide
gap were prepared through photoetching followed by wet
etching. Before the fabrication of the sensing films, the IDEs
were rinsed with distilled water and ethanol and dried under N,
overnight. To perform the humidity tests, 0.4 ml of each sample
was drop-cast on the IDEs through a micro-syringe, followed by
drying at room temperature under N, for 2 hours.

Characterization

Transmission electron microscopy (TEM) images were obtained
using the FEI/Philips Tecnai 12 BioTWIN transmission electron
microscope. The water contact angles were measured using the
Kruss DSA 25 drop shape analyzer. The X-ray diffraction
measurements of GO, Ag, and GO/Ag were performed using an
X'Pert Pro MPD X-ray diffraction instrument (PANalytical Co.,
Holland) at 40 kV and 35 mA. Infrared spectra were obtained via
a Bruker Tensor 27 FT-IR spectrophotometer (Bruker Corpora-
tion, Germany) using KBr as a carrier. The humidity sensing
properties were investigated by exposing the GO/Ag film sensor to
various relative humidity (RH) levels, which were achieved using
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Fig. 1 Schematic of the experimental set-up.
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several saturated aqueous solutions. The saturated aqueous
solutions in a closed vessel at a stable temperature can provide
stable and controllable RH levels in their equilibrium states.
Hence, saturated solutions of LiCl, CH;COOK, MgCl,, K,CO;,
Mg(NO3),, CuCl,, NaCl, KCl, KNO3, and K,SO, in a closed vessel
were used to obtain approximately 11%, 23%, 33%, 43%, 54%,
62%, 75%, 85%, 93%, and 97% RH levels, respectively. The
capacitance response and ac complex impedance spectroscopy of
the presented sensors were measured using an LCR meter
(Wayne Kerr, 4100, UK), which was connected to a PC through
a LAN interface. The current-voltage (I-V) curves of the sensors
were obtained using a source meter (Keithley, 2400, USA). A
schematic of the experimental set-up used for the humidity-
sensing measurement is illustrated in Fig. 1.

Results and discussion
Structure and morphology

During the humidity-sensing process, it was found that GO/Ag
(2 wt%) showed the maximum response. Thus, we tried to
highlight the morphology as well as carry out a structural
analysis of this sample through our characterizations.

Fig. 2(a and b) show the TEM images of GO/Ag (2 wt%) and
pure GO, where the latter appears rougher. Sufficient AgNPs can
be observed in the GO/Ag composite films, and they can also be
recognized clearly in the high-resolution TEM image (Fig. 2(c)).
Moreover, many more wrinkles can be observed in the GO/Ag
films. All these nanostructures of the GO/Ag films provide
a large specific surface area, which is beneficial for the
adsorption of water molecules. Through measuring the wetta-
bility, the water contact angles were found to be about 49.6° and
27.8° for pure GO and GO/Ag (2 wt%), respectively, as shown in
Fig. 2(d and e), indicating that the composites were more
hydrophilic,>* consistent with their nanostructures.

XRD was performed to investigate the phase structure of GO,
Ag, and GO/Ag (2 wt%) (Fig. 3(a)). Pure GO displayed a typical
characteristic (002) peak at 10.81°. In the XRD pattern of the
pure AgNPs, the peaks at 20 = 37.7°, 43.7°, 64.8°, 77.8°, and
81.27° can be assigned to the (111), (200), (220), (311), and (222)

GO/Ag

Fig. 2 TEM characterization of (a) GO/Ag and (b) GO. (c) High-reso-
lution TEM characterization of GO/Ag. The water contact angles of (d)
GO and (e) GO/Ag.

RSC Adv., 2017, 7, 45988-45996 | 45989


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06959f

Open Access Article. Published on 27 September 2017. Downloaded on 10/21/2025 6:53:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

crystalline planes of silver, respectively. These diffraction peaks
are in agreement with the standard card (JCPDS: 04-0783).>* The
diffraction peaks of GO/Ag are in good agreement with the
standard Ag, except for the broad (002) peak at approximately
10.8°, which can be indexed to the disordered stacked graphitic
sheets. No peaks from other phases were detected; thus, the
product was considered to be of high purity.

XPS analysis was performed to investigate the chemical state
of the GO/Ag composite. In Fig. 3(d), the survey spectra clearly
indicate the existence of C, O, and Ag in GO/Ag. The C 1s and Ag
3d XPS core level spectra of the GO-Ag nanocomposite are
shown in Fig. 3(b and c), respectively. The C 1s core level XPS
spectrum can be deconvoluted into four components with the
binding energies at 285.0, 287.1, 288.5, and 289.3 eV assigned to
C=C(, C-0, C=0, and HO-C=0, respectively (Fig. 3(b)). These
results indicate that there are a large number of functional
groups on the surface of the GO nanosheets. The intensity of the
band at 287.1 eV (C-O) decreased; this indicated the partial
reduction of GO nanosheets to graphene nanosheets. As shown
in Fig. 3(c), the XPS spectra clearly show the concision of
elemental Ag and the elemental status of Ag (3d). The Ag (3d)
peaks are a doublet, which arises from spin-orbit coupling (3ds/,
and 3dj/,).*” The binding energies of the Ag 3ds/, and Ag 3ds,
peaks are 368.76 and 374.79 eV, respectively, which clearly prove
that silver is present only in the metallic form; this indicates the
formation of AgNPs on the surface of the GO nanosheets.
Fig. 3(d) also shows the XPS spectra of GO/Ag (2 wt%) after water
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Fig.3 (a) XRD spectra for GO, Ag, and GO/Ag. (b) C 1s XPS spectrum of
GO-Ag. (c) Ag 3d core level spectrum of GO/Ag. (d) XPS survey scans
of GO/Ag before and after the humidity sensing process. (e) FT-IR
spectra and (f) Raman spectra of GO/Ag at low and high humidity
environments.
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molecule adsorption, and it indicates that the adsorption
process does not change the chemical state of GO/Ag.

Fig. 3(e) shows the FT-IR spectra of the GO/Ag (2 wt%) thin
film in the range of 400-4000 cm ' under low and high
humidity environment. As shown in Fig. 3(e), a characteristic
absorption peak of GO appeared at 3440 cm ™" because of the
presence of -OH groups. The peaks between 1800 and
1050 cm™ " are due to C=0 stretching, C-H stretching, C-OH
stretching, C-O-C stretching, and C-O stretching at 1730, 1630,
1396, 1240, and 1060 cm ™', respectively.? These results indicate
that the GO/Ag films are covered with oxygen functional groups.
According to the spectra of GO/Ag, the peaks at 1730 and
1240 cm ™! are absent at high humidity. This might be explained
as follows: under a high humidity environment, during the
water molecule adsorption process, C=0 and C-O-C are
combined with water molecules and converted to C-OH. Based
on the XPS and FTIR characterizations, it can be concluded that
this conversion process is reversible.

The attachment of silver nanoparticles on the GO sheets was
also investigated by Raman spectroscopy. This technique is
a powerful tool for investigating ordered and disordered
nanocarbons. The Raman spectrum of GO/Ag was characterized
by the presence of bands at 1320 cm™* (D band) and 1570 cm ™"
(G band) under low and high humidity environments, respec-
tively, as shown in Fig. 3(f). A laser operating at 532 nm was used
as the excitation source. The D band is active in the presence of
defects in the graphitic structure.”® The G band corresponds to
the first-order bond stretching of sp® carbon atoms (E,g) and is
related to the graphitic mode. The ratio ID/IG of GO/Ag was 1.13
and basically remained the same under both low humidity and
high humidity environments.

Humidity-sensing results

For clearly contrasting the performance of all the samples, the
sensitivity of the samples towards humidity was defined as
follows:
CRH — Cinilial
S= o —o—— 1
RH% — l{l_linitialo/O ( )

where S denotes the sensitivity, Cry denotes the capacitance of
the sensor at the current RH levels, and Cjjtar iS the initial
capacitance. According to the experiment, we chose the initial
state of the sensors as that at the 11% RH level. Fig. 4(a) shows
a comparison of the sensitivity of the samples towards
humidity. As can be seen, the capacitance of all the samples
increased with the increasing RH. Under the same RH condi-
tion, the capacitance of the sensing materials tended to increase
with the increasing Ag content. The sensitivity of GO/Ag (2 wt%)
was more than 22 times that of pure GO. As shown in Table 1,
the sensing property of the GO/Ag (2 wt%) samples was
comparable to those of capacitive-type humidity sensors
proposed in previous studies.”””** This comparison highlights
the unprecedented performance of GO/Ag (2 wt%) as a candi-
date for constructing humidity sensors, with large variations of
output capacitance from 1050 pF to 2 220 624 pF and a sensi-
tivity of 25 809 pF/% RH, which is a 100 times larger than that of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Capacitance dependence on the relative humidity of pure

GO and GO/Ag(X), X: 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt%. (b) At low
humidity levels (<33% RH). (c) Relationship between impedance and
RH at different frequencies based on GO/Ag (2 wt%). (d) Response and
recovery curve of the sample GO/Ag (2 wt%). (e) Hysteresis charac-
teristic of the sample GO/Ag (2 wt%). (f) Long-term stability of the GO/
Ag (2 wt%)-based sensor exposed to 33%, 54%, 75%, and 97% RH. (q)
Measured -V curves of the sample GO/Ag (2 wt%) at various RH levels.
(h) Selectivity performance of GO/Ag (2 wt%).

previous capacitive humidity sensors such as polyimide
humidity sensors.” Fig. 4(b) indicates the capacitive responses
of all the sensors at low humidity (<33%). The sensitivity of GO/
Ag (2 wt%) (328 pF/% RH from 11% to 33% RH) was much
higher than that of pure GO (8.7 pf/% RH from 10% to 33% RH).
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This result reveals the excellent sensitivity of GO/Ag under
environments with low RH levels, which can extend the appli-
cations of sensors.

It should be pointed out that although the sensitivity of the
composite is proportional to the ratio of Ag, the ratio has a limit.
Ag nanoparticles are a good conductor. When the proportion of
Ag nanoparticles in the composites is too much, the initial
resistance of the composites becomes too small to be dielectric.
This phenomenon can be explained through percolation
thresholds.*

The relationship between capacitance and RH at various
frequencies for GO/Ag (2 wt%) is shown in Fig. 4(c). The results
showed that the capacitance increased with the increasing RH
(especially at RH > 43%) in the low-frequency region and then
became nearly independent of RH in the high-frequency region
(i.e. between 5 and 10 kHz). These results indicated that the
capacitance was simultaneously dependent on the frequency
and RH. According to the literature,* the polarization of
adsorbed water molecules occurs in the low-frequency region,
whereas the electrical field changes direction rapidly in the
high-frequency region. The polarization speed of the water
molecules cannot cope with these changes; consequently, the
capacitance becomes small and independent of the RH in the
high-frequency region. As observed, the curve displayed the best
linearity at 100 Hz. Thus, the frequency of 100 Hz was deter-
mined as the operation frequency for assessing the other
humidity-sensing properties of GO/Ag (2 wt%). The response
and recovery behaviour represent a significant basis for
assessing the performance of humidity sensors. Fig. 4(d) shows
the response-recovery characteristic of GO/Ag (2 wt%). The time
taken by a sensor to achieve 90% of the total impedance change
is defined as the response time in the case of adsorption and the
recovery time in the case of desorption. The measured response
and recovery times were approximately 8 and 12 s, respectively.
Compared with traditional-sensing-materials-based sensors,*”*
GO/Ag exhibited significantly reduced response times and
recovery times. Furthermore, the capacitance can be fully
restored to the initial capacitance value. Large humidity
hysteresis has long been a serious problem in humidity sensors.
The hysteresis (between humidification and desiccation and
measured over an RH range of 10-90% RH) was less than 5%
RH (Fig. 4(e)), which corresponds to 65% RH. This result indi-
cated that the hysteresis of GO/Ag (2 wt%) was relatively low.
The rapid response and recovery might have played an

Table 1 Comparison of the sensitivities for different humidity sensing materials reported in the literature and in this study

Sensing material Fabrication method Measurement range Sensitivity (<33% RH) Literature
MWCNTs/polyelectrolyte Solution dripping 35-60% RH 4.2 pF/% RH 27
Au/PVA Drop casting 11-97% RH 11.38 pF/% RH — 28
Polyimide Spin coating 20-90% RH 43.9 pF/% RH — 29
GO Solution dripping 25-65% RH —9.5 pF/% RH — 30
GO Drop casting 15-95% RH 46.3 pF/% RH — 31
GO/PDDA LBL self-assembly 11-97% RH 1552 pF/% RH 6 pf/% RH 16
GO/ZnO LBL self-assembly 11-97% RH 17 785 pF/% RH ~50 pf/% RH 32
Au/GO (9 wt%)/MPTMOS Sol-gel process 20-90% RH 118 kQ/% RH — 49
GO/Ag (2 wt%) Drop casting 11-97% RH 25 809 pF/% RH 328 pf/% RH This paper

This journal is © The Royal Society of Chemistry 2017
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important role in weakening the hysteresis. Stability is an
important parameter of humidity-sensing properties. The
capacitance of GO/Ag (2 wt%) was tested repeatedly under fixed
humidity levels over a period of 5 days. The results are shown in
Fig. 4(f). The capacitance variation is less than 4% in each
humidity region for 1 month at 100 Hz, which shows good long-
term stability. The current-voltage (I-V) curves of GO/Ag (2 wt%)
(p-GO/Ag hybrid device) at various RH levels are shown in
Fig. 4(h). Both the forward and reverse currents in the device
increased with the increasing RH. However, the reverse currents
were small; this indicates a better rectifying behaviour of the
Schottky junction.®* The selectivity performance of the samples
should be investigated to avoid the influence of other reducing
and oxidising gases and vapours. The capacitance of GO/Ag
(2 wt%) was tested with H,, CH,, CO,, H,S, NH,, benzene,
alcohol, and methanal vapours with the same high concentra-
tion of 5000 ppm at room temperature to investigate the
selectivity towards H,O, and the results are shown in Fig. 4(g).
The benzene, alcohol, and methanal vapours were prepared by
a liquid evaporation method® with N, as the carrier gas. It is
clearly observed that the test samples have extremely higher
sensitivity towards H,O than towards other test gases. The good
selectivity of the GO/Ag samples might be attributed to the ion
conduction benefit from the absorption of water molecules.

Humidity-sensing mechanism

The electrical response of the sensing materials to humidity is
related to the physical adsorption of water molecules. To
interpret the relationship between the capacitance and the RH,
the following eqn (2) was adopted to depict the relationship:*

C = (& — ivlwe)Cy (2)

where vy denotes the conductance, w denotes the frequency, and
i is the imaginary constant. According to this expression, the
capacitance of the sensing material is proportional to vy and
inversely proportional to w. In addition, y is related to the
physisorption of water molecules in the sensing material such
that different sorption processes yield different y values. y
increases with the increasing RH; thus, the capacitance
increases with the increasing RH depending on the frequency.*

i. Adsorption process of water molecules on GO/Ag mate-
rials. At low RH, water molecules are primarily physisorbed onto
the available active sites (hydrophilic groups and vacancies) of
the GO surface through double hydrogen bonding, as shown in
Fig. 5(a). In this regime, the water molecules are unable to move
freely because of restriction from the double hydrogen bonding.
The hopping transfer of protons between adjacent hydroxyl
groups in the first-layer physical adsorption of water requires
a lot of energy; hence, the GO films mainly exhibit intrinsic
conductance.

As the RH increases, water molecules are physisorbed
through single hydrogen bonding on the hydroxyl groups.
Moreover, the water molecules permeate into the interior of GO
layers (Fig. 5(b)). Thereafter, the water molecules become
mobile and progressively become identical to those in the bulk
liquid. Moreover, the physisorbed water molecules gradually

45992 | RSC Adv., 2017, 7, 45988-45996
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Fig. 5 Schematic of the humidity sensing mechanism under (a) low
and (b) high RH conditions, respectively.

exhibit a liquid-like behaviour, and a fraction of them can be
ionized under an electrostatic field to produce a large number
of hydronium ions (H;0") as charge carriers. In the bulk liquid,
proton hopping between adjacent water molecules occurs in the
GO films, with charge transport occurring through conductivity
generated by a Grotthuss chain reaction (H,O + H;0" — H;0" +
H,0).*® Furthermore, the functional groups of GO can be
hydrolyzed in bulk water layers, which contribute to the ionic
conductivity. All these factors would lead to a sudden increase
of v; this would lead to a quite high sensitivity at high RH. In
addition, the dielectric constants of water under different
conditions vary. For instance, the dielectric constant of
hydrated water at low RH is 2.2, whereas that of free water at
high RH is 78. This variance enhances the sensor capacitance,
thereby resulting in a high sensitivity. This finding explains the
excellent humidity-sensing characteristics of the sensing
materials.

The defects in GO play important roles for humidity sensing.
Hence, the humidity-sensing property of rGO/Ag with different
defect concentrations can be controlled with different reduction
processes of rGO. To avoid the interference of impurities, rGO
was prepared through a thermal reduction method with
different reduction times®* and combined with 2 wt% AgNPs to
fabricate humidity-sensing samples. It is known that the Ip/Ig
ratio can reflect the defect concentration. Thus, the Raman
characterization was carried out for the different rGO/Ag
samples, and the results are shown in Fig. 6(a). The initial
capacitance and sensitivity of different rGO/Ag samples are
shown in Fig. 6(b). It can be observed that the defect concen-
tration is inversely proportional to the reduction degree of rGO
and proportional to the sensitivity of the samples. This
phenomenon indicated that the defects in the samples played
an important role in the adsorption of water molecules.

ii. Complex impedance spectra of the GO/Ag composite
and GO. To confirm the different sorption mechanisms of
sensing materials at various RH values, complex impedance
spectra (CIS) were adopted to interpret the conductivity
processes that occurred in a humidity sensor. The typical

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) The Raman spectra of rGO/Ag with different reduction
times. (b) The sensitivity and initial capacitance of rGO/Ag with
different reduction times.

complex impedance spectra of GO/Ag (2 wt%) at different RH
values were obtained over a frequency range of 100-10 000 Hz at
a testing voltage of 1 V and temperature of 25 °C. The difference
in the impedance spectra implies different physical phenomena
for the electrical conductivity and polarization that occur in the
material in the presence of water molecules. Fig. 7(a) shows the
semi-circular CIS curves at low humidity. As shown in Fig. 7(b),
alongside continuously increasing RH, a line appears at high
RH values and the semi-circular behaviour seen in the low-
frequency range is depressed. When the RH increases to 62%
(Fig. 7(c)), the semicircle disappears, only leaving a line behind.
The semicircle is typical of the relaxation mechanism exhibited
by resistance-capacitance parallel circuits. Therefore, the
semicircle results primarily from the intrinsic impedance of the
material. The decrease in the curvature of the semicircle with
the increasing RH reflects the decrease in the intrinsic imped-
ance, which is related to the interaction between the sensing
film and water.”” The physical phenomena of the electrical
conductivity and polarization that occur in a humidity sensor
are represented not only by the resistance and capacitance, but
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also by the diffusion and interface phenomena of ions. The
straight line may stem from the ionic and/or electrolytic
conductivity. Therefore, as the RH increases, the line becomes
dominant in the CIS; this reflects the enhanced ionic conduc-
tivity behaviour.*

To confirm the effect of Ag nanoparticles, the CIS of pure GO
was obtained and is shown in Fig. 7(d-f). Upon comparing
Fig. 7(b and e), a straight line is observed at 22% RH for sensor 5
and at 54% RH for sensor 1. This phenomenon indicates that
the ionic conductivity behaviour exists more easily in GO/Ag
than in pure GO at low RH levels, and this results in excellent
sensitivity for the GO/Ag composites, especially under a low
humidity environment, as shown in Fig. 4. This phenomenon
could be attributed to two main reasons. First, the greater
number of wrinkles in the GO/Ag composite increased the
surface-to-volume ratio of the material. The water absorption
capability of the GO/Ag composite was thus better than that of
pure GO, as shown in Fig. 2(d). Second, as shown in Fig. 5(b),
the Ag nanoparticles dispersed on the GO surface served as
adsorption centres, which could promote the formation of bulk
water layers and consequently strengthen the ion conduction
for humidity sensing. Due to the abovementioned reasons, the
GO/Ag sensing films exhibited excellent humidity sensitivity,
especially at low humidity levels.

iii. The effect of the Ag-GO Schottky junctions. Ag is a good
conductor, and GO is a p-type semiconductor. The work func-
tions of Ag and GO are 4.26 and ~4.9 eV, respectively.** Similar
to the case of other semiconductors,****®* when Ag is well con-
nected to GO sheets, a Schottky junction is formed, as shown in
Fig. 8(a). According to the literature,® at low RH levels, the
influence of v is determined mainly by the electrical conduction
in a sensing material and in the Ag-GO Schottky junctions.
Under a low humidity environment, the intrinsic conduction of
a material is poor; thus, the electrical conduction in the Ag-GO

Fig. 7 Complex impedance spectra (CIS) of GO/Ag (2 wt%) (a—c) and GO (d—f) under switching RH.
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Fig. 8 GO-Ag Schottky junction and corresponding energy band
diagram in (a, c) dry environment and (b, d) humidity environment.

Schottky junctions plays the main role. In the Ag-GO Schottky
junction, the absorbed water molecules attract electrons to the
surface of GO, and the work function of GO decreases, as shown
in Fig. 8(b and d). Thus, the hole barrier decreases simulta-
neously, and consequently, this increases the conduction in the
Schottky junctions. Therefore, the capacitance of GO/Ag is
significantly increased as compared to that of GO at low RH
(Fig. 4(b)). Therefore, the Ag-GO Schottky junctions play an
important role, which result in the extremely high sensitivity of
GO/Ag at low humidity.

Conclusions

A GO/Ag composite was prepared and studied as a humidity
sensing material. The study results showed that the GO/Ag
material displayed an ultrahigh sensitivity under the proper
addition content of Ag, and it also possessed a relatively short
response time. The analysis of the humidity-sensing mecha-
nism indicated that more wrinkles in the GO/Ag composite
increased the surface-to-volume ratio of the material, and the
Ag nanoparticles in the composite served as the adsorption
centres, which could promote the formation of the bulk water
layers. Moreover, the Ag-GO Schottky junctions played
the main role in improving the conduction of the sensing
material at low humidity. Due to the abovementioned
reasons, the GO/Ag composite exhibited excellent humidity
sensitivity, especially at low humidity levels. This sensing
mechanism is expected to be suitable to explain the sensing
behaviour of other metal-semiconductor-material-based
humidity sensors.
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