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ABSTRACT: Urchinlike CuO modified by reduced graphene oxide (rGO)
was synthesized by a one-pot microwave-assisted hydrothermal method. The
as-prepared composites were characterized using various characterization
methods. A humidity sensor based on the CuO/rGO composites was
fabricated and tested. The results revealed that the sensor based on the
composites showed much higher impedance than pure CuO. Compared with
the sensors based on pristine rGO and CuO, the sensor fabricated with the
composites exhibited relatively good humidity-sensing performance in terms
of response time and response value. The humidity-sensing mechanism was
also briefly introduced. The enlargement of the impedance and improvement
of the humidity-sensing properties are briefly explained by the Schottky

junction theory.
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B INTRODUCTION

Graphene, a unique 2D carbon structure, because of its
fascinating electronic, mechanical, thermal properties, and large
specific surface areas,"* has been considered to be a good
candidate for many advanced technologies, such as nano-
electronics,’ transparent conducting electrodes,’ composites,7
supercapacitors,® gas sensors,” and hydrogen storage.'® Until
now, there have been several available ways to prepare
graphene, including mechanical exfoliation,"" eIpitaxial growth,"
chemical vapor deposition,"® and chemically'* or thermally"
reduced graphene oxide (rGO). From the perspective of
practical application, the most intensive attention has been paid
to rGO, mainly because it can be produced on a large scale at a
relatively low cost.'®

Unfortunately, pristine rGO does not show ideal perform-
ances in some aspects. For instance, when applied in gas
sensors, pristine rGO has exhibited poor sensing properties
toward gases, including low sensitivity and irreversibility.” To
improve the performances of pristine rGO, numerous
modification methods have been tried, such as chemical
functional groups modification,’”” a carbon nanotube/rGO
hybrid,'® noble metal particle decoration,"”** a polymer/rGO
composite,”’ and metal oxides or metal sulfides/rGO
composites.”>** As an important kind of functional materials,
metal oxides have been widely used in many fields, for instance,
field emitters”* ™ and gas sensors.’®’' Because of the
advantages of metal oxides and rGO, much attention has
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been paid to metal oxides/rGO composites. They combine the
outstanding properties of metal oxides and rGO and might
result in some particular properties because of the synergetic
effect. To date, several kinds of metal oxides have been used to
modify rGO, including Zn0O,” Fe,0,,** NiO,** Co,0,*
TiO,,*® $n0,,*” Fe;0,,*® Cu,0,* and Cu0.*

CuO, an important p-type semiconductor, has been used in
many applications. Recently, the applications of CuO/rGO
composites have also been reported. Significantly, in 2010, Mai
et al.*' reported a CuO/rGO composite obtained by an in situ
chemical synthesis approach. When used as electrode materials
for lithium ion batteries, the CuO/rGO composite ensured fast
electron transfer between the active materials and collector and
accommodated the volume expansion/contraction during
discharge/charge process. Later, Zhao et al.* reported a
leaflike porous CuO/rGO nanostructure synthesized by a
hydrothermal method. Used as pseudo capacitor electrode
materials, the nanostructures were found to exhibit superior
performance in terms of specific capacitance and cyclability. In
the next year, Sun and his cooperators reported a nonenzymatic
glucose sensor based on a CuO/graphene-modified screen-
printed carbon electrode integrated with flow-injection
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Figure 1. XRD patterns of GO and rGO (a) and CuO and CuO/rGO composites (b).

analysis.*® It was found that the sensor showed an ultralow
detection limit and high sensitivity.

Although CuO/rGO composites have been applied in some
applications, there are few reports about their humidity-sensing
properties. Herein, we report urchinlike CuO structures
modified by rGO prepared by a microwave-assisted hydro-
thermal method. This method iffers from those synthesis
methods in the literature, which reduced GO first. We obtained
the composites by a simple one-pot method; the reduction of
rGO and the synthesis of CuO were all in one step. The
obtained CuO/rGO composites were then used to fabricate a
humidity sensor. The testing results revealed that the sensor
exhibited rapid response/recovery characteristics, high response
value, and good repeatability. A sensing mechanism related to
the Schottky junction model is proposed.

B EXPERIMENTAL SECTION

Synthesis of Materials. Graphene oxide (GO) was synthesized
from graphite powder according to the modified Hummer’s method,**
as shown in Supporting Information. CuO/rGO composites were
prepared by a one pot microwave-assisted hydrothermal method. First,
1.5 mg of the obtained dry GO was ultrasonically redispersed into 40
mL deionized water, then 0.02 g of CuCl,-2H,O (Sinopharm
Chemical Reagent Co. Ltd. China, 99%) was dissolved in the obtained
dispersion by vigorous stirring for 20 min. After that, 0.04 g of urea
(Sinopharm Chemical Reagent Co. Ltd. China, 99%) was added into
the above solution under continuous stirring. Another 20 min later, the
mixture suspension was then sealed in a 100 mL Teflon container and
transferred into a microwave digestion system (Ethos One, Milestone
incorporated). The reaction was conducted at 150°C for 30 min. After
cooling to room temperature naturally, the precipitate was collected by
centrifugation and washed by water and ethanol several times. After
that, the obtained solid products were dried under ambient conditions
overnight for further characterization and use. The urchinlike CuO
structures were also prepared by a similar method without adding GO.
For pristine rGO, the reaction was conducted under the same
conditions without adding urea and CuCl,-2H,0.

Fabrication and Testing of the Humidity Sensor. For
fabricating the sensing devices, the paste was formed by mixing the
products (rGO, CuO, and the composites) with ethanol then coated
onto a ceramic substrate (10 mm X 5 mm, 0.5 mm thick) at a
thickness of ~20 pm and dried in air at room temperature. The
substrate was attached with Ag—Pd interdigitated electrodes, whose
width and length were about 50 ym and 3.0 mm, respectively. The gap
between adjacent counter electrodes was ~50 ym. The humidity-
sensing properties were evaluated by an electrochemical interface and
impedance/gain phase analyzer. A schematic diagram of the testing
system is illustrated in Scheme SI in the Supporting Information.
Controlled humidity environments were obtained using saturated salt
aqueous solutions in a closed glass vessel: LiCl, MgCl,, NaBr, NaCl,
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KC], and K,SO,, which yielded 11%, 33%, 59%, 75%, 85% and 98%
relative humidity (RH), respectively. To maintain a constant RH, the
temperature of the testing environment was maintained at 25°C. The
response was defined as the ratio of the impedance in 11% RH to that
in 98% RH. The time taken by the sensors to achieve 90% of the total
complex impedance change from 11% to 98% RH was defined as the
response time in the case of adsorption or the recovery time in the
case of desorption from 98% to 11% RH.

Characterizations of Materials. Microwave-assisted hydrother-
mal reaction was conducted in a microwave digestion system (Ethos
One) manufactured by Milestone Incorporated. X-ray power
diffraction (XRD) analysis was conducted on a Rigaku D/max-2500
X-ray diffractometer with Cu Ka1 radiation (4 = 0.15406 nm), and the
scanning speed was 12°/min. Field emission scanning electron
microscopy (SEM) images were recorded on a JEOL JSM-7S00F
microscope operating at 15 kV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) images were obtained on a JEOL JEM-200EX microscope
with accelerating voltage of 200 kV. Raman spectrum analysis was
conducted on a Renishaw inVia Micro-Raman spectrometer. The X-
ray photoelectron spectroscopy (XPS) data were determined on an
ESCALAB 250 spectrometer. The humidity-sensing properties were
evaluated by an electrochemical interface and impedance/gain phase
analyzer (Solartron SI 1278 and SI 1260). Thermogravimetric (TG)
analysis and differential scanning calorimetric (DSC) measurements
were carried out using a NETZSCH STA 449F3 simultaneous
thermogravimetric analyzer under air atmosphere from 30 to 800°C
with a heating rate of 10°C min™".

B RESULTS AND DISCUSSION

Materials Characterizations. Figure 1 shows the XRD
patterns of the as-prepared GO, rGO, CuO, and CuO/rGO
composites. The diffraction peak at around 26 = 11.2° in Figure
la belongs to the (001) reflection of GO. Using the Scherrer
equation, the interlayer spacing of GO was 0.79 nm, much
larger than that of pristine graphite (0.34 nm). The increase in
the interlayer spacing can be attributed to the introduction of
oxygen-containing functional groups on the graphite sheet
surfaces.*® For the rGO sample, two characteristic diffraction
peaks can be observed at 23.5 and 42.8°, corresponding to the
(002) and (100) planes of graphene. Figure 1b illustrates the
XRD patterns of CuO and CuO/rGO composites. All the peaks
in the spectra can be assigned to monoclinic CuO (a = 4.69270
A, b =342830 A, c = 5.13700 A, = 99.546°, JCPDS Card No.
80-1916). None of obvious typical peaks belonging to rGO are
observed in the XRD spectra of CuO/rGO composites. It can
be ascribed to the low amount and low diffraction intensity of
rGO. In addition, the CuO/rGO composites show a lower
diffraction peak intensity than the pure CuO, suggesting that
the CuO in the CuO/rGO composites has relatively low
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crystallinity, owing to the high density of oxygen functional
groups, including carboxylic, hydroxyl, and epoxy groups, on
the GO surface to hinder diffusion and crystallization of CuO
grains.41

Raman spectra of GO, rGO, and CuO/rGO composites are
illustrated in Figure 2. As can be seen, all three materials show a
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Figure 2. Raman spectra of GO (a), rtGO (b), and CuO/rGO
composites (o).

peak around 1354 cm™. It can be attributed to the D band
associated with the structural defects that are related to the
partially disordered structures of graphitic domains or created
by the attachments of functional groups on the carbon basal
plane. The peaks at 1595 (a), 1590 (b), and 1579 cm™ (c)
correspond to the G band, which arises from the first-order
scattering of the E,, phonon of the sp? C atoms.*® Similar to
the previous work, red shifts of the G band also can be observed
in panels b and ¢.*’ It is also found that, after microwave-
assisted hydrothermal treatment, the products show relatively
higher intensity of the D to G band (1.10 for CuO/rGO
composites and 1.00 for rGO) than that of GO (0.95). These
observations confirm the formation of new graphitic domains
after the heat treatment process.*® In the spectrum of CuO/GO
composites, there are two Raman peaks at 276 and 603 cm™,
and these peaks can be assigned to the A; and B, modes of
monoclinic CuO, respectively.*®

The surface composition and element analysis for the
resulting products were characterized by an XPS technique.
Figure 3 shows the XPS spectra of GO, rGO, and the
composites, all revealing two peaks at 285.5 and 531.0 eV,
which are attributed to C 1s and O 1s, respectively. The other
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Figure 3. XPS spectra of GO, rGO, and rGO/CuO.
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two peaks at 933.3 and 77.0 eV are also observed on the
spectrum of the composites, which are associated with Cu 2p
and Cu 3p, respectively.*’

Figure 4 shows the C Is spectra of GO, rGO, and the
composites. The C 1s spectra could be deconvoluted into three
peaks at 284.5, 286.6, and 288.4 eV, which are associated with
C—C, C-0, and C=0, respectively. It is obviously seen that
the peak intensity of C—O and C=0 is strong in GO (Figure
4a); in contrast, after hydrothermal treatment, the peak
intensity of C—O and C=O in the products tremendously
reduces (Figure 4b and c). All the observations suggest that
most of the oxygen-containing functional groups are success-
fully removed after hydrothermal treatment.*®

The weight ratio of rGO and CuO was evaluated by a
thermogravimetric analysis; the result is shown in Figure S. As
can be seen from the TG curve, the mass loss in the range of
30—300°C can be attributed to the loss of water. The
remarkable mass loss from 300 to 500°C is ascribed to the
decomposition of residual oxygen-containing groups and
carbon oxidation from rGO. On the basis of the total weight
loss of the CuO/rGO composites, the weight ratio of graphene
in the composites was 8.6 wt %.

The morphologies of CuO and CuO/rGO composites were
characterized with TEM and SEM analyses. As can be seen, the
urchinlike structures are about 2 ym in diameter. There are
some flakelike structures along with the urchinlike structures in
pure CuO. To investigate them in detail, HRTEM analysis was
conducted. A typical TEM image and a corresponding HRTEM
image of a “flake” are shown in Figure S1 in the Supporting
Information. From the HRTEM image, we can calculate the
lattice spacing was 0.23 nm, which corresponds to the d spacing
of the (111) crystal planes of monoclinic CuO, indicating the
flakelike structures were CuO. On the basis of the SEM and
TEM analysis, we can see that the CuO architectures in the
composites are more uniform and compact. So it can be
concluded that the existence of GO really has effects on the
diffusion and crystallization of the CuO grains, as is discussed
above. From the typical SEM and TEM images of the
composites (Figure 6e, f) we can see that rGO shows a
crumpled layered structure with some stacking layers. In
addition, it can be observed that the rGO and CuO connect
well with each other. To determine how rGO was distributed in
the composites, a SEM image with low magnification of the
composites is shown in Figure S2 in the Supporting
Information. As can be seen, rGO was distributed randomly
in the composites.

Humidity-Sensing Performances. As is well known, the
responses of humidity sensors are dependent on the testing
frequency. To investigate the humidity-sensing properties, the
testing frequency should be determined first. Hence, the
impedances of the sensors based on rGO, CuO, and CuO/rGO
composites at different RHs were tested with different testing
frequencies. The results are shown in Figure 7. As can be seen,
regardless the frequency, the impedances of pristine rGO did
not change obviously when the RH rose from 11% to 98%,
indicating that rGO showed extremely small responses to
humidity. For CuO, the impedances decreased with an in crease
in the humidity, showing a nearly linear curve and the largest
response when measured at 10 Hz. The response was 227.7;
this small value makes it have poor precision for determining
humidity, thus hindering its application. Under all three
frequencies, the impedances of CuO/rGO composites changed
relatively less at the low humidity range (11—59%). When the
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Figure 4. C 1s spectra of GO (a), rGO (b), and rGO/CuO (c).

s Figure 8 shows the response and recovery curves of CuO (a)
1004 and CuO/rGO composites (b) measured at 10 Hz when RH
alternately changes between 11% and 98%. As can be seen,
reane =5 both pristine CuO and the composites showed good
;\2 95+ T W & .E repeatability and rapid response/recovery characteristics. The
= % response/recovery times for CuO and the composite are 10/16
S 904 = and 2/17 s, respectively. Compared with those humidity
= et 8 sensors in the literature,”*>* the sensor based on the CuO/
_ rGO composite showed a faster response/recovery process.
85 What is more, the composites show better repeatability than
T T . T y T y -6 pure CuO, which is an important parameter for a humidity

100 200 300 400 500 600 700 800
sensor. So we can conclude that the sensor based on the
Temperaturei('C) composites shows good performance when working under
Figure S. TG and DSC curves of the as-synthesized CuO/rGO relatively high RH. Current—voltage (I-V) curves of pristine
composites. CuO and the composites under different RHs are shown in
Figure S3 in the Supporting Information. It can be seen that the
slope of the I-V curves increased with an increase in the RH.
RH rose to the high range (75—98%), the impedances Discussions of the Sensing Mechanism. The electrical
decreased a lot. The highest response of the composites was response occurring in a humidity sensor must be linked to the
about 22700 (measured at 10 Hz). On the basis of the water adsorption process taking place on the exposed surface of
obtained results, 10 Hz was chosen to be the testing frequency. the sensing material.>>~>® The adsorbed water molecules can be
Furthermore, working at high RH, the composites showed high divided into two kinds: chemisorbed and physisorbed. The
response, so they might be able to more accurately detect the initial layer is chemisorbed; once formed, it is not further
humidity, much easier to avoid the interference of external affected by exposure to humidity and is difficult to remove.
factors, such as circuit noise. So the composites may have much With the addition of humidity, physisorbed layers would form
better application prospects than pure CuO as a humidity- upon the chemisorbed layer. They are easily removed by
sensing material. decreasing the humidity. At a lower RH, the charge transport is

LATR

Figure 6. SEM images of CuO (a, b) and CuO/rGO composites (d, e); typical TEM images of CuO urchins (c) and an rGO—CuO junction (f).
White arrows in part e indicate the rGO sheets.
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Figure 7. Impedances of the sensors based on rGO (a), CuO (b), and the composites (c) under different RHs measured at different frequencies.
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and 98% RH at 25°C.

Scheme 1. Schematic Diagram of the Capillary Condensation Phenomenon on the Surface of Urchinlike CuO (a) and Energy
Band Diagram of a CuO/rGO Schottky Junction under Low (b) and High (c) RH

by Ee
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Water layer
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. S— Y
Urchin-like CuO fHole barrier

secured by proton hopping between chemisorbed hydroxyl schematic diagram for this phenomenon is shown in Scheme
groups. Afterward, when the amount of physisorbed water la.
molecules starts to appear, the hydronium ion, H;O", is most rGO is a kind of good conductor; CuO is a p-type

likely the charge carrier. Further, at higher RH, this probably semicondqctor. The work fgggion of _thin gr.ap.hene layers
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ehavior, an 1ons move freely. Schottky junction will be formed, as shown in Scheme 1b.
The humidity response of CuO could be explained by the

o _ ) Because of the good conductivity and ultralow humidity
above humidity-sensing mechanism. Furthermore, the pores sensitivity, other than forming Schottky junctions, rGO has
formed in the gap of the spines on urchinlike CuO may

little contribution to the impedance of the composites. The
facilitate the capillary condensation at a lower RH level to give impedance of the composites is determined by mainly three
rise to a higher impedance response for humidity-sensing.”” A parts: first, the surface impedance of CuO; second, the bulk

3892 dx.doi.org/10.1021/am404858z | ACS Appl. Mater. Interfaces 2014, 6, 3888—3895



ACS Applied Materials & Interfaces

Research Article

impedance of CuO; and third, the impedance of rGO—CuO
Schottky junctions (responsible for the larger impedance of the
composites than pure CuO). Therefore, the impedance change
in the composites caused by humidity change was also
determined by the above three parts. When the relative
humidity increased, the water molecules would cause the
surface electric impedance of CuO to rise by increasing electron
concentration (decreasing hole concentration) in two ways:
first, the water molecules substituted for the absorbed oxygen
ions and released electrons back to CuO; and second, the
absorbed water molecules would attract electrons to the surface
of CuO.

Similar to CuO, under low humidity conditions, charge
transport occurred by the hopping mechanism, decreasing the
surface impedance. The adsorption and desorption took place
only on the surface of the CuO, so the bulk impedance of the
CuO did not changed significantly with a change in the
humidity. For the rtGO—CuO Schottky junction, because of the
injection of electrons, the work function of the CuO decreased,
as shown in Scheme 1c, so the hole barrier decreased
simultaneously, causing the electric impedance decrease in
the Schottky junctions. With increasing humidity levels, water
was physisorbed onto the top of the chemisorbed layer.
Conduction probably occurs by the Grotthus transport
mechanism, so the protons could migrate more easily, and
the surface impedance of CuO decreased sharply. At the same
time, the elevated humidity further decreased the hole barrier,
reducing the impedance of the Schottky junctions greatly.
Eventually, the impedance of the composites changed greatly
under high humidity conditions, showing a high response to
humidity. It is necessary to notice that when the adsorbed water
layers were far from the CuO surface, it was difficult for the
upper water molecules to attract electrons. Thus, when the
humidity was raised to a certain level, the hole concentration of
the surface and the hole barrier would not have obviously
changed along with the increase in the humidity. The
impedance of the composites was determined by the migration
of the protons on the CuO surface. The sensor based on the
composites showed a smaller response under low humidity
conditions. This phenomenon can be explained as follows:
Under lower humidity conditions, the protons” hopping and the
hole barrier reduction decreased the impedance, but because of
the existence of the hole barrier, the decrease in the impedance
was not obvious when comparing with the initial impedance.

B CONCLUSION

Urchinlike CuO nanostructures modified by rGO was
synthesized by a one-pot microwave-assisted hydrothermal
method. The sensors based on the as-prepared CuO/rGO
composites showed good characteristics relative to humidity,
including high response, a rapid response/recovery process, and
good reproducibly. The improved humidity-sensing properties
were also briefly explained by the Schottky theory.
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Schematic diagrams of the humidity-sensing system; prepara-
tion of GO; a typical TEM image and the corresponding
HRTEM image of a “flake” structure; a SEM image of the
composites with low magnification, and I-V curves of pristine
CuO and the composite under different RH. This material is
available free of charge via the Internet at http://pubs.acs.org.
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