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a b s t r a c t

This paper consists of an experimental investigation on the effects of annealing temperature on the
structural, surface and ozone gas-sensing properties of CuWO4 nanoparticles prepared via a sono-
chemical route. X-ray diffraction patterns and X-ray absorption near-edge structure spectroscopy
revealed that both long- and short-order structures increase with the annealing temperature. Electrical
resistance measurements indicated that CuWO4 samples were sensitive in the range of 15e1400 ppb,
exhibiting a good reversibility and repeatability. The enhancement of the ozone gas-sensing properties
was attributed to the reduction of hydroxyl species and the improvement of the crystallization degree.
This study provides a versatile strategy for obtaining CuWO4 nanoparticles for practical applications as an
ozone gas sensor.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, the development of gas sensors based on semi-
conductor metal oxides has been an effective way to obtain high-
performance devices, which have been employed for environ-
mental, industrial, agricultural, and automotive monitoring [1,2]. In
this way, the manufacture of highly sensitive, selective, reliable and
compact sensing devices to detect and measure gas concentrations
provides a proper control and allow to monitor their emissions in
the atmosphere [3e5].

Transition metal tungstates are a class of functional materials
with remarkable properties [6e9]. Among the tungstates, much
attention has been devoted to copper tungstate (CuWO4) com-
pounds because of their multifunctional properties, such as, pho-
toluminescent, magnetic, and multiferroic properties [8,10,11]. In
the past, the CuWO4 compound has been applied mainly as a
photoanode in electrochemical devices [8,9,12e14], and photo-
catalysts [15]. Few studies have been found regarding the gas-
sensing properties of pristine CuWO4 compounds. Gonzalez and
co-workers investigated the nitric oxide (NO) sensing properties of
CuWO4 films deposited by pulsed laser deposition technique,
which exhibited a high response towards NO gas, besides a stable
and reproducible response [10].

It is known that both ozone (O3) and carbon monoxide (CO)
gases near the ground can cause risks to human health. Since O3 gas
is not emitted directly into the atmosphere, its production is
directly related to gas pollutants including CO and NOx, which in
the presence of sunlight act as precursor sources to produce such
gas. It is absorbed via respiratory tract, and consequently has been
associated with asthma risks and changes in pulmonary function
[16], while CO gas is hazardous to human health because of its
combination with hemoglobin, reducing the oxygen delivery ca-
pacity of blood [17]. The World Health Organization (WHO) rec-
ommends a maximum daily 8-hour average of CO and O3
concentrations of up to 8 ppm (parts per million) and 50 ppb (parts
per billion), respectively.

Once few papers have reported the gas-sensing properties of
pristine CuWO4 compounds, their ozone gas-sensing properties
have been rarely found. Therefore, a study of their gas sensor per-
formance upon ozone exposure and the relationship between
annealing temperature and CuWO4 properties is required.

In this way, this manuscript addresses a facile approach for
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Fig. 1. XRD patterns of CuWO4 samples annealed during 1 h at different temperatures:
(a) CW300, (b) CW400, and (c) CW500.
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preparing sensing materials based on CuWO4 nanoparticles via a
sonochemical method. We investigated the influence of annealing
temperature on structural and surface properties, correlating them
with the ozone gas-sensing properties of the as-prepared CuWO4
samples. Their properties were studied by X-ray diffraction (XRD),
X-ray absorption near edge structure spectroscopy (XANES), X-ray
photoelectron spectroscopy (XPS) and scanning electron micro-
scopy (FE-SEM). Electrical measurements revealed that the ozone
gas-sensing performance considerably improved as the annealing
temperature increased. Furthermore, the CuWO4 compound also
detected sub-ppm ozone levels (ca. 15 ppb) and presented a low
response to CO gas.

2. Experimental section

2.1. Synthesis procedure

As previously reported, nanostructured CuWO4 powders were
synthesized via a sonochemical method using sodium tungstate
dihydrate (Na2WO4$2H2O; 99.5%) and copper nitrate trihydrate
(Cu(NO3)2$3H2O; 99%) as reagents (Aldrich Company) [14,18]. The
as-obtained amorphous powder was weighted and then divided
into 3 equal portions. Afterwards, the powders were annealed in an
electric oven under air atmosphere for 1 h at 300, 400, and 500 �C
at a heating rate of 5 �C min�1. The samples were identified ac-
cording to their annealing temperature, i.e., CW300, CW400, and
CW500, respectively.

2.2. Characterization techniques

The samples were characterized by X-ray diffraction (XRD) with
a 0.02� step at a 2� min�1 scanning speed using CuKa radiation
(Rigaku, DMax 2500 PC IV). The electronic and local atomic struc-
tures around tungsten (W) atoms were probed using X-ray near-
edge absorption spectroscopy (XANES). The W-L3 XANES spectra
of the CuWO4 samples were collected at the LNLS (Brazilian Labo-
ratory of Synchrotron Radiation) facility employing the D04B-
XAFS1 beamline. XANES data were collected at the W-L3 in a
transmission mode at room temperature using a Si(111) channel-
cut monochromator. XANES spectra were recorded for each sam-
ple with energy steps of 1.0 eV before and after the edge, and 0.7
and 0.9 eV near the edge region for L3 edge, respectively. The an-
alyses of XAS spectrawere performed using IFEFFIT package [19]. X-
ray photoelectron spectroscopy (XPS) analyses were performed on
a ScientaOmicron (model ESCAþ) spectrometer using mono-
chromatic AlKa (1486.6 eV) radiation. Peak decomposition was
performed using a 70% Gaussian and 30% Lorentzian line shape
with a Shirley nonlinear sigmoid-type baseline. The binding en-
ergies were corrected for charging effects by assigning a value of
284.8 eV to the adventitious C 1s line. The datawere analyzed using
CasaXPS software (Casa Software Ltd., U.K.). Morphological features
of the samples were characterized using a scanning electron mi-
croscope with a field emission gun (FE-SEM, FEI INSPECT F50). The
mean particle size was estimated from the analysis of SEM micro-
graphs through the measure of approximately 100 nanoparticles.

2.3. Gas-sensing measurements

To perform gas-sensing measurements, the samples were pre-
pared following the procedure adopted by our group [2,20,21].
CuWO4 nanoparticles were dispersed in isopropyl alcohol by an
ultrasonic cleaner for 30min, and the suspensionwas then dripped
onto a SiO2/Si substrate with 120 nm thick Pt electrodes separated
by a distance of 50mm. The sensor samples were then annealed for
1 h at 300 �C. The details regarding the preparation of the
electrodes and the system used for gas-sensing characterizations
have already been published elsewhere [2,22e24].

The sensing properties of CuWO4 nanoparticles towards ozone
(O3) and carbon monoxide (CO) gases were evaluated. The sensor
operating temperature, which varied from 200 �C to 290 �C, was
maintained by an external heating source based on an Hg lamp
driven by a regulated power supply. Dry air was used both as a
reference and the carrier gas, maintaining a constant total flow of
500 SCCM via mass flow controllers. Ozone gas was formed from
oxidizing oxygen molecules of dry air by a calibrated pen-ray UV
lamp (UVP, model P/N 90-0004-01), resulting in an O3 output level
from 15 to 1400 ppb. The ozone levels were calibrated by a toxic gas
detector (ATI, model F12). The applied dc voltage was 1 V, and the
electrical resistance was measured by an electrometer (HP4140B
Source/Pico-ammeter). The CO gas sensing measurements were
performed in the range of 30 and 90 ppm. It should be noted that
30 ppm was the lowest CO level available in our workbench.

The sensor response (S) is defined as S¼ Rgas/Rair for O3 gas, and
S¼ Rair/Rgas for CO gas, where Rgas and Rair are the electric resistance
of the sensor sample exposed to the target gas and air, respectively.
The sensor response time was defined as the time required for the
electrical resistance to reach 90% of the initial value when exposed
to the investigated gas. Similarly, the recovery time was defined as
the time required for the electrical resistance to recover 90% of the
initial value after switching off the target gas flow.
3. Results and discussion

3.1. Long- and short-range structure analysis

XRD patterns of the CW300, CW400 and CW500 samples are
displayed in Fig. 1(aec), respectively.

As it can be observed in Fig. 1(a,b), XRD patterns of the CW300
and CW400 samples present a mixture of CuWO4$2H2O and
CuWO4 phases. The annealing temperature at 400 �C eliminates the
water molecules present in the CuWO4$2H2O phase. In a previous
study [18], we described the CuWO4$2H2O as a crystalline phase
presenting a monoclinic structure, in accordance with the Joint
Committee on Powder Diffraction Standards (JCPDS) file 33-0503.
Furthermore, XRD patterns indicate that a long-range order



Fig. 2. XANES spectra in the W-L3 edge for CuWO4 samples annealed during 1 h at
different temperatures: (a) CW300, (b) CW400, and (c) CW500.
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structure is entirely obtained at 500 �C, as seen in Fig. 1(c). All the
reflections (CW500 sample) were indexed to a pristine CuWO4
triclinic structure, according to the Inorganic Crystal Structure
Database (ICSD) file 16009.

In the last years, our group has been employing the XANES
spectroscopy to study the local order and electronic structure in
different materials which present order-disorder characteristics
related to the synthetic approach [22,23,25e27]. Thus, such tech-
nique was employed to analyze the effect of the annealing treat-
ment on the studied samples. Fig. 2 shows theW L3-edge of CuWO4
samples annealed at different temperatures.

According to previous reports, the W L-edge XANES spectrum
provides information on the electronic state and the geometryof the
tungsten species [6,28e30]. Considering theXANES spectra in theW
Fig. 3. XPS spectra of CW300 and CW500 sa
L3-edge, the as-synthesized samples present a pronounced differ-
ence related to the white line of the XANES spectrum, which can be
attributed to electron transitions from a 2p 3/2 state to a vacant 5d
state, showing that the form and shape of the white line is sensitive
to the structure [28]. According to the qualitative analyses of XRD
patterns and W L3-edge XANES spectra of CuWO4 samples, the
difference observedon thewhite line absorption edge (WL3) among
CuWO4 samples as a function of the annealing temperature could be
related to the enhancement of structural ordering at short and
medium range, as well as a major bond strength between the
(O/W/O), which promotes an improvement of periodicity in
distorted octahedral [WO6] clusters, as seen in the inset of Fig. 2.

3.2. Surface analysis

XPS analyses were performed to probe detailed information on
the surface properties of the CW300 and CW500 samples. In the
high-resolution Cu 2p3/2 XPS spectra shown in Fig. 3a, a peak was
observed at approximately 934.9 eV and two satellite peaks, which
are consistent with the Cu2þ oxidation state [31,32]. Additionally,
the binding energy of Cu 2p3/2 is close to the standard value for
Cu(OH)2, suggesting the presence of hydroxyl species [33,34].
Fig. 3(b) displays the high-resolutionW4f XPS spectra, inwhich the
W 4f7/2 and W 4f5/2 peaks are centered at 35.4 eV and 37.5 eV,
which is characteristic of W6þ ion [35,36]. The results indicate that
the increase of the annealing temperature did not affect the
oxidation state of metallic ions.

The high-resolution O 1 s region shown in Fig. 3(c) was
decomposed into two components, labeled as O 1s(1) and O 1s(2).
The lowest energy peak, O 1s(1), at approximately 530.5 eV corre-
spond to O2� ions bound to Cu2þ and W6þ ions, while the O 1s(2)
peak at around 532.2 eVwas attributed to hydroxyl groups or anion
OH� adsorbed on the materials surface. As it can be observed in
Fig. 3(c), the surface hydroxyl species percentage reduces drasti-
cally from 92% to 7% as the annealing temperature increases. The
OH� species are desorbed by heating to temperatures higher than
400 �C [37].
mples. (a) Cu 2p, (b) W 4f, and (c) O 1s.



Fig. 4. FE-SEM images at low- and high-magnification of CuWO4 samples annealed during 1 h at different temperatures: (a,b) CW300, (c,d) CW400, and (e,f) CW500.
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3.3. Microstructural analysis

The FE-SEM micrographs of the CW300, CW400 and CW500
samples after annealing treatments are presented in Fig. 4 (aef).
They show strongly agglomerated nonuniform particles with neck
Fig. 5. Gas sensor response of CuWO4 samples exposed to 90 ppb of O3 at different
operating temperatures.
formation and coalescence between the nanoparticles. We
observed that the particle shape became well-defined and homo-
geneous as the annealing temperature increased, and that there
was a gradual increase of the particle size from 15 to 66 nm. These
results corroborate the classical growth model, since higher
Fig. 6. Gas sensor response of the CW500 sample at 250 �C exposed to 90 ppb of O3

gas for different exposure times.



Fig. 7. Gas sensor response of the CW500 sample at an operating temperature of
250 �C exposed to different O3 levels (80, 500, 900, and 1400 ppb).
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annealing temperatures provide a large amount of energy, conse-
quently favoring the particle growth as a result of reduced surface
energy [38].
3.4. Gas-sensing properties

The gas-sensing performance of CuWO4 nanoparticles was
evaluated towards O3 and CO gases. Initially, the best operating
temperature of the samples was evaluated by exposing them dur-
ing 1min to 90 ppb of O3 at different operating temperatures, as
shown in Fig. 5. We observed that, for the CW400 and CW500
samples, the highest sensor response was obtained at around 270
and 250 �C, respectively, while for the CW300 sample, the response
remained almost unchanged regardless of the operating tempera-
ture, as seen in Fig. 5. The sensor response values of CuWO4 sam-
ples followed the order: CW500> CW400> CW300.

According to the literature, the sensor performance is strongly
influenced by the presence of pre-adsorbed species on the semi-
conductor surfaces, crystallization degree, among others
[22,37,39e44]. Katoch and co-workers reported that the annealing
of ZnO nanofibers at high temperatures enhance their capability for
gas detection [40]. The authors explained that the high crystallinity
of ZnO reduces the number of carriers, improving the adsorption/
desorption processes, and then enhancing the sensor response [40].
Regarding the surface hydroxylation of the sensing material, the
presence of OH� species hinders the adsorption of O3 molecules
onto sensing materials. Similar results were found by Steinhauer
and co-workers, which verified that hydroxyl species reduce the
Fig. 8. Sensor response of the CW500 sample at 250 �C exposed to (a)
active sites on the CuO surface, thus impairing the sensor response
[44].

Therefore, it is reasonable to propose that the improvement in
O3 gas-sensing performance can be linked to the reduction of OH�

groups and the enhancement of structural properties of CuWO4
nanoparticles as the annealing temperature increases.

Following, the CW500 sample was kept at 250 �C, and then
exposed to 90 ppb of O3 during different time intervals (0.5, 1.0, and
5.0min). As it can be seen in Fig. 6, the electrical resistance is
increased during an exposure to O3 gas, a typical behavior of an n-
type semiconductor [23]. This behavior can be explained by the
adsorption of O3molecules on the CuWO4 surface, where O� anions
extract electrons from the CuWO4 compound. The gas sensing of
CuWO4 materials upon exposure to O3 molecules can be explained
by the following reactions [4,23]:

O2ðadsÞ þ 2e�/2O�
ðadsÞ (1)

O3ðgasÞ þ e�/O�
3 ðadsÞ (2)

O�
3 ðadsÞ þ O�

ðadsÞ þ 2e�/O2 ðgasÞ þ 2O�
2 ðadsÞ (3)

Their depletion layer becomes thicker as the carrier concentra-
tion decreases, consequently increasing their electrical resistance
[4,23].

Furthermore, we can observe that the CW500 sample rapidly
detected the presence of O3 molecules, even for a shorter exposure
time (0.5min). The average response time was approximately 7 s
for all cases, while the recovery time varied from 5 to 10 s,
depending on the exposure time. It is interesting to note that
despite presenting a rapid detection, the sample saturation level
was reached at exposure times longer than 0.5min, as illustrated in
Fig. 6.

The CW500 sample was kept at 250 �C, and then continuously
exposed to different O3 levels (80e1400 ppb), with each cycle
lasting 1min. Fig. 7 displays a gradual and greater sensor response
as O3 level increases, showing no evidence of sensor saturation. It
should be noted that although the CW500 sample had been
exposed to different ozone levels, these consecutive expositions did
not poison the sample surface, as indicated by the total reversibility
of the sample baseline after the interruption of O3 gas flux. The
recovery time after the consecutive expositions was approximately
30 s, revealing a rapid reversibility.

Further gas-sensing measurements were performed to investi-
gate the detection limit of the CW500 sample in relation to O3, as
well as its sensitivity towards a reducing gas (here, CO). These ex-
periments were carried out using an operating temperature of
50, 35, and 15 ppb of O3 gas and (b) 90, 50, and 30 ppm of CO gas.
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250 �C and an exposure time of 1min.
First, the CW500 sample was exposed to lower O3 levels

(15e50 ppb), as shown in Fig. 8(a). We can observe that the sample
was sensitive to all O3 levels investigated, exhibiting a good
response as well as repeatability and reversibility characteristics.
We should note here that O3 is a harmful gas for human health,
whose exposition to levels above 100 ppb is highly not recom-
mended [2].

Afterwards, the CW500 sample was exposed to different con-
centrations of CO gas (30e90 ppm). For a good comparison be-
tween sensor responses, we chose to keep an identical Y-axis from
Fig. 8(a,b). As depicted in Fig. 8(b), the sample also detected all the
CO gas concentrations investigated, however, the sensor response
presented was too low (S¼ 1.2), even for the highest CO gas level
(90 ppm).

In order to investigate the selectivity, we compared the sensor
response values of the CW500 samplewhen exposed to 1.4 ppm (or
1400 ppb) of O3 (Fig. 7) and 30 ppm of CO (Fig. 8(b)). It was found
that the response value to O3 gaswas approximately 5 times greater
than to CO gas. These findings suggest that the CW500 sample can
be considered a promising material for the development of ozone
gas sensors for environmental applications.

4. Conclusions

In summary, CuWO4 nanoparticles were obtained in this work
via a sonochemical route, and then investigated as ozone gas
sensor. XRD and XANES analyses indicated an increase of the (long-
and short-range) crystallization degree as a function of the
annealing temperature. The gas-sensing experiments revealed the
enhancement of ozone-sensing properties for higher annealing
temperatures. The sample annealed at 500 �C exhibited a low O3
detection limit around 15 ppb, total recovery, and a low response to
CO gas. The improved sensor performance can be associated with
the reduction of hydroxyl groups and the enhancement of struc-
tural properties also as a function of the annealing temperature.
These findings show that CuWO4 nanoparticles exhibit remarkable
properties for practical applications.
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