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A cobalt tungstate compound sensing electrode for
hydrogen detection based upon mixed-potential

Y. Li, X. Li,* J. Wang, Y. Jun and Z. Tang

An yttria-stabilized cubic zirconia (YSZ) based mixed-potential sensor coupled with CoWOy, as the sensing
electrode was developed for hydrogen detection at elevated temperatures. The developed CoWO,/YSZ/Pt
sensor was found to have a good sensitivity to different concentrations of hydrogen from 80 ppm to
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960 ppm in a background of 10% O,/N, at 450 °C. The sensor showed excellent selectivity to several

possible interferents such as CO, CsHg and NO,. The reproducibility and signal repeatability of the
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1. Introduction

A reliable hydrogen sensor is highly needed for both process
control of a hydrogen based energy system and safety moni-
toring." Hydrogen has been explored for hydrogen fuel cells that
have been used for stationary electricity generation or proposed
for zero-emission combustion engines for automotive electric
vehicles.” However, leakage of hydrogen will become dangerous
once the concentration is above 4% when mixed with air.*”®
Among the several types of chemical hydrogen sensors reported
in the literature, solid-state yttria-stabilized cubic zirconia (YSZ)
electrolyte based mixed-potential type sensors show promise to
be explored for hydrogen detection in terms of its resistance to
harsh corrosive and high temperature environments.**°

The working principle of the mixed-potential type gas
sensors is based upon the different kinetic electrochemical
redox reaction rates of the targeted gas species such as
hydrogen with the co-adsorbed oxygen at each interface of
electrode/electrolyte. The mixed-potential at each electrode
would be generated due to the electrochemically reactions of
the gas species with the co-adsorbed oxygen at the gas-elec-
trode-electrolyte also called as the triple-phase-boundary (TPB).
By employing different electrode materials, the mixed-potential
at each electrode would become different due to the different
electrochemical catalytic oxidation ability of each electrode
material. The electrical potential difference (V) across the elec-
trochemical cell would be thus collected as the sensor
response.’** This type of sensor has been widely explored for
detecting various types of environmental pollutant gases such
as CO, NO, (x = 1, 2), hydrocarbons and hydrogen. In particular
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sensor was examined to test the reliability of the sensor. The influence of oxygen variation and humidity
in the background on the sensor response was also studied.

for the hydrogen sensors, recent work has focused on searching
for an appropriate sensing electrode for selectively sensing to
hydrogen within a wider concentration range from hundreds
of ppm up to 4 vol%."*>°

Metal tungstates with the general formula MWO, (M denotes
Zn, Mn, Co, Ni, Fe etc.) belong to an important family of inor-
ganic functional materials®> and their crystal structures are
controlled by cationic radii.* These metal tungstates have found
potential applications for microwave, photoluminescence
devices, and humidity sensors.** Some of them have recently
been explored for chemical gas sensing applications. It has
been reported previously that MWO, (M = Zn, Mn, Cd) when
coupled as the sensing electrodes of the mixed-potential type
sensors demonstrated high sensitivity and selectivity to
hydrogen.*~** It points out that the sensing electrode using the
transitional metals with partly-empty outermost d shell such as
Ni, Co, and Cr in MWO, could have better sensitivity and
selectivity to lower concentrations of hydrogen.

Cobalt tungstates (CoWO,) has been used for antiknock and
pigment additives.>*** Recently, it has been explored for a new
oxygen carrier material for syngas production because of its
attractive catalytic activity and good alternative sensing perfor-
mance for detection of ammonia.?**® Therefore, in this work,
we studied CoWO, sensing electrode for mixed-potential type
hydrogen sensors. The CoWO, sensing electrode indicated
excellent sensitivity and selectivity to hydrogen at even lower
temperature of 450 °C compared to Zn/Mn/CdWO, ones.

2. Experimental
2.1 Materials preparation and characterization

The CowO, powders were prepared by using a hydrothermal
method. During the synthesis, 2.64 g Na,WO,-2H,0 (Sino-
pharm Chemical Reagent Co., Ltd, China) and 1.904 ¢
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CoCl,-6H,0 (Tianjin Kermiou Chemical Reagent Co., Ltd,
China) were separately put into two beakers followed with
addition of 40 ml deionized water into these two beakers
respectively. The two mixtures were magnetically stirred to
obtain the two corresponding homogeneous solutions. After
that, obtained Na,WO, aqueous solution was added into the
CoCl, solution with strong magnetic stirring for 1 hours and the
pH of the solution was adjusted to 9 by adding sodium
hydroxide. Then, the mixed solution was poured into a 100 ml
Teflon-lined stainless steel vessel and further subject to a heat
treatment at 180 °C for 12 h. The light black precipitates were
obtained and washed with deionized water and ethanol for
several times, then dried at 80 °C overnight. Finally, the as-
prepared products were calcined at 700 °C for 2 hours and
then grinded thoroughly to achieve the final CoWO, powders.

The crystal structure of the obtained CoWO, was determined
by XRD (XRD-6000, Shimadzu Corp., Japan). The XRD patterns
were collected using Ni-filtered Cu Ka radiation at 40 kV and 25
mA between 26 of 10-60° at a scanning speed of 12° min~". The
surface morphology of the sample was analyzed using the
scanning electron microscope (SEM, FEI, USA). X-ray photo-
electron spectroscopy (XPS) was also analyzed (Thermo escalab
250Xi, Thermo Electron Corp., USA).

2.2 Sensor fabrication and sensing measurements

The eight molar percentage yttria-stabilized cubic zirconia (8%
YSZ) solid electrolyte disks with a dimension of 10 x 10 x 0.2
mm were purchased from Shanghai Institute of Ceramics,
China. The two opposite surfaces of the 8% YSZ disk were
ultrasonically cleaned with water and acetone several times to
remove the dusts and grease. COWO, paste was made by mixing
as-synthesized CoWO, powders with the commercial o-
terpineol (99%, Shanghai Baoman Biotechnology Co., Ltd.,
China). Pt paste was similarly made by mixing the commercial
Pt powders (mean particle size 100 nm, Kunming Youyan,
China) with the a-terpineol.

The sensor was then fabricated following the similar proce-
dures.” The structures of the CowO,/YSZ/Pt sensor is illus-
trated in Fig. 1. The procedures for fabricating the sensor were
involved with the following steps: the Pt pastes were painted on
both sides of the YSZ electrolyte plate. Then, the painted Pt
pastes were firstly fired at 150 °C for 2 h and then 1000 °C for 2 h
to sinter the Pt and increase the adhesion of the Pt to the
electrolyte. One face of the Pt thick film would work as the
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Fig. 1 The structures of the fabricated CoWO,/YSZ/Pt sensor.
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reference electrode (RE). The other face of the Pt thick film
would serve as the current collector. The CoWO, paste was
painted on the top of the current collector and fired at 700 °C for
2 hours to burn away the organic binders and increase the
adhesions of the sensing elements with the electrolyte. The face
of the sensor with CoWO, would work as the sensing electrode
(SE).

During the sensor measurements, the as-fabricated planar
sensors (CoWO,/YSZ/Pt) were exposed to the testing gases. The
testing gas samples were made by diluting the parent
commercial gases such as H,, CO, C;Hg and NO, each with
a concentration of 1500 ppm balanced by nitrogen. The gas flow
rate was controlled independently using computer controlled,
pre-calibrated electronic mass flow controllers (D07-19B, Bei-
jing Senvenstar Elec-tronics, China). The total gas flow rate was
maintained at 200 scem min . The electric potential difference
(V) of the sensor was measured by a computer controlled Agilent
high impedance digital electrometer (100M, Agilent 34401A).
The response of the sensor (Rs, mV) was defined as:

Ri=Vy— Wy (1)

where V, and V;, are the electric potential difference (EPD) of the
sensor in the analytes and the background gas (10% O,/N,),
respectively.

The dc polarization curves of the sensors were measured
using the three-electrode configuration.”® The three-electrode
configuration designed using Pt as the counter electrode (CE)
and reference electrode respectively. A variation of dc voltages
from 0 to 200 mV at a step of 10 mV was applied across the
CoWO, and counter electrode, the current was measured
simultaneously by a Keithley system source meter (1 pA to 10 A,
Keithley 2612).

3. Results and discussion

3.1 Preparation and characterizations of CoWO,

Fig. 2(a) shows the XRD pattern of the prepared CowO,
powders. The XRD peaks were indexed according to JCPDS No.
72-0479. The crystal structure consists of a single monoclinic
phase. Fig. 2(b) shows the surface morphology of calcined
CoWO, powders at 700 °C. The particles in the sample indicated
a rod-like morphology with a length ~300-500 nm and a diam-
eter of the cross section ~100-200 nm.

Fig. 3 shows the XPS spectra of the synthesized CoWO,
powders. Fig. 3(a) shows the survey of the XPS of the sample. It
shows that the existence of the three elements such as Co, W
and O in the composite. Fig. 3(b) is the local XPS region of Co2p.
The coupled two peaks at 780.1 eV and 795.5 eV, respectively,
have AE = 15.4 eV indicating that the Co has a valence of +3.%°
The O1s peak at 529.6 €V shown in Fig. 3(c) corresponds to the
lattice oxygen. However, the two peaks of W4f centered at
34.5 eV and 36.7 eV shown in Fig. 3(d) indicates that the W has
avalence of +6 in the compound.* Therefore, the formula of the
compound should be more precisely noted as CoWO, 5 with
excess oxygen. The excess incorporation of oxygen in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) XRD pattern (b) SEM image of CoWO, calcined at 700 °C.

compound could be caused by the calcination of the sample at
high temperature in air.

3.2 Sensing properties

Fig. 4(a) shows the response curves of the CoWO,/YSZ/Pt sensor
to different concentrations of hydrogen from 80 ppm to
960 ppm in 10% O,/N, at 400 °C, 450 °C and 500 °C. As the
temperature increased from 400 °C to 500 °C, the sensor has the
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highest response at 450 °C than the other two temperatures and
thus the optimum operating temperature of the sensor is
450 °C.

Fig. 4(b) shows the calibration curve of the sensor to
different concentrations of hydrogen. An approximately loga-
rithmic relationship between the open-circuit electrical poten-
tial difference and the concentrations of hydrogen from 80 ppm
to 960 ppm was observed indicating that the polarization of the
sensor should be within the Tafel-region. Among the three
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Fig. 3 XPS spectra of as-synthesized CoWO, powers (a) survey (b) Co2p (c) Ols and (d) W4f.
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within the temperature range from 400 °C to 500 °C.

temperatures of 400 °C, 450 °C and 500 °C, the calibration
curves has the largest slope of 325.6 mV dec™ " at 450 °C indi-
cating the best sensitivity. The sensing properties of the CowO,/
YSZ/Pt sensor to different concentrations of hydrogen could be
explained by the mixed potential theory.** The sensor
response, L.e. the electrical potential difference (EPD) across the
two electrodes, is dependent upon the electrochemical redox
reactions occurring at each TPB of the electrochemical cell
according to:

0, (adsorbed) + 4e~ — 20°~ (YSZ) (2)
2H, (co-adsorbed) + 20°~ (YSZ) — 2H,O + 4e~ (3)

Since the CowO, oxide and Pt electrodes have a different
ability to electrochemically convert hydrogen to water vapor, the
degree of the electrochemical reactions ((2) and (3)) at each TPB
became different. Thus, the generated mixed-potential at each
electrode (TPB) would be different consequently leading to the
observed response. The optimum working temperature was
found at 450 °C in terms of response and sensitivity as shown in
Fig. 4. At lower temperatures such as 400 °C or below, the ionic
conductivity of the YSZ electrolyte would become lower and the
sensor response became smaller. One more reason for the lower
response at 400 °C may lie in that the electrochemical catalytic
properties of CoWO,/YSZ interface became weak leading to the
less reactions of hydrogen with the adsorbed oxygen according to
reaction (3). As the operated temperature increased to 500 °C, the
non-electrochemically catalytic conversion of hydrogen by the
both electrodes would become more and more dominant. The
difference of oxygen concentrations at TPB of each electrode
diminished resulting to the lower response observed at 500 °C.

To further confirm that the CowO,/YSZ/Pt sensor worked in
accordance with the mixed-potential theory, the dc polarization
curves of the sensor in air and in different concentrations of
hydrogen at 120 ppm and 240 ppm were measured as shown in
Fig. 5.
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Fig. 5 Polarization curves of the sensors in 10% O,/N, and in
hydrogen environment at 450 °C.

The values at the cross point of the polarization curves of the
sensor in air and in different concentrations of hydrogen were
estimated for the sensor responses, the electrical potential
difference between the mixed-potentials generated at each
electrode (CowO, and Pt) due to the different electrochemically
redox reaction rates of hydrogen with adsorbed oxygen at each
TPB.

A comparison of the estimated response from the polariza-
tion curves and the measured values is summarized in the inset
table in Fig. 5. These two values are approximately close to each
other indicating that the sensor works based on the mixed-
potential mechanism.

The sensitivity of the sensor to some possible interferents
such as CO, C3;Hg and NO, were measured. Fig. 6 shows the
response of the sensor to different concentrations of CO, C;Hg
and NO, from 80 ppm to 960 ppm in the background of 10 vol%
0,/N, at 450 °C.

The slope of the calibration curve of the sensor to H, is
around 57.69 mV dec™ " which is much larger than those three
other gases. Therefore, the sensor indicates a higher sensitivity

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Comparison of the response of the CoWO,/YSZ/Pt sensor to
the interferents CsHg/NO,/CO at lower concentrations than
1500 ppm at 450 °C.

to H, relative to the three possible interferents (CO, C;Hg and
NO,) thus indicating possibly good selectivity.

The oxygen influence on the sensor response was also
examined as shown in Fig. 7. The response was suppressed in
the higher oxygen concentration background. This might be
due to the enhanced catalytic reactions of hydrogen with the
rich oxygen before hydrogen diffused to the TPB leading to an
effective lower hydrogen concentration to participate in the
electrochemical reactions according to reaction (3) at TPB and
thus the lower response.

Although the response of the sensor is the highest in the
background of 5 vol% O,/N,, the response times and recovery
times of the sensor became much longer. Therefore, the oxygen
concentrations in the background need to be controlled at 10
vol% O,/N, during the operation of the sensor.

Fig. 8 shows the repeatability of response of the sensor at
960 ppm H, in a background of 10 vol% O,/N, at 450 °C. The
responses indicated a good repeatability during the several
cycling tests. The response time and recovery time is around
145 s and 120 s, respectively.

The sensor to sensor consistency (i.e. reproducibility) was
investigated. Fig. 9(a) and (b) show the response curves of the
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Fig. 7 Influence of oxygen to CoWOQO,/YSZ/Pt hydrogen sensor at

450 °C in the background of 5 vol%, 10 vol% and 20 vol% O,/N».
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Fig. 8 Repeatability of the response of the CoWO,/YSZ/Pt sensor at
960 ppm H; 450 °C in the background of 10 vol% O,/N,.

three sensors and the correlation plots of the sensor response as
a function of the H, concentrations from 80 ppm to 960 ppm
at 450 °C in the background of 10 vol% O,/N,, respectively.
There is a slight difference in the sensor response to the same
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Fig. 9 Reproducibility of three CoWO,/YSZ/Pt sensors to different
concentrations of H, from 80 ppm to 960 ppm at 450 °C in the
background of 10 vol% O,/N, (a) response curve of the sensors with
the hydrogen concentrations from 80 ppm to 960 ppm (b) correlation
plots.
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concentration of H,. This may be caused by the chemical
processes used for fabricating the thick-film electrodes. The
CoWO, and Pt thick film electrodes were manually painted in
this work and thus the microstructure may vary from one sensor
to another. Therefore, the processes for fabricating the sensors
should be carefully controlled to improve the consistency of the
sensors during the mass production.

Fig. 10 shows the effect of the humidity on the response of the
sensor to different concentrations of hydrogen. The response of
the sensor decreased in presence of the RH ~ 98% in the back-
ground. This could be understood that the reaction (3) would
prefer moving backward and thus the electrochemical oxidation
process would be suppressed with the presence of water vapor.

Consequently, the generated mixed potential would decrease
at the oxide electrode. Moreover, the response and recovery time
became slower compared to that without water vapor which is
similar to the results reported previously.”*"** This might indi-
cate that the co-adsorbed water molecular with oxygen at the
TPB could decrease the reaction rate of reaction (3) as well. The

400 5 5
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Fig. 10 Influence of the humidity on the response of the CoWO,/YSZ/

Pt sensor at 450 °C in the background of 10 vol% O2/N..
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Fig.11 Comparison of the response of CoWQO, sensing electrode with
the sensing electrodes of MNWO,4 and CdWO, to different concen-
trations of H, from 80 ppm to 960 ppm in the background of 10 vol%
O,/N; at 450 °C.
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sensor would almost recover after the water vapor was removed
from the gas stream as shown in Fig. 10(c).

Compared with the MnWO, and CdWO, sensing electro-
des reported previously,**** CoWO, sensing electrode shows
a better sensitivity to the lower concentrations of hydrogen at
even lower working temperature of 450 °C as shown in Fig. 11.
Similar to Cd*" in the CAWO, sensing electrode, Co®" has the
incomplete occupied outest shell of d orbital. It has been
proposed in literature that the unoccupied d orbital could
enhance the chemical adsorption of hydrogen containing
species such as hydrogen, hydrocarbons and alcohols on tran-
sition metal oxides and thus a possible better catalytic proper-
ties to these gas vapors. Therefore, it may be responsible for the
better sensitivity of the CowO, sensing electrode to lower
concentrations hydrogen.*®*?*” The lower operating temperature
of CoWO, compared to CdAWO, and MnWO, sensing electrodes
may be attributed to the existence of the cobalt metal in the
compound that has known catalytic conversion ability at low
temperatures.**¢

The better catalytic properties of CoWO, could effectively
electrochemically oxidation of hydrogen at TPB thus resulting
to a better response at the lower temperature. However, further
decreasing the operating temperature of the sensor could be
limited by the ionic conductivity of the YSZ electrolyte.

4. Conclusions

The YSZ-based mixed-potential type sensor using CoWO, and Pt
as the two electrodes exhibited good response to different
hydrogen concentrations from 80 ppm to 960 ppm at 450 °C in
the 10% O,/N, background. The sensor also indicates higher
sensitivity to H, compared to CO, C3Hg and NO, and shows
good signal repeatability and sensor reproducibility. The lower
operating temperature of the CoWO, sensing electrodes
compared to MnWO, and CdWO, based ones could be due to
the better catalytic properties of CoWwO, to hydrogen at lower
temperatures. The sensor response would be likely to be
affected by the variation of humidity and oxygen concentrations
in the background. However, it could be solved by filtering the
gas stream and by keeping the oxygen concentration constant in
the testing chamber during the operation of the sensor in real
scene.
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