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Potentiometric VOCs detection using 8YSZ based oxygen sensor
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Ehime University, 3, Bunkyo-cho, Matsuyama, Ehime 790-8577

Solid-state electrochemical sensors for volatile organic compounds (VOCs) based on commercial yttria stabilized zirconia 
(YSZ) sheet were fabricated using Pt or Pt covered with SmFeO3 layers as electrodes. The sensing performances were strongly 
influenced by the surface morphology of YSZ. The overcoat with SmFeO3 layer on the one side electrode enhanced the sensi-
tivity for some VOCs. Even for 0.5 ppm of methyl ethyl ketone, ethanol and acetic acid, the changes of the electromotive force 
(EMF) in the levels of 20 mV and higher were confirmed at 400°C for the monolithic type sensor in which one side electrode 
was over-coated with SmFeO3 powders.
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1.　Introduction
The air quality contamination by pollutant gases and volatile 

organic compounds (VOCs) has become a serious problem for 
human life. Thus, environmental monitoring is strongly 
demanded, especially in the urban spaces. Various techniques 
have been attempted to detect harmful gases. For the zirconia 
based oxygen sensor in potentiometric Pa(O2), Pt//YSZ//
Pt, Pc(O2), the out put voltage (V) can be calculated from the 
thermodynamic relationship for reversible transfer of oxygen 
from cathode to anode according to Nernst’s Eq. (1),

V = (RT/4F)ln[Pc(O2)/Pa(O2)] (1)

where R is the gas constant, T is absolute temperature, F is 
Faraday’s constant, Pa(O2) and Pc(O2) are the oxygen concentra-
tion of anode and cathode electrodes, respectively. However, the 
output voltage value often deviates from the value estimated with 
Eq. (1), especially when a reducing gas coexists with oxygen. In 
1977, Fleming interpreted this deviation as the non-Nernstian 
behavior resulting from the simultaneous presence of two elec-
trochemical reactions occurring at the working electrode.1) Many 
research groups have found that the non-Nernstian behavior is 
based on the mixed potential of the working electrode. Among 
the various sensing devices, solid-state sensors are of practical 
interest due to their small size and ease of use. Zirconia-based 
electrochemical sensors tailored for NOx, CO and hydrocarbons 
(HCs) detection have been widely investigated.1)–11)

In this work, to develop VOCs sensor based on the oxygen 
sensor with zirconia in a middle working temperature region of 
350–450°C, the sensing characteristics in potentiometric were 
examined and the mechanism was discussed.

2.　Experimental
2.1 Preparation of materials
The SmFeO3 finer particles were prepared by the thermal 

decomposition of Sm-Fe-hexacyano complex.12) The heteronu-
clear complex, Sm[Fe(CN)6]·4H2O, was synthesized at room 

temperature by mixing aqueous solutions of equimolar amounts 
of Sm(NO3)3 and K3[Fe(CN)6] under continuous stirring. The 
resulting precipitate was washed with water, ethanol and diethyl 
ether, before drying in air at 50°C. The complex was decom-
posed at 600°C for 24 h in flowing O3/air, in order to obtain the 
perovskite-type powders. 0.24 g of the milled SmFeO3 powder 
was dispersed in 30 ml of acetylacetone. The mixture was 
sonicated for 1 h at room temperature and left for 1 h. The 
smaller particle was obtained by the centrifugal separation of the 
supernatant liquid.

2.2 Fabrication of sensor device
The geometries of the sensor devices are illustrated in Fig. 1. 

8YSZ sheet (8 mol% Y2O3/ZrO2) of 200 μ m in thickness from 
Tosoh Co. was used as the electrolyte. The Pt electrodes were 
prepared by the sputtering with a proper mask and heated at 
600°C for 1 h. The thickness of the Pt electrodes was about 15 
nm. Over-coating of the SmFeO3 powders on the Pt electrode 
formed on the electrolyte was progressed with dc electrophoretic 
deposition technique (EPD) and then heat-treated in air. To pre-
pare an organic suspension of the oxide particle for EPD, 0.24 g 
of SmFeO3 was dispersed in 30 ml of acetylacetone and 7.5 mg 
of I2 was added as a charging agent. The mixture was stirred and 
then ultrasonicated for 1 h at room temperature to obtain a good 
dispersion. EPD was demonstrated under the constant dc voltage 
of 15 V for 2 min. The SmFeO3 films were heat-treated at 300°C 
for 1 h. . The thickness of the SmFeO3 films was around 10 μ m.

2.3 Measurement of sensing properties
Sensing experiments were carried out in a conventional gas-

flow apparatus equipped with a controlled heating facility. The 
sensor devices were alternatively exposed to different gases with 
and without VOCs lower than 10 ppm. The contaminated test 
gases with VOCs, such as methyethylketone (MEK), acetic acid 
(AA), ethanol (EtOH) and benzene (Bz), were prepared with dif-
fusion tubes. VOC concentration was controlled with changing 
the flow rate and the temperature of the tube. The potential dif-
ference between the two electrodes of the sensing device was 
measured with a digital electrometer (Advantest R8340) at 
different temperatures.
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3. Results and discussion
3.1 Fundamental response performance as an 

oxygen sensor in separate-type
The surfaces of the 8YSZ sheet used in this study were slightly 

different each other. The difference in gloss of the surfaces was 
easily detected. In the following discussions, the surfaces of the 
8YSZ sheet are defined as HG and LG meaning high and low in 
gloss, respectively. The response behavior of the cells in a sepa-
rate-type that the one side was exposed to the test gas with 
different concentrations of oxygen and the other side was 
exposed to a constant gas with 21% oxygen are shown in Fig. 2. 
The side exposed to the test gases was settled to (+) in polarity 
of the electrode. When the gas with the same concentration of 
oxygen with 21% was exposed to both sides, the out put voltage 
was almost zero. When pure nitrogen was exposed, the higher EMF 
was observed. For the device of that the LG side was exposed to 
the test gas and the HG side exposed a constant oxygen concentra-
tion of 21% (LG(+)), the EMF decreased with a decrease in the 

concentration of oxygen. For the device of that the HG side was 
exposed to the test gas (HG(+)), the change with changing concen-
tration was more sluggish than that for the device of LG(+). The 
difference of the response observed for two types of devices is also 
shown in Fig. 2. The difference of the observed EMF in steady state 
was not so different in the range of 21–2%, excepting in pure nitro-
gen. In the nitrogen, the difference of the EMF was estimated to be 
25 mV at 400°C. It is expected that the observed response differ-
ence between LG(+) and HG(+) was originated from the difference 
of the surface structure and/or morphology of 8YSZ. The kinetics 
of the reaction, 2O2– → O2 + 4e– at the electrode exposed to a lower 
oxygen concentration, was influenced by the physicochemical 
characteristics of the surface of 8YSZ.

The morphology of the surfaces of the YSZ-sheet used in this 
study was examined with SEM and XPS. The XPS results are 
summarized in Fig. 3 and the observed SEM images are shown 
in Fig. 4. The surfaces of the sheet were slightly different in 
appearance, one-side was brilliant and the other-side was less 
brilliant (Fig. 4). For the used 8YSZ sheet, two signals of O1s 
were detected and the peaks appeared at 530 and 532 eV in bind-
ing energy were assigned to lattice and adsorbed oxygen (Olattice 

and Oad), respectively. Before the sputtering of the surfaces in 
XPS chamber, the detected atomic ratios to Zr (X/Zr, X = Oad, 
Olattice, C, Y) of HG surface and LG surface were hardly different 
from each other (HG:●, LG:■ in Fig. 3). The sputtering of the           

Fig. 1.　Cross-sectional views of the YSZ-based devices, (a) Pt//8YSZ//        
Pt in separate-type, (b) Pt/8YSZ/Pt in monolithic-type, (c) SmFeO3

coated Pt/8YSZ/Pt in monolithic-type.

Fig. 2.　EMF changes with oxygen concentration of the separate-type        
device Pt//8YSZ//Pt at 400°C. The side exposed to test gas and the O2

concentration is indicated in the Fig. LG-HG means the difference of the 
V of LG and HG.

Fig. 3.　XPS results of surfaces of 8YSZ sheet.
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surface resulted in a change of the concentration of the absorbed 
oxygen and carbonates to decrease. Even after the sputtering, the 
elemental ratios of HG surface and LG surface, Y/Zr, C/Zr and 
Olattice/Zr were hardly different, but the Oad/Zr was different. The 
Oad/Zr for the HG surface was lower than that for the LG surface. 
The XPS results convinced us the difference of the response 
behavior between the half-cells.

3.2 Response for several VOCs of monolithic-type 
oxygen sensor

Monolithic-type device that both electrodes are exposed to the 
same gas environment is more practical device to detect various 
polluting gases.

Figure 5 shows response to AA of monolithic-type device 

Pt(LG,+)/8YSZ/Pt(HG,–) at 450°C. The EMF was clearly 
observed even when the same gas with AA was exposed to the 
both sides. The contamination of AA induced the increase in the 
voltage in plus rapidly and then slightly decreased to a steady 
state. The observed response is due to the difference of the 
response behavior between the two electrodes.

The response at 400°C to some other VOCs balanced with air 
from the cylinder was examined. The obtained calibration curves 
for VOCs are shown in Fig. 6. The response and its concentration 
dependency of VOCs were clearly observed. For the device that 
the LG surface was settled to plus (LG(+)), the EMF increased 
in positive. It is concluded that the activity of O2– ion on the HG
side was more decreased than the LG side by the contamination 
with the VOCs. The change of EMF enlarged with increasing 

Fig. 4.　SEM photograph of 8YSZ-sheet (surface). Surfaces of 8YSZ are slightly different in look, one side is brilliant (HG) and other                    
side is less brilliant (LG).

Fig. 5.　Response to AA of the monolithic-type device Pt(LG,+)/8YSZ/        
Pt(HG,–) at 450°C. Concentration in ppm is indicated in the Fig.

Fig. 6.　EMF changes with the concentration of various VOCs of the          
monolithic-type device Pt(LG,+)/8YSZ/Pt(HG,–) at 400°C.
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concentration of VOCs. It should be noticed that any regularities 
between the change of EMF and the concentration of Bz could 
not be observed and the change of EMF was very small. The 
observed lower response may be due to the low polarity of Bz.

3.3 Effects of the over-coating with SmFeO3 layer 
on Pt electrode

To improve the response behavior of the device with Pt/8YSZ/
Pt geometry, the coating of the Pt electrode with SmFeO3 was 
considered. In several reports, a similar device with some per-
ovskite-type oxides was examined.2),6),11) In these cases, the oxide 
layer was formed on the ionic electrolytes directly and the metal 
electrode was formed on the oxide. In our case, the metal elec-
trodes were formed on YSZ directly and then the oxide layer was 
formed on to the Pt electrode of LG side. The lead was connected 
with metal electrodes in direct. The schematic illustration of 
examined device is shown in Fig. 1(c). The triple points formed 
on the YSZ interface and the oxide (SmFeO3) layer was com-
pletely separated. Figure 7 shows the response to AA balanced 
with air from the cylinder at 450°C. When the air without AA 
was exposed to the device, the observed EMF was almost zero. 

It is suggested that the activities of O2– ion on the triple points 
on both side is almost same. The exposure to the air contami-
nated with AA resulted in an increase in the EMF in positive and 
then decreased gradually to a steady value. The EMF increased 
with an increase in the concentration of AA.

The response at 400°C to some other VOCs balanced with air 
from the cylinder was also examined. The obtained calibration 
curves at 400°C for VOCs are shown in Fig. 8. For MEK, EtOH 
and AA, the change of EMF enlarged with an increase in the 
concentration of VOCs. The over-coating with SmFeO3 layer on 
to the one side of Pt electrode enhanced the sensitivity for some 
VOCs, expecting benzene. Higher sensitivity to VOCs observed 
for SmFeO3, Pt(LG,+)/8YSZ/Pt(HG,–) geometry was originated 
from a less response to VOCs of the electrode over-coated with 
SmFeO3 layer.

4. Conclusions
Solid-state electrochemical sensors for volatile organic com-

pounds (VOCs) based on commercial YSZ sheet were fabricated 
using Pt and SmFeO3 perovskite-type oxide as electrodes. The 
sensing performances were strongly influenced by the surface 
morphology of 8YSZ in the temperature range of 300–450°C. 
The over-coating with SmFeO3 layer on the one side of Pt 
electrode enhanced the sensitivity for some VOCs excepting ben-
zene. Even for 0.5 ppm of methyl ethyl ketone, ethanol, and ace-
tic acid, the changes of the electromotive force in the levels of 
20 mV and higher were confirmed at 400°C. The decrease in the 
activity of O2– ion on the triple points due to VOCs contamina-
tions was depressed by the over-coating of the Pt electrode with 
SmFeO3 layer.
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Fig. 7.　Response to AA of the monolithic-type device SmFeO3–        
Pt(LG,+)/8YSZ/Pt(HG,–) at 450°C. Concentration in ppm is indicated in 
the Fig.

Fig. 8.　EMF changes with the concentration of various VOCs of the          
monolithic-type device SmFeO3–Pt(LG,+)/8YSZ/Pt(HG,–) at 400°C.
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