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Abstract. The ability of semiconductor gas sensors to differentiate between gases is essential but difficult to
obtain. In this study, Zn2SnO4 was made to be CO selective and the possible mechanism for the selectivity was
studied.

The electrical and the gas-sensing properties of uncoated and CuO-coated Zn2SnO4 were investigated. In order
to obtain an ohmic contact to Zn2SnO4, a ZnO layer was stacked on top of Zn2SnO4 and co-fired. CuO was coated
by immersing the sintered sample in Cu-containing solution. Both uncoated and CuO-coated samples showed the
higher sensitivity to 200 ppm CO gas than to 200 ppm H2 gas. However, the CuO-coated Zn2SnO4 showed much
enhanced sensitivity and thus good selectivity for CO gas (SCO/SH2 ∼ 6) compared to the uncoated sample. The
excellent selectivity of Zn2SnO4-based materials for CO gas was explained by the difference in the mechanisms of
CO and H2 oxidation.
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1. Introduction

The monitoring of carbon monoxide (CO) gas is es-
sential since CO is not only a very toxic gas, but also
a common gas produced by the incomplete combus-
tion from factories, vehicles, and household appliances.
Since SnO2 was known as a good material to detect
CO gas as well as other inflammable gases such as
LPG and H2 gas, a great deal of efforts have been
focused on improving the performance of SnO2-based
gas sensors. The lack of gas selectivity for SnO2 sen-
sor, however, is a disadvantage as a semiconductor gas
sensor [1]. Thus many studies focused on improving
the selectivity and thus minimizing the interference
by H2 or C2H5OH gases in monitoring CO gas [2].
Noble metal catalysts such as Pd and Pt were widely
used to improve the sensitivity and the selectivity to
CO gas [3, 4]. It was also proposed that the hetero-
geneous interface between semiconductor oxides, e.g.
ZnO(n)/CuO(p) [5, 6], is helpful to obtain the selectiv-
ity to CO gas. Mixture- [7–9] and layered-type [10–12]
composite sensors were also proposed to improve the
stability of interface.

In this study, Zn2SnO4 (zinc stannate) formed by
the reaction between ZnO and SnO2, was studied as a
sensing material. Zn2SnO4 has been studied for the ap-
plications as transparent electrodes, window coatings,
and gas sensors to detect i-C4H10 [13], NO [14], NO2

[15], and C2H5OH [16] gases. Previously, we have also
found that Zn2SnO4 showed a high sensitivity to CO
gas at low temperature (∼240◦C) and a high sensitiv-
ity to H2 gas at high temperature (∼380◦C) [12]. It
was not clear, however, why Zn2SnO4 showed good
selectivity to CO gas without any additional catalysts.
The observed selectivity was scarcely found in other
semiconductor gas-sensing materials. In this study, we
investigated the temperature dependence of sensitivity
to CO and H2 gases and discussed the possible sensing
mechanism of CO gas-selective Zn2SnO4.

CuO was coated on the surface Zn2SnO4 in or-
der to modify the gas-sensing properties of Zn2SnO4.
CuO was known to lower the sensing temperature
of SnO2− and ZnO-based gas sensors [7, 17]. Thus
it is expected that CuO-coated Zn2SnO4 may have
an added advantage in the selective detection of
CO gas. In order to characterize the electrical and
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gas-sensing properties of Zn2SnO4, ZnO layer was
stacked on top of Zn2SnO4 and co-fired. We have
previously reported that Zn2SnO4 with Pt electrodes
showed non-ohmic current-voltage (I-V ) characteris-
tics, especially in reducing atmosphere, possibly due
to the electrical field-induced chemisorption of oxygen
at (−)Pt /Zn2SnO4(+) interface [18]. ZnO layer made
the ohmic contact possible for Zn2SnO4 and thus the
electrical and the gas-sensing properties of Zn2SnO4

were conveniently studied without interference from
electrodes.

2. Experimental Procedure

Zn2SnO4 powder was synthesized by solid-state re-
action. Commercial ZnO (Aldrich, USA, 99.9%) and
SnO2 powders (Aldrich, 99.9%) were mixed in 2:1 ra-
tio by ball milling with zirconia balls in ethyl alcohol
for 12 h followed by calcining at 1000◦C for 3 h. It
has been reported that intermediate compounds such
as ZnSnO3 and Zn2SnO4 can be made at lower temper-
atures by chemical mixing process [19]. In our system,
however, only Zn2SnO4 phase was found by XRD [12].

In order to make the layered-type sample, 5 mol%
SnO2-added ZnO powder was also prepared by ball-
milling the mixture of SnO2 and ZnO powders. The
addition of SnO2 resulted in the formation of small
amount of Zn2SnO4 phase in ZnO matrix and prevented
the densification of ZnO when sintered above 1000◦C.
As a result, the porous ZnO phase made very stable
contact with porous Zn2SnO4 after sintering. The con-
ditions for the stable junction between two different
oxides were described in detail elsewhere [10, 20].
Hereafter, we denote the 5 mol% SnO2-added ZnO
as ZnO for simplicity. Die-pressing ZnO powder on
top of Zn2SnO4 powder made the green body of lay-
ered ZnO/Zn2SnO4. The amount of powder was con-
trolled for each layer to have the same thickness af-
ter sintering. The green body was cold-isostatically
pressed at 200 MPa and then sintered at 1000◦C for 3 h.
The sample had approximate dimension of ∼7.5 mm
(φ) × 3 mm (t) after sintering.

CuO-coated sample was also made by immersing
the sintered sample into 1 wt% CuO solution prepared
by Pechini method [21] for 1 h. The CuO-impregnated
sample was heated to 350◦C for 2 h followed by
firing at 750◦C for 3 h. Provided that the pores of
Zn2SnO4 (∼40%) were fully filled with CuO solution,
the residual amount of CuO after firing is estimated as
∼0.5 mol%.

For the electrical characterization, Pt paste (En-
gelhard model #6082) was painted on the flat sur-
faces of the samples followed by firing at 600◦C for
30 min. Thus the layered samples had the structure of
Pt /ZnO/Zn2SnO4 /Pt. In order to avoid the interference
by pre-adsorbed hydroxyl group (OH−), the samples
were heated to 450◦C in air before cooling to the mea-
surement temperature. CO and H2 gases, 200 ppm bal-
anced by air, were used to investigate the gas-sensing
properties of samples. The relative humidity was fixed
to 23% at 25◦C by flowing the gases through the MgCl2
saturated solution [22].

The current-voltage characteristics were measured
after equilibrating the samples in air for 60 min and in
reducing gas (200 ppm CO or 200 ppm H2) for 20 min,
respectively. Using high-voltage source/measure unit
(Keithley, K237, USA), the current was measured 2 s
after applying the bias voltage from −10 to 10 V to the
samples. Before changing the measurement tempera-
ture, the samples were kept in air for 30 min in order to
recover their electrical conductivities in air. Gas sen-
sitivity is defined as the ratio of RAir/RGas, where RAir

and RGas denote the resistance values measured in air
and reducing atmosphere, respectively.

3. Results and Discussion

3.1. I-V Characteristics of ZnO/Zn2SnO4

Layered Sample

Figure 1 shows the current-voltage (I-V ) characteris-
tics of ZnO/Zn2SnO4 layered sample in contact with
Pt (Pt /ZnO/Zn2SnO4/Pt) and Zn2SnO4 sample in con-
tact with Pt (Pt /Zn2SnO4/Pt), in a reducing atmosphere

Fig. 1. Current-voltage characteristics of Zn2SnO4 and ZnO/
Zn2SnO4 samples at 380◦C in 200 ppm H2.
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(200 ppm H2). For ZnO/Zn2SnO4 layered sample,
forward bias was defined when Zn2SnO4 was posi-
tively biased ((−)Pt /ZnO/Zn2SnO4/Pt(+)). Note that
Zn2SnO4 sample in contact with Pt electrodes showed
a symmetric non-linear I-V curve while ZnO/Zn2SnO4

sample with asymmetric electrodes, i.e., Pt /ZnO on
one side and Pt on the other side, showed an asym-
metric curve. The I-V curve of ZnO/Zn2SnO4 sample
was nearly linear under forward bias as the non-ohmic
contact of Zn2SnO4 sample, (−)Pt /Zn2SnO4(+), was
replaced with (−)ZnO/ZnSnO4(+) interface. The I-V
characteristics of the samples in 200 ppm CO were
analogous to those shown in Fig. 1. The non-ohmic
behavior of Zn2SnO4 has been explained by slowly
increasing resistance of (−)Pt /Zn2SnO4(+) interface
due to electro-adsorption effect [18]. Thus the elec-
trical and gas-sensing properties of Zn2SnO4 can be
observed more clearly from the forward I-V curves of
ZnO/Zn2SnO4-layered sample. Accordingly, the elec-
trical conductivity and the sensitivity to CO and H2

gases of Zn2SnO4 were calculated from the I-V curves
under forward bias. CuO-coated ZnO/Zn2SnO4 sam-
ple also showed asymmetric I-V characteristics al-
though the deviation from linearity in reverse cur-
rent was slightly reduced from that of uncoated (or
‘undoped’ as explained later) sample. Since the elec-
trical characteristics of Zn2SnO4, either uncoated or
CuO-coated, were obtained from the layered sample,
hereafter, we denote the uncoated and CuO-coated
ZnO/Zn2SnO4 layered samples as Zn2SnO4 and
Zn2SnO4:Cu, respectively. The resistance of ZnO
layer was too small to contribute to the electrical
conductivity.

3.2. Electrical and Gas-Sensing Properties
of Zn2SnO4 and Zn2SnO4:Cu

Electrical conductivities Zn2SnO4 and Zn2SnO4:Cu in
air (23% R.H.) are plotted as a function of temperature
in Fig. 2. The electrical conductivity of Zn2SnO4 was
reduced by CuO addition. Several factors should be
simultaneously considered to interpret the decreased
conductivity with CuO coating. First, the possible
change of microstructure with CuO addition was ex-
amined. With SEM microscopy, however, we could not
find any noticeable difference between the microstruc-
tures of Zn2SnO4 and Zn2SnO4:Cu. The BET sur-
face area of Zn2SnO4:Cu (∼3.04 ± 0.05 m2/g) changed
little from that of Zn2SnO4 (∼3.00 ± 0.06 m2/g).

Fig. 2. Electrical conductivity of Zn2SnO4 and CuO-coated
Zn2SnO4 (Zn2SnO4:Cu) samples in air (23% R.H.).

Although the CuO-impregnated body was fired again at
750◦C, the firing temperature was much lower than the
sintering temperature (1000◦C). Secondly, the doping
by aliovalent Cu+2 (or partly Cu+) ions may have led to
the reduced electrical conductivity. We have reported
that the addition of CuO reduced the electrical con-
ductivity of SnO2 without any remarkable change in
microstructure [17]. CuO addition also decreased the
electrical conductivity of ZnO, which was explained
by the substitutional doping effect of Cu+ into Zn+2

ions [23]. Cu+2 and/or Cu+ may have substituted Sn+4

and Zn+2 sites of Zn2SnO4 and lowered the electrical
conductivity of n-type Zn2SnO4 as shown in Fig. 2.
In conclusion, the decrease of conductivity with CuO
coating is mostly due to the doping effect.

Sensitivities of Zn2SnO4 and Zn2SnO4:Cu were cal-
culated from the forward I-V curves and plotted as a
function of temperature as shown in Figs. 3(a) and (b),
respectively. Zn2SnO4 sample showed the maximum
sensitivity to 200 ppm H2 at ∼410◦C while to 200 ppm
CO gas at lower temperature (∼350◦C). Note that the
sensitivity curve for CO gas is broader than that for H2

gas. As a result, Zn2SnO4 showed higher sensitivity to
CO gas (∼3) at 240◦C than to H2 gas (∼1) although
the maximum sensitivity to CO gas (∼8 at 350◦C) was
less than that to H2 gas (∼15 at 410◦C). Thus, Zn2SnO4

sample showed the selectivity to CO gas against H2 gas
below ∼300◦C as shown in Fig. 4. The CO-gas selec-
tivity was defined as the ratio of the CO-gas sensitivity
to the H2-gas sensitivity, SCO/SH2 . The possible mech-
anism of selective detection of CO gas was discussed
in detail in the following section.
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Fig. 3. Temperature dependence of the sensitivity of (a) Zn2SnO4

and (b) CuO-coated Zn2SnO4 (Zn2SnO4:Cu) to 200 ppm CO and
200 ppm H2 gases.

Fig. 4. Temperature dependence of the selectivity of (a) Zn2SnO4

and (b) CuO-coated Zn2SnO4 (Zn2SnO4:Cu) for 200 ppm CO gas
(SCO/SH2 ).

Fig. 5. Selective response of CuO-coated Zn2SnO4 (Zn2SnO4:Cu)
to CO gas against H2 gas at 240◦C. The numbers represent the con-
centration of reducing gases in ppm. (bias = 5 V, 23% R.H.)

The addition of CuO into Zn2SnO4 noticeably
changed the gas-sensing properties as shown in
Fig. 3(b). The increase of CO sensitivity was accom-
panied by the shift of sensitivity peak to lower temper-
ature; ∼14 at 310◦C for Zn2SnO4:Cu compared with
∼7 at 350◦C for uncoated Zn2SnO4. However, their
CO-gas sensitivities at 450◦C changed little. The addi-
tion of CuO had a different effect on the H2 gas sen-
sitivity. The temperature showing maximum sensitiv-
ity (TMax ∼ 410◦C) did not change and the sensitivity
maximum for H2 gas was slightly reduced from ∼15
for Zn2SnO4 to ∼12 for Zn2SnO4:Cu. Consequently,
Zn2SnO4:Cu showed much higher selectivity (∼6 at
240◦C) for CO gas than CuO-free Zn2SnO4 (∼2.5 at
240◦C) as shown in Fig. 4.

Figure 5 shows the response to CO and H2 gases of
Zn2SnO4:Cu as the concentration of each reducing gas
was increased from 200 ppm to 1000 ppm. The current
values was measured while applying 5 Volts in the for-
ward direction, i.e., (−)Pt /ZnO/Zn2SnO4/Pt(+). The
gas concentration was kept for 20 minutes and raised
stepwise while measuring the current every 20 seconds.
The increase in the current for Zn2SnO4:Cu was neg-
ligible up to 1000 ppm H2 gas concentration.

3.3. Mechanism of the Selective CO Gas Detection
of Zn2SnO4 and Zn2SnO4:Cu

From the results shown above it was revealed that
Zn2SnO4 shows a selective response to CO gas at low
temperature and to H2 gas at high temperature. Al-
though the CuO addition enhanced the sensitivity and
thus the selectivity of Zn2SnO4 to CO gas, the basic
gas-sensing mechanisms of Zn2SnO4 and Zn2SnO4:Cu
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may be the same. A noticeable feature in the gas-
sensing properties of both Zn2SnO4 and Zn2SnO4:Cu
(Figs. 3(a) and (b), respectively) was that the H2-gas
sensitivity curves were narrow in shape and biased to-
ward high temperature. Thus the H2-gas sensitivities
were negligible below 250◦C while the CO-gas sensi-
tivities were still considerable.

In order to explain the selective CO gas detection
of Zn2SnO4-based samples, the sensitivity curves of
Zn2SnO4 were compared with those of SnO2 [17] and
ZnO [20] (5 mol% SnO2-doped) as shown in Fig. 6. All
samples were not coated with CuO. ZnO showed the
sensitivity maximum at higher temperature (∼410◦C)
than SnO2 (∼350◦C) either to CO or to H2 gas. Both
samples showed the higher sensitivity to H2 than to
CO gas at all measurement temperatures and thus no
selectivity to CO gas. The temperature for the sensi-
tivity maximum (TMax) of the gas-sensing material is

Fig. 6. Temperature dependence of the sensitivity of Zn2SnO4 to
(a) CO and (b) H2 gases compared with those of SnO2 [17] and
ZnO:Sn [20].

influenced by many factors such as the catalytic addi-
tives [3], reacting gases [3], microstructure [9, 24], and
humidity [25]. TMax value for SnO2, however, is gen-
erally lower than that of ZnO [8, 26]. Although we did
not plot the sensitivities of other samples for simplic-
ity, SnO2-based sensor showed TMax about 350–380◦C
despite the different sintering temperature and thus mi-
crostructure, and the presence of minor phase (ZnO or
Zn2SnO4) [8, 10, 27].

Since the selective CO detection of Zn2SnO4 was
closely related with the difference in TMax values for
CO and H2 gases, it is necessary to discuss why SnO2

shows the maximum sensitivity at lower temperature
than ZnO. It is well known that the adsorbed oxygen
groups on SnO2 oxidize carbon monoxide [28–32]. In-
frared (IR) spectroscopy studies showed that the ad-
sorption of CO to form carbonate (CO−2

3 ) and carboxyl
groups (CO−

2 ) on the surface of SnO2 at ∼400◦C [28].
Desorption of CO2 molecules into gas phase returns
free electrons thus increases the electrical conductivity
of n-type SnO2.

For ZnO, however, lattice oxygen is known to par-
ticipate in the oxidation of carbon monoxide by the
following elementary steps [33, 34]:

O2(g) + e− + Vx
O ⇔ O−(ads) + OO (1)

CO(g) + OO ⇔ CO2 · V •
O + e− (2)

CO2 · V •
O + O−(ads) → CO2(ads) + OO (3)

CO2(ads) → CO2(g) (4)

The oxygen molecules after adsorption occupy the
surface site (O−(ads)) and the bulk lattice site (OO)
(step (1)). The rate-determining step is the step (3)
while desorption rate of CO2 in the reaction (4) is
fast. On ZnO surface, CO molecule ‘pulls’ the lat-
tice oxygen, forming adsorbed CO2 (step 2) and the
chemisorbed oxygen ‘pushes’ the CO2 adsorbate into
gas phase (step 3) reoccupying the surface lattice site
(concerted or push-pull mechanism) [34]. Thus the ox-
idation of CO occurs even in the absence of O2 in the
gas phase [35]. Since the lattice oxygen of ZnO partic-
ipates in the oxidation of CO, the high thermal energy
is required for ZnO-based gas sensor to detect CO gas.
The adsorbed oxygen on SnO2 surface, however, can
easily react with reducing gases due to its relatively
low binding energy and high population at low temper-
ature. Consequently, the difference between the sens-
ing temperatures of SnO2 and ZnO may stem from the
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Fig. 7. Possible reaction mechanism of (a) CO and (b) H2 oxidation
on Zn2SnO4 surface.

different oxygen species reacting with reducing gas and
their bond strength.

It is very interesting that Zn2SnO4 shows the sensi-
tivity maximum to CO gas at the nearly same tempera-
ture (∼350◦C) as SnO2. However, the temperature for
the sensitivity maximum (TMax) to H2 gas was shown at
∼410◦C similar to ZnO (Fig. 6). From the results, we
propose a possible mechanism of selective detection of
CO gas against H2 gas for Zn2SnO4 as shown in Fig. 7.
The key in the proposed mechanism is that the reaction
routes in CO and H2 oxidation on the Zn2SnO4 surface
are different. The oxidation of CO gas on the surface
of Zn2SnO4 occurs predominantly at low temperature
and thus is related to the mechanism of SnO2 sublattice.
CO molecules are selectively adsorbed on Sn–O− sites
forming carboxyl or carbonate group depending upon
temperature (Fig. 7(a)). The adsorbate can be desorbed
at relatively low temperature due to the weak bond with
Sn site.

On the contrary, the H2 gas-sensing mechanism of
Zn2SnO4 seems to be mainly determined by that of
ZnO sublattice. The oxidation of H2 on binary oxide

(MOX ) involves the elementary dissociation process of
H2 molecule into M H and O H bonding. It was re-
ported that the IR spectra due to Zn H or Zn H Zn
(hydridic) and O H (protonic) bonds appear when
ZnO was exposed to H2 [36, 37]. The adsorption of
hydrogen onto Zn site rather than onto Sn site may
have resulted in the ZnO-based reaction of hydrogen
on Zn2SnO4 surface (Fig. 7(b)). Similar to ZnO, the
desorption of H2O from Zn2SnO4 needs enough ther-
mal energy due to the relatively strong bond of Zn H
(or Zn H Zn) and lattice oxygen. At low temperature,
thus, Zn sites present homogeneously on Zn2SnO4 sur-
face may work as a poisoning catalyst to the H2 oxi-
dation. The negligible sensitivity to H2 gas and thus
the high selectivity to CO gas below 240◦C can be ex-
plained by this mechanism. For clarification, however,
further spectroscopic studies on the surface of Zn2SnO4

are needed.
The addition of CuO does not seem to make a promi-

nent change in the sensing mechanism of Zn2SnO4.
The general shapes of sensitivity curve, either for CO
gas or for H2 gas, changed little with CuO addition
(Figs. 3(a) and (b)). The magnitude of H2 gas sensi-
tivity peak decreased with CuO coating while keep-
ing the TMax value. However, the CO gas sensitivity
curve moved to lower temperature while the maximum
sensitivity value increased. Thus the CuO added into
Zn2SnO4 acted as a promoter only for CO gas. In the
previous report [17], the CuO addition into SnO2 also
lowered TMax for both H2 and CO gases (from ∼350◦C
to ∼200◦C), increasing the sensitivity at low tempera-
ture. Further addition of ZnO (3 mol%), however, in-
creased TMax only for H2 gas and thus lowered the H2

gas sensitivity at low temperature. This suggests that
the increased concentration of Zn sites prevented the
oxidation of H2 at low temperature by the similar mech-
anism shown for Zn2SnO4. We also observed that the
TMax value for H2 gas-sensing continuously increased
with the increasing content of Zn2SnO4 in CuO-coated
SnO2 Zn2SnO4 composite [27].

4. Conclusions

The ZnO/Zn2SnO4 layered structure was very help-
ful for the investigation of the electrical and the
gas-sensing properties of uncoated and CuO-coated
Zn2SnO4 due to the ohmic contact between ZnO and
Zn2SnO4. Zn2SnO4 samples, regardless of CuO coat-
ing, showed negligible sensitivity to 200 ppm H2 gas,
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on the other hand, considerable sensitivity and thus
selectivity for 200 ppm CO gas at low temperature. Al-
though the maximum sensitivity of uncoated Zn2SnO4

to CO gas was much less than that to H2 gas, the selec-
tive detection of CO gas was shown below ∼300◦C.
The CuO-coated Zn2SnO4 sample showed the en-
hanced sensitivity and thus the selectivity to CO gas
(SCO/SH2 ∼ 6) from CuO-free sample (SCO/SH2 ∼ 2.5)
at 240◦C, however, the negligible sensitivity even to
1000 ppm H2 gas. The selectivity of Zn2SnO4-based
gas sensor to CO gas was obtained mainly due to the
difference in the gas sensing temperature between CO
and H2 gases. This suggests that the sensing mecha-
nism for CO gas is different from that for H2 gas. Thus it
was proposed that the CO and the H2 oxidations are pre-
ferred at SnO2 sublattice at low temperature and at ZnO
sublattice at high temperature, respectively. Hydrogen
molecules are adsorbed preferentially at Zn sites, which
act as a poisoning catalyst to the oxidation of H2 gas at
low temperature.
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