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	 SnO2 flat-type coplanar gas sensor arrays were fabricated by a screen-printing 
technique based on SnO2 nanopowders prepared by a sol-gel method.  The SnO2 flat-type 
coplanar gas sensor arrays had good acetone gas-sensing characteristics such as a fast 
response, short recovery time, and an almost linear response to acetone concentration of 
1−100 ppm.  The response could reach 2.11 for acetone concentration as low as 1 ppm, 
and the response and recovery times for 1 ppm acetone were 8.9 and 10 s, respectively.  
The surface reactions were investigated by in situ diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) at different temperatures, and a possible sensing 
mechanism was proposed.  Formate, acetate, carbonate ions, CH3O(ads), CO2, H2O, and 
adsorbed acetone were detected when the SnO2 flims were exposed to 100 ppm acetone 
at different temperatures. 

1.	 Introduction

	 Metal oxide semiconductor (MOS) nanomaterials, such as ZnO, In2O3, Ga2O3, WO3, 
and SnO2, have attracted considerable attention because of their unique properties and 
potential applications in various nanodevices.  Among them, SnO2, a stable and large-
bandgap (n-type) semiconductor, has been widely used owing to its low cost, long life, 
good reproducibility,(1–3) and ability to detect low-level concentrations.(4)  SnO2-based 
sensors are used for various purposes, including detecting flammable gases in the home 
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or office, detecting H2,(5) ethanol,(6) H2S,(7) and LPG(8) to prevent leakage, and detecting 
CO(9) to prevent incomplete combustion.  The gas sensitivity of oxides is often divided 
into bulk- and surface-sensitive materials, while SnO2 belongs to the category of surface-
sensitive materials.(10)  The gas-sensing application of SnO2 is based on the change in the 
material resistance when exposed to different atmospheres, which is due to the charge 
carrier exchange between the adsorbed gas and the oxide surface.(11)

	 Acetone is commonly considered as a representative volatile organic compound, 
which can cause environmental hazards and is harmful to human health,(12) and has been 
regarded as an important disease marker of diabetes and ketoacidosis.(13)  Therefore, it 
is very important to monitor and control its content in the human blood stream, human 
breath, and environments.  Some studies have demonstrated the monitoring and detection 
of acetone.  A trace amount of acetone (<0.9 ppm) is found as a normal constituent in 
the expiration of a healthy person, whereas a higher value indicates a possible diabetic 
condition.(14)  Nasution et al. reported that the acetone concentration in the breath varies 
from 0.3 to 0.9 ppm in healthy people to more than 1.8 ppm for diabetics;(15) this makes 
acetone a suitable chemical marker for diabetes diagnosis.  Hence, the monitoring 
of low-level acetone concentration is of utmost importance for human health and for 
precisely diagnosing diabetes mellitus in patients.  To date, gas chromatography (GC), 
gas chromatography-mass spectrometry (GC-MS), solid-phase microextraction (SPME), 
chemical sensors, SPME with GC-MS, GC-MS, and SPME with on-fiber derivatization, 
and membrane extraction with sorbent interface have been applied to acetone detection.(13)  
These methods all have low concentration limits.  For example, GC provided detection 
limits of 1−5 ppb for several volatile compounds including acetone gas,(16) and GC-
MS and SPME with on-fiber derivatization provided a low detection limit of 0.049 ppb 
for acetone in breath.(13)  However, these methods are expensive and time-consuming, 
requiring considerable experimental setup.  Moreover, owing to its volatility and activity, 
it is very difficult to accurately measure the concentration of acetone in human breath.(13) 
	 Recently, several gas sensors have been developed for acetone detection.(17–20)  For 
example, the gas-sensing performance of the porous spherelike ZnO-nanostructure-based 
sensor for acetone has been investigated, and the results revealed that the sensor had an 
optimum operating temperature of 310 °C, good stability for low-concentration acetone 
(2 ppm acetone at 310 °C), and good selectivity at 310 °C.(17)  The response value of a 
hollow and mesoporous ZnO-microsphere-based sensor was 2 in 5 ppm acetone, and the 
response and recovery times are 3 and 11 s when exposed to 5 ppm acetone, respectively.(18)  
The sensitivity of 1.5% Ag-modified NiFe2O4 gas sensor to acetone gas reaches 43, 
which is 4 times higher than that of the pure NiFe2O4 sample, and the quick response time (1 
s) and fast recovery time (~10 s) are the main characteristics of this sensor.(19)  The WO3-
Cr2O3 semiconducting thin films exhibit excellent acetone vapor sensing properties with 
the maximum sensitivity of ~8.91 at 320 °C in air atmosphere with fast response and 
recovery times.(20) 
	 So far, the ranges of study of the acetone gas sensor were focused on the 
improvement of its gas-sensing properties including the synthesis of gas-sensing 
materials with special morphology, doping of gas-sensing materials, and fabrication of 
heterojunction gas-sensing materials.  A few studies reported the reaction behaviours 
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between the acetone gas and gas-sensing materials.  The ultrahigh sensitivity of Au/1D 
α‑Fe2O3 to acetone was tested and a possible sensing mechanism was investigated by in 
situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) technology.  
The results showed that Au/1D α-Fe2O3 had a fast response, short recovery time, and an 
almost linear response to the acetone concentration.(14)  In this paper, we focused on the 
problem concerning acetone and SnO2 films by using in situ DRIFTS technology.
	 In fact, in situ DRIFTS has been used to investigate the gas-solid adsorption 
relationships between different gases and different gas-sensing materials.(14,21–25)  For 
example, Gunawan et al.(14) reported the possible acetone-sensing mechanism on Au/1D 
α-Fe2O3 films based on DRIFTS.  Tian et al.(21) reported the possible formaldehyde-
sensing mechanism on SnO2 films based on DRIFTS at 190 °C.  Huang et al.(22) reported 
the formaldehyde gas adsorption and reactions on γ-Fe2O3 films by in situ DRIFTS.  
Chen et al.(23) reported the NO2-sensing mechanism on ZnO films by in situ DRIFTS.  
Chiorino et al.(24) reported the NO2 adsorption and oxidation on MoOx-SnO2 films by 
in situ DRIFTS.  Besselmann et al.(25) reported the toluene adsorption and oxidation on 
V2O5/TiO2 catalysts by Raman spectroscopy and in situ DRIFTS.
	 In this paper, SnO2 flat-type coplanar acetone gas sensor arrays were fabricated by a 
screen-printing technique based on nano-SnO2 powders prepared by a sol-gel method.  
The temperature- and concentration-dependent behaviors of the SnO2 gas sensor arrays to 
acetone are investigated.  Tracing the surface reaction by in situ DRIFTS sheds valuable 
light on the oxidation pathway and how this relates to the sensing mechanism.

2.	 Materials and Methods

2.1	 Materials, synthesis of SnO2 nanopowders, characterization of SnO2 

nanopowders, and measurements of gas-sensing properties
	 The SnO2 nanopowders were prepared by a sol-gel method,(26) the SnO2 flat-type 
coplanar gas sensor arrays were fabricated by a screen-printing technique, and the SnO2 
nanopowders were examined by XRD and FESEM techniques. 
	 In addition, the gas sensitivity was measured in the static state.  The measuring 
electric circuit for gas sensors was the same as in ref. 1.  The test equipment was 
assembled in our laboratory.  The working temperature of sensors was adjusted by 
varying the heating voltage.  The correlation between heating voltage and working 
temperature is shown in Table 1.  First, the gas sensor arrays were fixed in a 30-liter 
test chamber, then the test system was started and the voltage to meet the working 
temperature was adjusted according to Table 1.  When the baseline was stable, a certain 
amount of acetone liquid was injected into the heating plate of the sealing device with 
a microliter syringe.  The gas sensitivity in this paper was defined as S = Ra/Rg, where 
Ra and Rg were the resistances of a sensor in air and in a test gas, respectively.  The 
response time was defined as the time required for the variation in conductance to reach 
90% of the equilibrium value after a test gas was injected, and the recovery time as the 
time necessary for the sensor to return to 10% above the original conductance in air after 
releasing the test gas.
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2.2	 Fabrication of flat-type coplanar gas sensor arrays
	 Gas sensors were made from pre-prepared pure SnO2 powders.  The final powders 
were mixed and ground with an organic solution in an agate mortar to form a gas-
sensing paste.  Then, the paste was printed onto an alumina substrate with pre-printed 
Au interdigital electrodes (with a gap of about 0.2 mm) and a RuO2 heater by the screen-
printing technique, then sintered at 550 °C for 2 h.  Lastly, gold wires and a welding 
machine were used to weld the gas sensor arrays onto TO-8-003 supports to form 
gas-sensing devices, and then aged at 250 °C for 3 d in air to enhance their stability.  
Following the above procedures, the SnO2 flat-type coplanar gas sensor arrays were 
obtained as shown in Fig. 1.

2.3	 In situ DRIFTS measurement 
	 The adsorption and reactions of acetone on SnO2 films were studied by in 
situ DIRFTS.  All spectra were recorded at 200−300 °C on a VERTEX 70 FT-IR 
spectrometer (Bruker) equipped with a liquid-nitrogen-cooled mercury cadmium 
telluride detector with a range of 4000−600 cm–1 and a diffuse reflection accessory with 
a controlled environment and temperature reflectance cell, equipped with KBr windows, 
averaging 128 scans with a 4 cm–1 resolution and analysed using OPUS software.  In 
each DRIFTS experiment, a certain amount of KBr powders was located in the reactive 
cell with the SnO2 films (2.8 × 2.8 mm2) on top of the powders, which was connected 
with a vacuum chamber for materials treatment to obtain reproducible reflecting planes.  
In addition, the temperature of the reactive cell was controlled using a thermostat ranging 
from room temperature to 600 °C.  A pretreatment process at 200 °C and 5.0 × 10–3 Pa 
was performed for 15 min to make the sample reproducible, and the spectra of KBr 
powders were recorded for use as the background.  A gas stream (30 ml/min) of 100 
ppm acetone was introduced into the cell at different temperatures, and the spectra were 
recorded after the sample was pretreated and heated to the predetermined temperature 
under flowing acetone gas.  A background spectrum was collected before each test.  
Spectra were measured in Kubelka-Munk (K-M) units: F(R∞) = K/S = (1 − R∞)2/2R∞, 
where K, S, and R∞ are the absorption coefficient, scattering coefficient, and reflectance 
of an infinite thick layer, respectively.  When the scattering coefficient S is a constant, the 
Kubelka-Munk function F(R∞) is proportional to the absorption coefficient K at a given 
wavelength.  Since the scattering coefficient S varies only slightly with the wave number 
of the IR radiation, the shape of the K-M spectrum mirrors the wave number dependence 
of the absorption coefficient K.  Therefore, the K-M function is usually used as the IR 
absorption spectrum.(27)

Table 1
Correlation between heating voltage and working temperature.
Temperature (°C) 200 250 300 320 350
Voltage (V) 4.8 5.4 6.2 6.5 7.0



Sensors and Materials, Vol. 26, No. 9 (2014)	 653

3.	 Results and Discussion

3.1	 Characterization of SnO2 nanopowders
	 Figure 2 shows the XRD patterns of the SnO2 nanopowders.  The diffraction peaks 
are in good agreement with JCPDS no. 77-0452 and can therefore be indexed as the 
crystalline rutile structure of SnO2 with lattice constants of a = 4.7552 nm and c = 3.1992 
nm.  The diffraction peaks are relatively broadened, indicating the small crystallite size.  
The crystallite sizes of the nanopowders were calculated using the Scherrer formula:(28) 
D = 0.89{λ/βcosθ}, where D is the mean grain size, λ is the wavelength of the X-rays 
(λ = 0.15406 nm for Cu Kα radiation), and β is the full width at half maximum of the 
diffraction peak at 2θ.  The calculated average grain size is about 12 nm.
	 Figure 3 shows the FESEM images of SnO2 nanopowders.  The SnO2 nanopowders 
are spherical and uniformly dispersed with diameters of approximately 10–20 nm.  This 
value is of coincidence with the calculated result according to the XRD pattern of the 
SnO2 nanopowders.

3.2	 Gas-sensing properties of SnO2 flat-type coplanar gas sensor arrays
	 To optimize the operating temperature to achieve the best gas response, 100 ppm 
acetone was used as the standard, and the sample gas response was evaluated from 200 
to 350 °C, as shown in Fig. 4.  The gas responses increase with operating temperature, 
become maximum at 320 °C, and begin to decrease above this temperature.  Operating at 
320 °C, the gas sensor can obtain a maximum gas response.  The changes in gas response 
with operating temperature can be attributed to the fact that the adsorption types of 
oxygen molecules are chemisorption at higher temperature and physisorption at lower 
temperature.  The reaction rates of acetone and adsorbed oxygen ion increase when the 
working temperature becomes high, which determine the existence of an equilibrium 
density of oxygen ions and cause a larger change in the resistance.  Hence, the gas 

Fig. 1.	 (a) Schematic diagram of the flat-type coplanar gas sensor arrays and (b) actual picture of 
the SnO2 flat-type coplanar gas sensor arrays.
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responses are enhanced with increasing temperature.  The adsorption attains a dynamic 
equilibrium of absorption–desorption at a proper temperature because the chemisorption 
is an exothermic reaction.  If the working temperature keeps increasing, the reactants 
begin to combust, resulting in the dynamic equilibrium bias to desorption.  Given its 
volatile nature, the steady-state level of absorbed acetone molecules will decrease 
progressively, and the balance will move to desorption, resulting in a decreased gas 
response above 320 °C.(29,30) 
	 The concentration of the adsorbates may be approximated from simple adsorption 
models.  In the Lennard-Jones model, the rate of chemisorption is determined by 
an activation barrier between a physisorbed state and the chemisorbed state and an 
activation barrier of desorption as illustrated in the literature.(10)  Using this model, the 

Fig. 4.	 Gas responses of SnO2 flat-type coplanar gas sensor arrays to 100 ppm acetone at different 
operating temperatures. 

Fig. 2 (left).  XRD patterns of SnO2 nanopowders.
Fig. 3 (right).  FESEM images of SnO2 nanopowders.
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rate of chemisorption dΘ/dt is expressed as the difference in adsorption and desorption 
rates:

	 dΘ/dt = kadsexp{−ΔEA/kT} − kdesΘexp{−(ΔEA + ΔHchem)/kT},	 (1)

where ΔEA is the activation barrier for chemisorption and ΔHchem is the heat of 
chemisorption.  Under steady-state conditions, dΘ/dt = 0, i.e, the rate of adsorption is 
equal to the rate of desorption; the coverage Θ is dependent on the heat of chemisorption 
ΔHchem and is given by

	 Θ = kads/kdesexp{ΔHchem/kT}.	 (2)

	 Thus, generally, the coverage will decrease with temperature.  At low temperatures, 
the molecules are, however, trapped in a physisorbed state and cannot overcome the 
activation barrier ΔEA.  This results in a maximum coverage at a temperature Tmax as 
illustrated in the literature.(10)  Hence, this theory further illustrates that the gas responses 
increase with operating temperature, become maximum at a certain temperature, and 
begin to decrease above this temperature.
	 As a typical n-type semiconductor, SnO2 belongs to the category of surface-sensitive 
materials.  The change in resistance is dependent on the species and chemisorbed 
oxygen on the surface.  The adsorbed oxygen changes to various oxygen anion species 
transferring an electron from SnO2 to the chemisorbed oxygen; negatively charged 
chemisorbed oxygen species cause an upward band bending and consequently a 
depletion layer in the near-surface region.  This causes a Schottky-like barrier across 
grain boundaries, leading to the increase in the resistance of the sensor.  The process can 
be expressed in the following equations:

	 O2(g) ↔ O2(ads)	 (3)

	 O2(ads) + e− ↔ O2
−

(ads)	 (4)

	 O2
−

(ads) + e− ↔ 2O−
(ads)	 (5)

	 O−
(ads) + e− ↔ O2−

(ads)	 (6)

wherein “g” and “ads” refer to gas and adsorbate, respectively.  A transition temperature 
of 150 °C was found among the chemisorbed oxygen species.  Below this temperature, 
oxygen adsorption on the surface was mainly in the form of O2

–, while above 150 
°C, chemisorbed oxygen in the form of O− or O2– was found.(10)  After acetone was 
introduced, it would be oxidized by these chemisorbed oxygen species (O2

–, O–, O2–) 
on the surface of the test sensor.  During the reaction, the electrons went back into the 
semiconductor, resulting in a decrease in resistance of the sensor.  When the sensor was 
exposed to air again, the gases are desorbed as H2O and CO2.  This reaction process may 
be expressed in the following equation.
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	 CH3COCH3(ads) + 8O−
(ads) →→ 3CO2 + 3H2O + 8e−	 (7)

	 Figure 5 shows the corresponding sensitivities of the SnO2 gas sensor arrays versus 
acetone concentration in the range of 1–100 ppm.  These measurements were performed 
by injecting various amounts of testing vapors into a sealed chamber at the operating 
temperature of 320 °C.  From the figure, it is observed that the gas response increases 
more or less linearly as a function of acetone concentration in the measured range.  Such 
a linear dependence of the sensitivity further shows that the sensors can be used as 
promising sensors for trace acetone detection, which is consistent with other gases.(31)

	 The fit curve, namely, the logarithm of the sensitivity (lgS) as a function of the 
logarithm of the acetone gas concentration (lgC), is shown in Fig. 6.  The relationship 
between sensitivity S and concentration C can be depicted as lgS = lgA + NlgC, where A 
is a constant, modified with the microstructure and surface reaction of materials, and N 
is an exponent between 0.5 and 1.0, relating to the morphology of the material and the 
stoichiometry of the elements on the surface.(32)  In this curve, the correlation coefficient 
R of the sensor fit curve is 0.97383, and the curve fitting shows the linear relationship as 
follows.

	 lgS = 1.78 + 0.67492 lgC	 (8)

	 As shown here, when the acetone concentration was in the range of 1–100 ppm, 
the logarithm of sensitivity showed good linearity with the logarithm of acetone 
concentration.  The result shows that the sensors match with dilogarithm amplifying 
circuits for practical application in the detection range of 1–100 ppm acetone vapor. 
	 Figure 7 shows the typical isothermal response curves obtained at various acetone 
concentrations from 1 to 100 ppm.  Short response and recovery times can be observed.  
The gas response of the sensors can reach 2.11 for acetone concentration as low 

Fig. 5.	 Gas responses of SnO2 flat-type coplanar gas sensor arrays to different concentrations of 
acetone at 320 °C as the operating temperature.
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as 1 ppm, and the response and recovery times for 1 ppm acetone are 8.9 and 10 s, 
respectively.  It is close to the concentration of 0.9 ppm found as a normal constituent 
in the expiration of a healthy person(13) and lower than the concentration of 1.8 ppm 
for diabetics.(15)  These concentrations are much lower than the threshold limit value 
(TLV) of acetone vapor in our living environment (750 ppm) according to the American 
Conference of Governmental Industrial Hygienists.(33)

3.3	 In situ DRIFTS study
	 To investigate the acetone-sensing mechanism on SnO2 films, the in situ DRIFTS 
technique was used to study the reaction process of acetone and SnO2 films.  The 
information on the reaction process was noted by the appearance of adsorbed species 
in the initial stages of adsorption.  Figures 8−11 show the representative time-resolved 
DRIFTS spectra of the SnO2 films in a flow of 100 ppm acetone at 200, 250, 320, 
and 350 °C, respectively.  The IR assignments of acetone adsorption on SnO2 films at 
different temperatures are shown in Table 2.(12,14,34–41)

	 Figure 8 shows the representative time-resolved DRIFTS spectra of acetone 
adsorption on the SnO2 films at 200 °C.  After 5 min when the SnO2 films are exposed to 
actone , the strong bands are at 3786, 3698, 3582, 2968, 2929, 2873, 2382, and 2307 cm–1, 
and the weak bands are at 1731, 1591, 1555, 1411, 1234, 1163, and 1113 cm–1.  The first 
three sharp bands (3786, 3698, and 3582 cm–1) associated with isolated hydroxyl groups 
[ν(OH)] tended to increase in intensity with time.(34)  This was likely due to the formation 
of water as a product of the oxidation of acetone.  The bands at 2968,(12,14,35,36)  1731,(12,14,37) 
2929,(14,34,36,38) and 1234 cm–1(12,14,35,36) could be assigned to molecularly adsorbed 
acetone [ν(C−H), ν(C=O), and ν(C–C), respectively], and the intensity of the bands 
became weaker with time, indicating the decrease in the amount of adsorbed acetone 

Fig. 6 (left).  Dilogarithm fit curve of the gas responses versus the concentration of acetone at 320 
°C.
Fig. 7 (right).  Typical response-recovery curves of the SnO2 flat-type coplanar gas sensor arrays to 
different acetone concentrations at 320 °C.
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molecules because the intensity of 1234 and 1731 cm−1 became weaker with time.  The 
bands at 2873,(35,36) 1591,(36) 1411,(36) and 1555 cm–1(14) were due to the surface formate 
[νs(CH), νas(COO), and δs(CH), respectively] and acetate [νas(COO)].  This implied 
the dissociative chemisorption of acetone with C−C bond cleavage.  Moreover, two 
adsorption bands of CO2 were shown at 2382 and 2307 cm–1 in the carbon dioxide region.(39,40)  
The absorption bands due to C−O stretching of monodentate CH3O(ads) peaked at 1163 
and 1113 cm–1.(41)

	 Figure 9 shows the DRIFTS spectra of acetone adsorption on the SnO2 films at 
250 °C.  It could be seen from the figure that the adsorption reached a steady level in 

Table 2
IR assignments of acetone adsorption on SnO2 films at different temperatures.

Surface species Wave number Wave number Wave number Wave number Reference(cm−1) (200 °C) (cm−1) (250 °C) (cm−1) (320 °C) (cm−1) (350 °C)
v(OH) 3786/3698 3732/3387/3241 3793/3705/3668 3790/3738/3644 (44)
v(C–H) 2968/2929 2961 3019/2928 (12,14,35–38)
va(COO)+ 2951 (35,36,38)δ(CH)
vS(CH) 2873 2890 (35,36)
CO2 2382/2307 2378/2327 2389/2356/2318 2381/2355/2306 (39,40)
v(C=O) 1731 1685 1737 1753/1722 (12,14,35–38)
δ(OH) 1647 (35)
va(COO) 1591/1555 1581/15187 1517 (14,36,41)
v(CO3

−) 1440 1440 1441 (12,35,36)
δ(CH) 1411 1380 1320 1395 (36,38)
v(C–C) 1234 1255 1255 (12,14,35,36)
v(C–O) 1163/1113 1110 1110 (41)
δ(CCH) 1092 (36)

Fig. 8.	 In situ DRIFTS spectra of 100 ppm acetone adsorption on SnO2 films at 200 °C.
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5 min and some bands were measured.  The bands at 3732 and 3241 cm–1, which were 
accompanied by a weak band at 3387(34) and 1647 cm–1,(35) were related to the ν(OH) 
and δ(OH) modes of different types of isolated hydroxyl group, respectively.  No peaks 
assigned to acetate species were observed in the spectrum shown in this figure, while 
the new band at 1685 cm–1(35,38) was assigned to the characteristic peak of molecularly 
adsorbed acetone.  The bands at 2890(35,36) and 1380 cm–1(38) were related to νs(CH) 
and δ(CH) of formate species, respectively.  The intensity of the bands at 2400−2300 
cm−1 assigned to CO2 was greater than that at 200 °C, indicating that the reaction was 
increasingly rapid with increasing temperature.(39,40)  The gradual evolution of the IR 
bands at 1220 cm–1(14) corresponded to the symmetric bends of CO2 adsorbed in the bent 
configuration, a quite labile species.  The band at 1110 cm–1 was assigned to the C−O 
stretching of CH3O(ads).(41)  Finally, Coronado et al. ascribed the peak at 1440 cm–1 to the 
νs(COO) mode of surface acetate,(38) but the current results suggest that the rather intense 
band at 1440 cm–1 was observable, showing that the COO symmetric stretching νs(CO3

–) 
of surface monodentate carbonates,(12,35,36) a likely partial oxidation product, tended to 
increase owing to their more stable properties.  The possible mechanism for acetone 
decomposition may be shown as the following eqs. (9)−(15).

	 CH3COCH3(g) → CH3COCH3(ads)	 (9)

	 CH3COH3(ads) + 2O−
(ads) → CH3COO−

(ads) + CH3O−
(ads)	 (10)

	 CH3O−
(ads) + 2O−

(ads) → HCOO−
(ads) + H2O + 2e−	 (11)

	 2CH3COO−
(ads) + 5O−

(ads) → 4HCOO−
(ads) + H2O(ads) + 3e−	 (12)

	 2CH3COO−
(ads) + 11O−

(ads) → 4CO3
2−

(ads) + 3H2O(ads) + 5e−	 (13)

	 2HCOO−
(ads) + 3O−

(ads) → 2CO3
2−

(ads) + H2O + e−	 (14)

Fig. 9.	 In situ DRIFTS spectra of 100 ppm acetone adsorption on SnO2 films at 250 °C.
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	 CO3
2−

(ads) → CO2	 (15)

	 The DRIFTS spectra of acetone adsorption on the SnO2 films at 320 °C are shown 
in Fig. 10.  All the peaks were quite intense at this temperature, which was in accord 
with the gas-sensing properties (Fig. 4).  In addition, the band intensities increased 
with the progression of the reaction, indicating an active reaction on the surface.  The 
bands at 3793, 3705, and 3668 cm−1 were due to the isolated surface OH groups, and 
tended to increase in intensity with time.(34)  The new bands at 3019(36) and 1255(12,14,35,36) 

cm−1 were due to C−H symmetric stretching ν(C−H) and C−C symmetric stretching 
ν(C−C), respectively, of molecularly adsorbed acetone, and the band at 1737(12,14,37) 
cm−1 corresponded to the characteristic peak of acetone.  Three rather intense bands 
at 2400−2300(39,40) cm−1 were observable in the carbon dioxide region, which were 
greater than those at 200 and 250 °C, owing to the reaction running actively at this 
temperature according to the results shown in Fig. 4.  In addition, the new bands at 
1581(36) and 1320(35) cm−1 observed could be associated with the asymmetric COO− 
stretching vibration νas(COO) and the deformation vibration δ(CH) of the formate 
species, respectively, while the 1517(41) cm−1 band could be associated with the νas(COO) 
of surface acetate species.  Meanwhile, the bands at 1440(12,35,36) and 1404(12,35) cm−1 
were typical peaks of surface carbonate species.  The deconvoluted band of CH3O(ads) 

was located at 1110 cm−1 at this temperature.(41)  Molecular acetone, formate, acetate, 
CH3O(ads), carbonate, H2O, and CO2 spectral features appeared in the infrared spectrum.  
We can infer that when the sensor was exposed to acetone gas, the gas was initially 
adsorbed on the surface.  Then, the adsorbed acetone gas was oxidized to form CH3O(ads) 
and acetate by chemisorbed oxygen species.  The formate, a one-carbon-containing 
species, may originate from the photoreaction of the CH3O(ads) or the two-carbon-
containing species of acetate.  Formate and acetate species, as reaction intermediates, 
were further converted to carbonate species.  Finally, CO2 was formed after the oxidation 
of carbonate ions. 

Fig. 10.	 In situ DRIFTS spectra of 100 ppm acetone adsorption on SnO2 films at 320 °C.
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	 Figure 11 shows the representative time-resolved DRIFTS spectra corresponding 
to the adsorption of  acetone on the SnO2 films at 350 °C.  Compared with Fig. 10, 
the bands were relatively weak, possibly because of the rapid desorption at higher 
temperature.  A certain amount of surface-isolated hydroxyl groups at 3790, 3738, and 
3644 cm−1 observed at sharp bands of high frequencies could be due to the formation of 
water.(34)  The new bands at 2951(35,36,38) and 1395(38) cm−1 were assigned to the [νas(COO) 
+ δ(CH)] and δ(CH), respectively, of formate species.  On the other hand, the bands at 
1753(36) and 1722(14,36) cm−1 could correspond to the characteristic peak of formate.  The 
weak band at 1517(41) cm−1 was due to the COO antisymmetric stretching νas(COO) of 
acetate.  Meanwhile, the peak at 1441 cm−1 was assigned to the νs(CO3

−) mode of free 
carbonates.(12,35,36)  Moreover, the spectrum showed three quite intense bands at 2381, 
2355, and 2306(39,40) cm−1 in the carbon dioxide region, and the absorption band at 1092 
cm−1, assigned to the deformation vibration δ(CCH), confirms the presence of molecular 
acetone.(36)  The oxidation of acetone on SnO2 films at this temperature was shown 
according to eqs. (9)−(15).
	 On the basis of the results, we find that the intensities of the bands of all the adsorbed 
species on the SnO2 films showed obvious changes with  temperature.  When the 
temperature was increased from 200 to 320 °C, the intensity of spectra strengthened with 
time.  However, when the temperature was increased to 350 °C, very weak adsorptions 
on the surface could still be observed.  This was consistent with the variation tendency 
of the gas response and the operating temperature of the sensor.  The formate, acetate, 
CH3O(ads), and carbonate were the important reaction intermediates for acetone adsorption 
on the surface of SnO2 films, while CO2 and H2O were the final products.  These 
observations suggest that the acetone molecules break after the attack of the chemisorbed 
oxygen species (O2

−, O−, O2−) to yield a two-carbon molecule and a single carbon one.  
Thus, a simplified reaction scheme for the mechanism study of acetone on the SnO2 films 
was proposed and shown in Fig. 12.

Fig. 11.	 In situ DRIFTS spectra of 100 ppm acetone adsorption on SnO2 films at 350 °C.
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4.	 Conclusions

	 SnO2 flat-type coplanar acetone gas sensor arrays were successfully fabricated by a 
screen-printing technique based on SnO2 nanopowders prepared by a sol-gel method.  
The gas-sensing properties in relation to 1−100 ppm acetone were tested.  The gas 
response increased more or less linearly as a function of acetone concentration in 1−100 
ppm, which further showed that the sensors could be used as promising sensors for 
acetone detection in this concentration range.  The gas response could reach 2.11 for 
acetone concentration as low as 1 ppm, and the response and recovery times for 1 ppm 
acetone were 8.9 and 10 s, respectively.  Thus, the SnO2 sensors could realize the real-
time detection of acetone.  The sensing mechanism was elucidated by the in situ DRIFTS 
technique based on the main adsorbed species during the adsorption.  The in situ DRIFTS 
experimental results revealed that formate, acetate, CH3O(ads), carbonate ions, H2O, CO2, 
and molecularly adsorbed acetone surface species were formed during the interaction of 
acetone with SnO2 films at 200–350 °C. 
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