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Abstract: Petal-like ZnO nanosheets were synthesized with zinc nitrate hexahydrate and sodium hydroxide as starting materials in 
ammonia and ethanol mixture solution. RuO2 modified ZnO nanosheets were also prepared by a calcination route. The as-prepared 
products were characterized by X-ray powder diffraction and field emission scanning electron microscopy, and its specific BET 
surface area was calculated by nitrogen adsorption method. The sensitivity, response and recovery speed were examined. The results 
show that RuO2 modified petal-like ZnO based sensor exhibits a high sensitivity, a low detection limit, fast response and recovery 
properties to ethanol and acetone. The sensitivities of the RuO2 modified petal-like ZnO based sensor to 100×10−6 ethanol and 
acetone at 360 °C are 33 and 67, respectively. The response and recovery times of the sensor are 4 s and 9 s to 10×10−6 ethanol, and 
are 3 s and 10 s to 10×10−6 acetone, respectively. 
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1 Introduction 
 

Zinc oxide (ZnO), a functional n-type 
semiconductor with wide band gap (Eg ~3.7 eV) and 
large exciton binding energy (60 meV), has attracted 
great research interests for its unique optical and 
electrical properties in application of piezoelectric 
nanogenerators [1], solar cells, nanolasers [2], gas 
sensors [3,4], photocatalysis [5] and so on. The 
properties and performance of ZnO are closely 
dependent on its size, morphology and structures, 
therefore, more efforts have been devoted to synthesizing 
and preparing various ZnO nanostructures, such as 
nanowires [6], nanorods [7], nanobelts [8] and nanotubes 
[9,10]. The gas sensing properties and applications of the 
above ZnO nanostructures have been extensively 
concerned [11,12]. Recently, two-dimensional (2D) 
oxide nanosheets combining unique sheet-like 
morphology and porous structure have attracted 
significant research interests for their significantly 
enhanced properties in photoluminescence [13] and gas 
sensor applications [14]. SnO2 nanosheets were 

synthesized by a hydrothermal method at 200 °C using 
stannic chloride hydrate and sodium hydroxide as 
starting materials. The response and recovery times of 
the SnO2 sensor were 1 s and 9 s to 20×10−6 ethanol [15]. 
ZnO nanosheets were fabricated by an oxygen-assisted 
carbothermal reduction process and their properties were 
evaluated [16]. Using tris(hydroxymethyl)aminomethane 
as structure-directing agent, hexagonal ZnO nanosheets 
were also synthesized at approximately neutral pH (7.3), 
and the products showed a strong fluorescence at 590 nm 
[17]. ZnO nanosheets with intense green emission were 
synthesized at low temperature of 80 °C by a 
substrate-free, single-step, wet-chemical method [18]. 
Mn doped ZnO nanosheets were prepared by a 
microwave assisted chemical method, and their magnetic, 
optical and structural properties were investigated [19]. 
Porous and single-crystalline ZnO nanosheets were 
synthesized by annealing hydrozincite Zn5(CO3)2(OH)6 
nanoplates, and they exhibited high selectivity and quick 
response to detecting acetone. Ru catalysts supported on 
ZnO by different Ru contents were prepared by an 
impregnation method and were applied to the 
vapor-phase selective hydrogenation of crotonaldehyde 
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[20]. ZnO nanorods were modified with 
Ru(dcbpy)2(NCS)2 (RuN3), and their sensitivity to 
formaldehyde was higher than that of bare ZnO [21]. So 
far, RuO2 modified ZnO nanosheets and their sensing 
properties are still rarely reported. However, the 
exploration of high sensitivity, rapid response and 
recovery characteristics of ZnO nanostructure is still a 
challenge. 

We previously synthesized ZnO nanostructure in 
sheet or petal-like shapes [22]. In this work, we report 
the preparation and gas-sensing properties of petal-like 
ZnO nanosheets (ZS) and RuO2 modified petal-like ZnO 
nanosheets (RZS) by a solvothermal method and 
calcination route, respectively. Excellent gas-sensing 
properties such as high sensitivity, quick response and 
recovery based on our sensor have been observed at 360 
°C. In particular, the RZS based sensor shows low 
detection limit (1×10−6), high sensitivity (33×10−6 
ethanol and 67×10−6 acetone) and rapid response (4 s) 
and recovery (10 s) towards ethanol and acetone. The 
results demonstrate a promising approach to fabricate 
high performance ethanol and acetone sensors with high 
sensitivity, rapid response and recovery times. 
 
2 Experimental 
 
2.1 Preparation and characterization of ZnO 

nanosheets 
In synthesis of petal-like ZnO nanosheets (ZS), all 

chemical reagents purchased from commercial market 
were of analytic grade and were used without further 
purification. Petal-like ZnO nanosheets were synthesized 
referring to our previous work [23], and the experimental 
conditions and routes were revised and optimized. Here, 
0.1 mol/L Zn(NO3)2·6H2O and 0.2 mol/L NaOH were 
prepared with 6 g Zn(NO3)2·6H2O, 1.2 g NaOH  and 
deionized water, respectively. Then, the NaOH solution 
was slowly added into the Zn(NO3)2·6H2O solution at 
room temperature under vigorous stirring to form a white 
suspension. The suspension was then separated with a 
centrifuge and washed three times with distilled water to 
obtain a white precipitate. The above precipitates were 
completely dispersed into an aqueous solution prepared 
with 0.01 g C19H42BrN, 10 mL ammonia and 45 mL 
ethanol, and the mixture was then sealed into a Teflon- 
lined autoclave with a filling capacity of about 60% and 
heated to 180 °C for 2 h. The resulting white precipitate 
was collected and washed with distilled water and 
absolute ethanol several times to obtain ZnO nanosheets. 

In preparation of petal-like RuO2−ZnO nanosheets 
(RZS), for RuO2 deposition, 2 g of petal-like ZnO 
powders was dispersed in 3.3 mL ethanol, and then 80 
mg, 120 mg and 160 mg of RuCl3 (Ru 37% in mass 
fraction) were added in the above mixture respectively to 

prepare a series samples. After grinding in an agate 
mortar for about 30 min until the salts were dissolved 
and uniformly dispersed, the mixture was dried in the air 
and then placed into the muffle, which was heated to 400 
°C (heating rate of 5 °C /min), and calcined for 2 h. 

The products were characterized by a 1530VP 
model field emission scanning electron microscope 
(FESEM), and X-ray diffraction (XRD) with Cu Kα 
radiation (λ=0.1542 nm) on a DX−2000 X-ray 
diffractometer. Pacific BET surface area of ZnO 
nanosheets was measured using a Quantachrome 2010 
model Autosorb station (US). RuO2 content was 
calculated according to the dosage of RuCl3 and 
confirmed by an energy dispersive spectrometer (EDS). 
 
2.2 Fabrication and measurement of gas-sensing 

properties 
The products were mixed with deionized water at a 

mass ratio of 4:1 to form a paste. The sensors were made 
with a coating ceramic tube with the paste to form a thin 
10 μm sensing film. A pair of gold electrodes was 
installed at each end of the ceramic tube before it was 
coated with the paste; each electrode was connected with 
two Pt wires. A Ni−Cr heating wire was inserted into the 
tube to form an indirect-heated gas sensor. The structure 
of the sensor is shown in Fig. 1. 
 

  
Fig. 1 Sketch of gas-sensor 

 
The gas-sensing properties of the sensor were 

measured by a chemical gas sensor (8 Intelligent Gas 
Sensing Analysis System, China). The sensitivity (S) of 
the sensor was defined as the ratio of sensor resistance in 
dry air (Ra) to that in a target gas (Rg), which is expressed 
in Eq. (1): 
 
S=Ra/Rg (for reducing gas) 
 
or 
 
S=Rg/Ra (for oxidizing gas)                     (1) 
 
where Ra and Rg are the sensor resistances in the air and 
testing gas environment, respectively. 
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The time taken by the sensor to achieve 90% of the 
total resistance change was defined as the response time 
in the case of adsorption and the recovery time in the 
case of desorption. 
 
3 Results and discussion 
 
3.1 Structure and morphology of ZnO nanosheets 

Figure 2 shows the X-ray diffraction (XRD) 
patterns of the ZS and RZS. The products have a wurtzite 
structure and the diffraction peaks can be well indexed to 
hexagonal ZnO (JCPDS Card No.36−1451). The intense 
peaks of the XRD pattern indicated that the products 
were well crystallized. In addition, for ZS, no additional 
peaks were investigated by XRD, indicating the high 
purity of the ZnO products. The fine differences on the 
diffraction pattern between the ZS and the RZS are 
shown in the partial enlargement inserts in Fig. 2. Four 
additional minute diffraction peaks at 28.2°, 35.3°, 40° 
and 54.8° can be observed in the insert in Fig. 2(b) 
respectively, compared with the insert in Fig. 2(a),  
which can well match the characteristic peaks of RuO2 
(JCPDS Card No.21−1172). It is proven that RuCl3 
completely transformed into RuO2 after calcination at 
400 °C for 2 h. 
 

 

Fig. 2 XRD patterns of ZS (a) and RZS (b) 

Figure 3(a) and (b) show the morphology of the 
as-synthesized ZnO nanosheets. Numerous flower-like 
and petal-like ZnO sheets can be clearly observed. The 
dimension of petals or sheets was 400 nm to 1 μm in 
diameter, and was 20 nm to 40 nm in thickness. It can be 
found that many petals clustered round to form a 
honeycomb or fishbone shaped structure. It can be 
predicted that the densification process can be avoided 
by the loose structure of flower-like ZnO during sensor 
preparation and ageing, by which the spread speed and 
diffusion speed of target gas are guaranteed for gas 
sensing uses. Figure 3(c) shows the rough surface of the 
RZS compared with ZS in Fig. 3(b). The different 
morphology mainly formed by absorbing RuO2 nano 
particles onto the ZnO nanosheets. Ru content of 2.41% 
in the RZS was confirmed by EDS (see Fig. 3(d)). 

The curves of N2 adsorption−desorption isotherm of 
the ZS and the RZS in Fig. 4 exhibit a step increase in 
the volume of adsorbed nitrogen at a relative pressure of 
about 0.90, and the hysteresis in the high relative 
pressure range of (0.88−0.98)P/P0, which belong to type 
IV. The calculation results revealed that the specific BET 
areas of the ZS and the RZS are 13.011 and 13.198 m2/g 
respectively. This shows that the BET area of the ZS has 
not been changed by Ru-modification procedure. The 
relatively high surface area was due to the shape 
characteristics, which had a large size in two dimensions 
and a very small size in another dimension. 
 
3.2 Gas-sensing properties 

The working temperature range is a major 
functional characteristic for semiconductor oxide sensors. 
The sensitivity of sensors based on ZS and RZS 
nanoparticles to 20×10−6 ethanol and acetone as a 
function of operating temperature are displayed in Fig. 5. 
It can be observed that the sensitivity amplitude of the 
sensor exhibits peak-shaped depending on the operating 
temperature. It can be seen from the figure that, with 
increasing the operating temperature from 270 to 480 °C, 
the sensitivity of the ZS sensor increases slowly and 
reaches the maximum (5.26 to ethanol, 6.29 to acetone) 
at the operating temperature of 390 °C, and then 
decreases with further increasing the temperature. The 
sensitivity of the ZS sensor to acetone is higher than that 
to ethanol at the operating temperature. The similar 
results of the RZS sensor to ethanol and acetone can also 
be seen in Fig. 5. However, it is notable that the 
sensitivity of the RZS sensor to ethanol and acetone has 
a quick increasing speed compared with the ZS sensor in 
whole operating temperature range. In particular, the 
sensitivities of the RZS sensor to ethanol and acetone are 
significantly higher than those of the ZS sensor; the 
sensitivity of the RZS sensor to acetone is obviously 
higher than to ethanol. The maximum sensitivity of 
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Fig. 3 FE-SEM images of ZS (a, b) and RZS (c) and EDS spectrum of surface of RZS (d) 
 

 

Fig. 4 Curves of N2 adsorption−desorption isotherm of RZS (a) and ZS (b) 
 
the RZS sensor to acetone appears at 360 °C, which is 
about 30 °C less than that of the ZS sensor to acetone 
and ethanol. The highest sensitivities of the RZS sensor 
to 20×10−6 ethanol and acetone were 8.9 and 13.4 
respectively. It can be evaluated from Fig. 5 that, the 
sensitivities of the RZS sensor to ethanol and acetone are 
2 times higher than those of the ZS sensor. 

The dynamic sensing characteristics of the ZS and 
RZS based sensors to ethanol and acetone were 
examined, respectively. With the increasing test gas 
concentration from 1×10−6 to 100×10−6, the sensitivities 

of the gas sensor are obviously improved. Figure 6(a) 
shows the sensitivities of the ZS sensor to 1×10−6, 5×10−6, 
10×10−6, 20×10−6, 50×10−6 and 100×10−6 ethanol were 
2.2, 2.7, 3.7, 5.5, 7.3 and 9.8, respectively. The response 
and recovery times of the sensor to 10×10−6 ethanol are 4 
s and 5 s. Fig. 6(b) shows the sensitivities of the ZS 
sensor to 1×10−6, 5×10−6, 10×10−6, 20×10−6, 50×10−6 and 
100×10−6 acetone are 1.6, 3.0, 4.5, 7.3, 8.7 and 13.4, 
respectively. The response and recovery times of the 
sensor to 10×10−6 ethanol are 2 s and 20 s. It is can be 
seen in Fig. 6(c) and (d) that, the sensitivities of the RZS 
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Fig. 5 Sensitivity of sensors based on ZS and RZS 
nanoparticles to 20×10−6 ethanol and acetone 
 
sensor to 1×10−6, 5×10−6, 10×10−6, 20×10−6, 50×10−6 and 
100×10−6 ethanol are 2.6, 5.1, 7.2, 9.6, 21.5 and 33.2, 
respectively, and the response and recovery times of the 
sensor to 10×10−6 ethanol are 4 s and 9 s; the sensitivities 
of the RZS sensor to 1×10−6, 5×10−6, 10×10−6, 20×10−6, 
50×10−6 and 100×10−6 acetone are 2.6, 5.3, 7.7, 12.8, 
32.4 and 67.6, respectively, and the response 
and recovery times of the sensor to 10×10−6 ethanol are 

3 s and 10 s. Compared with the above series data from 
Fig. 5, it can be found that the sensitivities of the RZS 
sensor are dramatically higher than those of the ZS 
sensor to ethanol and acetone gas from 1×10−6 to 
100×10−6, especially in the high concentration range 
from 20×10−6 to 100×10−6. The sensitivities of the RZS 
sensor are 3.4 and 5 times more than those of the ZS 
sensor to 100×10−6 ethanol and acetone, respectively. 
This quality is potentially useful for an improvement of 
gas sensor selectivity. The possible reason is attributed to 
the RuO2 decorating, which efficiently activates the 
dissociation of molecular oxygen at different 
temperatures. 

The linear functional relation between the sensing 
sensitivity and the gas concentration of the sensors to 
ethanol and acetone were plotted in linear fitting style in 
Fig. 7. It is revealed that the sensitivities of the RZS 
sensor dramatically increase with increasing gas 
concentration in the range from 1×10−6 to 100×10−6, 
which is more than that of ZS sensor. The linear fitting 
equations are shown in Eq. (2) to Eq. (5): 
 
RZS to acetone: S=1.08+0.65c, R=0.99            (2) 
 
RZS to ethanol: S=3.85+0.30c, R=0.98            (3) 
 
ZS to acetone: S=3.04+0.11c, R=0.90             (4) 

 

 
Fig. 6 Typical response and recovery characteristic curves of ZS sensor to ethanol (a) and acetone (b) in range of 1×10−6–100×10−6 at 
390 °C and RZS sensor to ethanol (c) and acetone (d) in range of 1×10−6–100×10−6 at 360 °C 
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Fig. 7 Linear dependence of sensitivity on concentrations of 
ethanol and acetone in range of 1×10−6–100×10−6 
 
ZS to ethanol: S=3.13+0.07c, R=0.87             (5) 
 
where S is sensing sensitivity, c is the target gas 
concentration and R is the correlation coefficients. 

The curve slope related to ZS sensors is very 
diminutive compared with RZS sensors. The correlation 
coefficients of the ZS sensor to ethanol, and acetone in 
the range from 1×10−6 to 100×10−6 are 0.87 and 0.90, 
respectively; The correlation coefficients of the RZS 
sensor to ethanol, and acetone in the range from 1×10−6 
to 100×10−6 are 0.99 and 0.98, respectively. Furthermore, 
it can be found that the linear relation of the RZS sensor 
to ethanol and acetone is more excellent than that of the 
ZS sensor. This indicates that the deviation of the dots 
plotted according to the experimental data from the 
fitting lines was negligible; moreover, the sensitivity and 
linear relation of the sensors were greatly improved by 
RuO2 modification. 

The influence of RuO2 modification on the gas 
sensing properties of petal-like ZnO is diagrammed in 
Fig. 8. With increasing the RuO2 content, the sensitivities 
of the RZS sensor to acetone and ethanol clearly increase 
and reach the maximum at about 4.0% of RuO2 content, 
and then rapidly decrease. It can be observed that the 
sensitivity of the RZS sensor to acetone is obviously 
higher than that to ethanol. The sensitivity increment 
speed of the RZS sensor to acetone is quicker than that to 
ethanol, and the RZS sensor is more suitable to acetone 
than ethanol. The selectivity of the RZS sensor between 
ethanol and acetone can be remarkably improved by 
RuO2 modification to ZnO nanosheets. 

The repeated tests of the sensor to 20×10−6 ethanol 
and acetone at 360 °C were carried out. Figure 9(a) 
shows that the sensitivity (13.5), response time (2−3 s) 
and recovery time (10−20 s) to 20×10−6 acetone at   
360 °C kept an unchangeable value. The result was also 
observed in Fig. 9(b) to 20×10−6 ethanol gas, and the 
sensitivity, response time and recovery time to 20×10−6  

 

 
Fig. 8 Sensitivity of RZS sensor versus RuO2 content 
calculated from RuCl3 modified into ZS 
 

 
Fig. 9 Sensitivity of RZS sensor to 20×10−6 acetone (a) and 
ethanol (b) at 360 °C 
 
ethanol at 360 °C were 9.5, 3−4 and 15−25 s, 
respectively. The sensitivity, response and recovery time 
were completely identical during six-loop testing. 
Moreover, the sensor was found to be stable during the 
experiment and we did not observe the saturation 
phenomenon when the gas concentration was 20×10−6. It 
can be concluded that the RZS based sensor can be 
efficiently applied to detecting ethanol and acetone with 
various low concentrations. 

The gas-sensing property of the RuO2-modified 
ZnO nanosheets to acetone and ethanol is much better 
than that of petal-like ZnO nanosheets. This may be 
attributed to the incorporation of the interface between 
ZnO sheets and RuO2 nanoparticles. As is known to all, 
noble metals are highly commended for catalyzing 
various reactions, such as hydrochlorination, low- 
temperature CO oxidation, and selective alcohol 
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oxidation, due to unique catalytic and electronic 
activities. For ZnO nanosheets, oxygen molecules can be 
adsorbed on the surface of the ZnO sample and form O− 
or O2−. Thus, a depletion layer on the ZnO rod surface is 
formed [24]. When the ZnO nanosheets are exposed to 
target gas, the molecules will react with the adsorbed 
oxygen species on the surface and release the trapped 
electrons back to the conduction band and lead to the 
increase of conductivity. However, by modification of 
RuO2, oxygen molecules can be more easily adsorbed on 
the surface of ZnO nanosheets. This process increases 
both the quantity of adsorbed oxygen and the molecular 
conversion rate, resulting in the greater and faster degree 
of electron depletion from the ZnO nanosheets. Thus, the 
sensitivity of the RuO2 modified ZnO nanosheets is 
distinctly higher than that of the unmodified ZnO 
nanosheets. On the other hand, different target gas 
supplies different number of free electrons to the sensor 
surface during sensor operating. Redox reaction formula 
of ethanol and acetone with O¯ absorbed on the surface 
of sensors are shown in Eqs. (6) and (7): 
 
C2H6O+6O¯=2CO2+3H2O+6e                   (6) 
 
C3H6O+8O¯=3CO2+3H2O+8e                   (7) 
 

According to Eqs. (6) and (7), the surface of sensing 
film traps more free electrons from C3H6O than C2H6O 
under a same concentration. It can be understood that the 
sensing response of RZS or ZS sensor to C3H6O is more 
sensitive than that to C2H6O in this gas sensing 
measurement. Though sensing response value is mainly 
determined by the surface area of sensor materials, target 
gas cannot effectively diffuse to contact whole surface 
due to a fact that most nanoparticles easily form various 
aggregates in use. In addition, although the surface area 
of the as-synthesized petal-like ZnO is lower than that of 
the reported products (75 m2/g [25], 28.5 m2/g [26]), the 
sensitivity, response and recovery speed to 10×10−6 
ethanol and acetone were more excellent than those 
reported. For petal-like ZnO, the entire surface area 
remains exposed. Thus, high response and recovery 
speed were obtained. Gas diffusion length and gas 
diffusion speed are more important than the surface area 
of sensor materials in some cases, which affect the 
response and recovery times of semiconducting oxide 
gas sensors. The as-synthesized petal-like ZnO was made 
of numerous nanosheets, which heaped into a very loose 
honeycomb structure. Many tunnels were open to the 
sensing gas when the sensor materials were exposed to 
target gas, so the target gas can quickly diffuse to the 
surface of the sensor without any hamper. 
 
4 Conclusions 
 

1) Petal-like ZnO nanosheets and RuO2 modified 

ZnO nanosheets synthesized by a solvothermal method 
and calcination route have a dimension of 400−1000 nm 
in diameter, and 20−40 nm in thickness. The BET 
surface area of the products is 13.198 m2/g. 

2) RuO2 modified ZnO nanosheets based sensor 
exhibits excellent sensing performance, and the response 
and recovery times are 4 and 9 s to ethanol, 3 and 10 s to 
acetone at 360 °C, respectively. The minimal detection 
limits to ethanol and acetone are 1×10−6. The maximum 
sensitivities of the RZS based sensor to 100×10−6 acetone 
and ethanol are 67 and 33, respectively. 

3) The as-prepared RuO2 modified ZnO 
nanosheets are potential candidate materials for high- 
performance gas sensors, which can be efficiently 
applied to detecting ethanol and acetone at a very low 
concentration. 
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摘  要：以硝酸锌、氢氧化钠为原料，通过水热/煅烧法制备结构新颖的厚度在 20 nm 至 40 nm 之间的钌掺杂花瓣

状氧化锌纳米片。采用粉末 X 射线衍射仪、场发射扫描电镜、氮气吸附法、气敏测试系统对产物进行物相、结构

形貌、比表面积、气敏性能等的表征。结果表明，钌掺杂氧化锌纳米片对乙醇和丙酮气体的灵敏度高，探测浓度

低，响应和恢复迅速。在 360 °C 和 100×10−6的条件下，对乙醇和丙酮的灵敏度分别达到 33 和 67。在 10×10−6 的

乙醇和丙酮气体中，其响应和恢复速度分别为 4 s 和 9 s，3 s 和 10 s. 

关键词：氧化锌；氧化钌；纳米片；气敏性；乙醇；丙酮 
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