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Highly selective acetone sensor based on ternary Au/Fe,0O;—ZnO
synthesized via co-precipitation and microwave irradiation
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Abstract: Ternary Au/Fe,0;—ZnO gas-sensing materials were synthesized by combining co-precipitation and microwave irradiation
process. The as-prepared Au/Fe,0;—ZnO was characterized with X-ray diffractometer and scanning electron microscope, and its
gas-sensing performance was measured using a gas-sensor analysis system. The results show that the as-prepared products consist of
hexagonal wurtzite ZnO, face-centered cubic gold nanoparticles and orthorhombic Fe,O; crystallines. The Au/Fe,O;—ZnO based
sensor has a very high selectivity to ethanol and acetone, and also has high sensitivity (154) at a low working temperature (270 °C)
and an extremely fast response (1 s) against acetone. It is found that the selectivity can be adjusted by Fe,O; content added in the
ternary materials. It possesses a worth looking forward prospect to practical applications in acetone detecting and administrating

field.
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1 Introduction

Gas sensitivity, as a typical application in detecting
and monitoring systems, is receiving increasing attention
in both industry and academia. Gas sensing technology
has become more and more significant because of its
widespread and common applications in many fields,
such as industrial production, medical applications, and
environmental studies [1,2]. Due to the different
applicability and inherent limitations of different gas
sensing technologies, researchers have been working on
different methods to enhance gas sensitivity, selectivity
and stability. Among all the gas-sensing materials,
semiconducting metal oxides have great potential owing
to the chemical interaction between gas molecules and
the surface of semiconductor, which leads to changes in
the electrical conductivity. Semiconducting metal oxides,
such as ZnO, SnO,, Fe,03;, CuO, WO; and V,0s, were
used for gas sensing applications due to their electrical
conductivity to the target gases [3—8]. As one of most
important metal oxide semiconductor materials, ZnO has
been considered as an excellent gas sensing material for
the detection of both toxic and combustible gases, such
as CO, H,S, NH;, acetone and ethanol [9—16]. In

principle, most gas sensors show high sensitivity to
acetone [17,18], and considerable efforts have been made
to improve the gas selectivity, such as decorating the
materials with different elements [19-21]. YAN et al [22]
prepared SnO,—ZnO hetero-nanofibers by a facile
electrospinning method and calcination, which has a
good stability and excellent selectivity at the optimum
temperature of 300 °C. The response and recovery time
to 1x10™* ethanol (volume fraction) were about 25 and
9 s, respectively. LI et al [23] reported that Au@ZnO
yolk—shell nanospheres with a distinctive
core@void@shell configuration have been successfully
synthesized by deposition of ZnO on Au@carbon
nanospheres. Its response to 1x10™* acetone (volume
fraction) was about 37, which was about 3 times higher
than that of ZnO hollow (solid) nanostructures. HAN
et al [24] prepared Fe-doped flowerlike ZnO powders
with various doping contents by a hydrothermal method.
The as-prepared Fe-doped ZnO showed excellent gas
sensitivity, in which the gas response to 5x10°° and
1x10™* formaldehyde (volume fraction) can reach 22%
and 287% under 532 nm light irradiation at room
temperature, respectively. MIRZAEI et al [25] reported
the synthesis of pristine a-Fe,O; nanorods and
Fe,0;—Zn0 core—shell nanorods using a combination of
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thermal oxidation and atomic layer deposition (ALD)
techniques. The response of the core—shell nanorod
sensor was 22.75 for 1x10~* ethanol at 200 °C, whereas
that of the pristine nanorod sensor was only 3.85 under
the same conditions. Furthermore, under these conditions,
the response time of the Fe,0;—Zn0O core—shell nanorods
was 15.96 s, which was shorter than that of the pristine
nanorod sensor (22.73 s). Although some Au or Fe
decorated ZnO binary species with high gas sensing to a
few gases were reported, there is still less effective
improvement on the gas selectivity. Preparing gas
sensors with both high sensitivity and good selectivity
becomes more important and imperative. It is widely
expected that strategies based on improving gas sensing
of samples, particularly from the selectivity, will have a
great impact in gas detecting fields. Herein, we report a
ternary Au/Fe,O;—ZnO NPs prepared via a facile method
combining co-precipitation and microwave irradiation
process.

2 Experimental

2.1 Synthesis of Au/Fe,O;—Zn0O nanoparticles
Au/Fe;,0;—ZnO was synthesized by a method
combining co-precipitation and microwave irradiation. In
a typical synthesized progress, 0.005 mol/L zinc chloride
(ZnCly'5H,0, A.R., 99%), 0.1 mol/L sodium hydroxide
(NaOH, A.R., 96%), 0.01214 mol/L auric chloride acid
(HAuCly, A.R., w(Au)>47%) solutions and 0.05 mol/L
ferrous sulfate (FeSO;7H,O, A.R., 99%) were first
prepared, respectively. Then, the sodium hydroxide
solution was dropwise added into the zinc chloride
solution at a relatively low temperature (<10 °C). Then,
the auric chloride acid solution and a certain ferrous
sulfate solution were added into the mixture under a
magnetic stirring at 2000 r/min for 2 h. The precipitates
were retrieved by washing with distilled water and
ethanol (C,HsOH, A.R., >99.7%) several times (>3) and
then irradiated under microwave field with a power of
700 W. The as-obtained samples were heat-treated in
muffle furnace at 400 °C for 4 h. Finally, the solid
products were collected for further characterization and
measurement. Reagent usage for sample preparation is
listed in Table 1. Samples ZFA-11, ZFA-12, ZFA-13,

Table 1 Reagent usages for sample batch (mL)
0.005 mol/L  0.01214 mol/L 0.05 mol/L 0.05 mol/L

Sample

ZnCl, HAuCly FeSO; NaOH
ZFA-11 1000 8.2 0 200
ZFA-12 1000 8.2 5 215
ZFA-13 1000 8.2 15 245
ZFA-14 1000 8.2 20 260
ZFA-15 1000 8.2 30 290

ZFA-14, and ZFA-15 have Au to Zn molar ratio of 2%,
and (Au + Fe) to Zn molar ratios of 0%, 5%, 15%, 20%
and 30%, respectively.

2.2 Characterization and measurement

X-ray diffraction (XRD) analysis of as-prepared
Au/Fe,0;—ZnO was characterized by employing a
DX-2000 diffractometer (Dandong, Fang-Yuan
Instrument Co., Ltd.) operating at 40 kV and 25 mA
using Cu K, (1=0.154184 nm) source
employing a scanning rate of 0.1 (°)/s with 26 ranging
from 10° to 70°. The morphology was investigated using
scanning electron microscopy (SEM, Hitachi, S—4800).

The fabrication procedures of gas sensor have been
described in Ref. [26]. Dilute slurry composed of
Au/Fe,0;—Zn0O NPs and distilled water was coated onto
an alumina tube with a diameter of 1 mm and a length of
4 mm, being positioned with a pair of Au electrodes and
four Pt wires on both ends of the tube. A Ni—Cr alloy coil
through the tube was employed as a heater to control the
operating temperature. Finally, the gas sensors were
dried in shade at room temperature for 24 h, and then
anchored in an aging device at 80 mA for 24 h, followed
by 180 mA for 2 h to get a quick heater-type ZnO gas
sensor. The measurements were carried out on a
chemical gas sensor—8 intelligent analysis system
(Beijing Elite Tech Co., Ltd., China). The element gas
sensitivity is defined as

radiation

R=R,/R, (1)

where R, 1s the electrical resistance measured in
atmosphere (air), and R, is the electrical resistance in air
mixed with test gases.

3 Results and discussion

3.1 XRD and SEM analysis

Figure 1 shows XRD patterns of Au/Fe,0;—ZnO
NPs. Diffraction peaks of all samples at 31.82°, 34.46°,
36.32°, 47.65°, 56.67°, 62.93° and 67.88° are ascribed to
(100), (002), (101), (102), (110), (103) and (112) planes
of ZnO, which can match with hexagonal wurtzite ZnO
structure (JCPDS Card No. 36-1451). Diffraction peaks
at 38.26°nd 44.46° are attributed to the face-centered
cubic crystalline Au (JCPDS Card No. 04-0784) and the
orthorhombic crystalline Fe,O; (JCPDS Card No.
47-1407), respectively. The diffraction intensities of ZnO
decrease clearly with increasing Fe-decorating content.
The average crystalline size (D) is estimated from the
Debye—Scherer equation:

Dyy=0.89/p-cos ©)

where A represents the wavelength of the X-ray radiation,
p is the full width at half maximum (FWHM) of
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diffraction peak and 6 is the scattering angle. The
crystalline size is calculated in Table 2 in which we can
find that Fe-decorated nanocrystals tend to be of little
size.

Figure 2 shows SEM  photographs of
Au/Fe,03;—Zn0O NPs. It could be found that samples have
a good uniformity of particle size and morphology, and

2 «—7n0
g =—Au
5 s —Fe,04

200(°)

Fig. 1 XRD patterns of ZFA-11, ZFA-12, ZFA-13, ZFA-14 and
ZFA-15 samples

_!.L.“:f. :

Table 2 Crystalline size of samples (nm)

Sample (100) (002) (101) Average
ZFA-11 22.44 20.01 19.36 20.60
ZFA-12 20.22 28.56 20.93 23.24
ZFA-13 13.61 9.81 14.20 11.54
ZFA-14 12.43 6.39 8.86 9.23
ZFA-15 7.41 3.21 15.31 8.64

the particle size decreases from about 20 nm to 8 nm
with increasing Fe content, which is well identical with
the calculation results using XRD data (Table 2). This
tiny particle size and the morphology uniformity might
be achieved by two factors. First, microwave irradiation
provided a very even and effective heat treatment to each
sample, and the limited heating time reduced the crystal
growth process. Furthermore, Fe,O; NPs that formed
during precipitation process and located in the surface of
ZnO NPs inhibited ZnO particles aggregating to large
size.

3.2 Gas-sensing performance
More studies have reported that the response of

5 v

Fig. 2 SEM photographs of ZFA-11 (a), ZFA-12 (b), ZFA-13 (c) and ZFA-14 (d) samples
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metal-oxide-semiconductor gas sensors mainly depends
on the operating temperature. Therefore, it is necessary
to investigate the optimum operating temperature of all
sensors based on Au/Fe,O;—ZnO NPs. The responses of
Au/Fe,03;—Zn0O NPs to ethanol and acetone at different
working temperatures from 210 to 390 °C are shown in
Fig. 3. Figure 3(a) shows that gas responses of all
sensors to ethanol increase to a maximum at about
300 °C, and then decrease with continuously increasing
working temperature. It can be well concluded that the
optimum working temperature of all sensors based on
Au/Fe;O3—ZnO NPs towards ethanol is 300 °C.
Meanwhile, Fig. 3(b) shows that responses of all
Au/Fe,03;—Zn0O based sensors towards acetone versus
working temperature have same temperature dependence
and a relatively low operating temperature (270 °C). In
addition, it can be found that ZFA-11 and ZFA-13
sensors have the high response to ethanol (78) and
acetone (90), respectively. This finding indicates that the
Au/Fe,0;—ZnO sensors have the same gas-sensing
process as semiconductor involve the
adsorption and desorption of gases and the reaction of
the adsorbed gases on the surface-active sites of the
materials. Sufficient thermal energy is necessary across

materials
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Fig. 3 Response (R) curves of ZFA-11, ZFA-12, ZFA-13,
ZFA-14 and ZFA-15 samples versus working temperature (7)
to ethanol gas (a) and to acetone gas (b)

the activation energy barrier for chemisorption and
reaction between adsorbed gases on the surface of
materials. The amount of chemical-adsorbed gas
molecules increases with increasing  operating
temperature, and a higher sensing response is obtained.
The desorption process becomes dominant when the
operating temperature increases further, which results in
the decrease of the response. For examining the effect of
Fe-decorating on the selectivity of the sensor, the curves
of response versus Fe-decorating content are shown in
Fig. 4. It is found that the response of Au/Fe,O;—ZnO to
ethanol decreases with increasing Fe-decorating content;
on the contrary, the response to acetone increases with
increasing Fe-decorating content. This is an encouraging
result that the selectivity of Au/Fe,0;—ZnO sensor to
acetone and ethanol is highly enhanced, and the working
temperature of the sensor to acetone is obviously
decreased.

100
200x107% target at 300 °C
80+
= — Acetone
+ — Ethanol
< 60
40
20 . . . . \
0 5 15 20 30
x(AutFe)/x(Zn)

Fig. 4 Response of Au/Fe,0;—ZnO sensor to ethanol and
acetone versus Fe-decorating content

Figure 5(a) shows the responses of Au/Fe,0;—ZnO
NPs to ethanol in diverse contents ranging from 5x107°
to 5x10°*. ZFA-11 based sensor shows preferable gas
sensing performances to ethanol. And the gas responses
decrease with increasing Fe-decorating content. It is
indicated that the responses obviously increase with
raising the ethanol content. The responses of ZFA-11
based sensor to 5x10°° 10x107%, 20x10°%, 50x10°°,
100x10°°, 200x10°° and 500x10° ethanol are 9.5, 13.5,
19, 34, 52, 78 and 132, respectively, as shown in
Fig. 6(a). It is proven that the decorating of Fe restrains
the adsorption and desorption of target gas. Figure 5(b)
illustrates the responses of Au/Fe,0;—ZnO NPs to
acetone in diverse contents ranging from 5x107° to
500x10°°. ZFA-13 based sensor shows the highest gas
response to acetone, and has good selectivity to ethanol
and acetone. The gas sensitivities increase quickly at first,
and then shift down with the continuously increasing
Fe content. The responses of ZFA-13 based sensor to
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Fig. 5 Response (R) curves of ZFA-11, ZFA-12, ZFA-13, ZFA-14 and ZFA-15 samples versus gas content (C) to ethanol gas (a) and

to acetone gas (b)
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Fig. 6 Response (R) curves of ZFA-11 based sensor to ethanol gas at 300 °C (a) and ZFA-13 based sensor to acetone gas at

270 °C (b)

acetone contents ranging from 5x107° to 500x107° are
12.5, 19.5, 25, 43.5, 54, 89 and 154, as shown in
Fig. 6(b). The decorating of Au and Fe promotes the
adsorption on the surface of sensors, and changes the
surface conductivity of ZnO. This sensor can be well
used in low acetone content.

Figure 7 shows responses of ZFA-11, ZFA-12,
ZFA-13, ZFA-14 and ZFA-15 toward 200x10 ¢ ethanol
(C,H40), acetone (C3H4O), methanol (CH4O), benzene
(C¢Hg), methylbenzene (C;Hg), hydrogen (H,),
ammonium (NHj3), carbon monoxide (CO), and methane
(CH,) at working temperature of 300 °C. It can be seen
that the highest response target gas of ZFA-11 based
sensor is ethanol among all these testing gases, and the
response decreases with continuously increasing
Fe-decorating content. The response of ZFA-13 based
sensor to acetone is the highest among all the sensors.
However, the response increases when x(Au+Fe)/x(Zn)
ratio changes from 5% to 15%, and then it decreases with

Fig. 7 Diagrams of responses of ZFA-11, ZFA-12, ZFA-13,
ZFA-14 and ZFA-15 toward different target gases with content
of 2x10™*at 300 °C
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increasing Fe content. The response of ZFA-13 based
sensor to acetone is 1.6, 2.9, 6.3 times that to ethanol,
methanol and methylbenzene, respectively, and it is more
than 8.5 times that of other gases. This indicates that
decorating with Au and Fe can effectively improve the
gas sensitivity, and ZFA-13 with Au to Zn molar ratio of
2% and (AutFe) to Zn molar ratio of 15% can be well
used to detect acetone, and also used in the application of
ethanol, methanol and methylbenzene sensors.

Figure 8 shows the resistance changes of ZFA-11
and ZFA-13 alternately exposed to air and 2x10* target
gases. We can see that both samples exhibit fast response
after target gases are injected, and reach the equilibrium
value over a relatively short time. It is indicated that the
response and recovery time of ZFA-11 based sensor to
ethanol at 300 °C are 1 and 9 s, and those of ZFA-13
based sensor to acetone at 270 °C are 1 and 32 s. These
sensors have a quick response and a relatively quick
recovery speed. The reliability test of the Au/Fe,O;—Zn0O
based sensors was carried out at their optimum operating
temperature against 2x107* target gases. Five testing
cycles of ZFA-11 and ZFA-13 sensors were recorded. By
decorating Au and Fe in ZnO, primary energy levels are
changed, and the degree of releasing trapped electrons is
greater than that without decorating, which results in
larger decrease of electrical resistance. Therefore, the gas
sensing properties of ZnO nanoparticles are improved.
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----- ZFA-11 to 2x10™ ethanol at 300 °C
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Fig. 8 Responses and recovery time of ZFA-11 and ZFA-13
based sensors against 2x10~* ethanol and acetone at their

optimum operating temperature

It can be seen in Fig. 9 that the responses have no
reduction even after five cycle tests. So, the Au/Fe,03—
ZnO based sensor with good stability provides guidance
for the large-scale practical application.

3.3 Gas-sensing mechanism of Au/Fe,O;—Zn0O

It is well accepted that the gas-sensing mechanism
of ZnO-based sensors belongs to surface-controlled
type. The gas performance of ZnO is influenced by many

120
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Fig. 9 Reliability tests of gas-sensing performance of ZFA-11
and ZFA-13 based sensors toward 2x107* ethanol and acetone

at their optimum operating temperature

different factors and depends on the change of electrical
resistance of the sensor materials in the presence of
target gases. The oxidation of the surface releases
electrons and increases the charge in the conduction band
of the n-type oxide, and hence the conductivity gets
increased. The extent of adsorbed oxygen ions and
existence of their different chemical forms (O™ or O*") on
the sensor surface are controlled by the sensor operating
temperature. The gas sensing process can be understood
by two distinct reaction stages [27]:

1) Firstly, sensor materials absorb oxygen
molecules to produce oxygen ions, which causes the
decrease of charge carriers (free electron in ZnO bulk) to
reduce the conductivity:

O, (absorbed)te— O; (ads) 3)
0, (ads)+e—20" (ads) (4)

2) Then target gases absorbed on the surface of the
gas-sensing materials react with the absorbed oxygen
molecules to release the captured electrons to return to
ZnO particles. The oxidation reactions of C,HsOH and
C3H4O can be represented as follows:

C,HsOH+60 —2CO,+3H,0+6e (5)
C;HsO+80 —3CO,+3H,0+8¢ (6)

Introducing Au and Fe,O; nanoparticles into ZnO
NPs could lead to (1) the decrease of activation energy
between adsorbed oxygen and the semiconductor surface,
which reduces the operating temperature; (2) the increase
of the amount of the absorbed oxygen species on ZnO,
therefore strengthening the interactions between the
target gases and the absorbed ionized oxygen, and then
increasing the electric conductivity. The interaction
between ZnO with Au/Fe NPs brings out the role of
Au/Fe as modulator of the surface electronic structure,
which leads to a higher value of surface electrical
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resistance in air. When this Au/Fe,O;—ZnO sensor is
exposed to ethanol, acetone or other reducing target gas,
ethanol or acetone gets converted to CO, and H,O by
utilizing the surface adsorbed oxygen species and
releasing electrons, leading to an increase in electric
conductivity. The Auw/Fe,0;—ZnO is composed of
numerous ZnO NPs and a looser nanostructure in
comparison with the conventional tightly-contacted
particles, which contributes to the diffusion and transport
of gas in the sensing layer and makes both the outer and
inner surfaces of ZnO NPs accessible to target gas
molecules. In addition, the decorating of Au/Fe is most
probably responsible for the change of resistance in the
target gases: the adsorbed oxygen can diffuse faster to
surface vacancies and capture electrons from the
conduction band of ZnO NPs to produce oxygen ions (O~
or O). This increases the quantity of adsorbed oxygen
and the molecule—ion conversion rate, which results in
the greater and faster degree of electron depletion from
the Au/ Fe,O;—ZnO interface than that in pure ZnO.
Meanwhile, the valence state of Fe ion can change
between Fe*™ and Fe*~ while the sensor is switched from
air to target gas, which causes more electrons to transfer
to devote high gas response. Because the degree of Fe
valence state change is related to target-gas type, the
selectivity of the gas sensing materials can be increased
by adding Fe,Os; in suitable content.

4 Conclusions

1) Ternary Au/Fe,0Os;—ZnO nanoparticles are
successfully synthesized by a combining process of
simple co-precipitation, microwave irradiation and heat
treatment.

2) The as-prepared products consist of hexagonal
wurtzite ZnO, face-centered cubic gold metal
nanoparticles and orthorhombic crystalline Fe,O; in
several nanometer scales.

3) The sensors based on Au/Fe,O;—ZnO NPs have
an extremely high response and an excellent selectivity
to ethanol and acetone. The selectivity could be adjusted
by Fe,0; content added in the ternary materials.
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