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The development of efficient acetone gas sensors is essential for the real-time monitoring of
acetone gases in the environment. Here, CuO nanowires embedded with Au nanoparticles (NPs)
with defined size, structure, and physicochemical properties are fabricated by a wet chemical
method and are found to show enhanced acetone gas sensing behavior. The precise and
controllable loading of Au NPs in CuO nanowires plays a critical role in modulating the acetone
gas sensing behavior. The Au/CuO-nanowire-based sensors exhibit higher response rate, faster
response/recovery, and better long-term stability than the pure CuO nanowires owing to the
decrease in the width of the hole accumulation layer (HAL), larger specific surface area, and
more active sites for gas diffusion. Our present work may have potential application in the real-
time monitoring of gases in an actual environment owing to its high response rate, ultrafast
response/recovery time and long-term stability.

1. Introduction

Metal oxide semiconductors (MOSs) have been widely investigated as gas sensors.(1:?) To the
best of our knowledge, in most studies, MOS-based gas sensors usually involve n-type materials
such as ZnO, Fe,0;, and Sn0,.07) According to the theory of semiconductors, these n-type
semiconductors form electron-depletion layers upon the adsorption of molecules on their
surfaces, which leads to changes in conductivity. Nanoscale materials have a larger surface area
than normal materials, so they are known to have superior functional properties than larger
pieces of material, which contribute to a stronger reaction with the detection gas.© In recent
studies, 1D materials such as nanowires and nanoribbons are usually considered as sensitive
materials and applied to specific gas sensors.(7)

However, the performance of gas sensors still needs to be improved in scientific research and
practical applications, so a number of approaches have been employed. A common approach is
to build p-n junctions with other types of MOS decoration to improve the sensing performance.
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Because the p-n heterostructure interface can provide electrical junction properties, the electron
and hole carriers of two types of semiconductor material can be changed.®

Another modification of nanoscale semiconductor materials is to build metal-semiconductor
junctions by decorating the surface of MOS with metal nanoparticles (NPs), such as noble metal
elements (gold, platinum, palladium, etc.).’) Noble metal NPs have outstanding catalytic activity
and can accelerate the reaction between the target gas and oxygen molecules; moreover, many
studies have shown that noble metals can promote the chemisorption of molecular oxygen and
molecular gases.(!9 Regarding other phenomena, the formation of ohmic contacts and Schottky
barriers at the oxide/metal interface will lead to more free electron flow from noble metals to
oxides; Fermi-level variations between bare oxide and oxide/metal heterostructures and different
work functions of oxide and metal materials will suppress electron—hole complexation; and
having more free electrons will also contribute to improving the sensing performance of
semiconductor-based gas sensors.

Among MOSs, Cu(Il) oxides have significant application potential, and recently, CuO with
diverse structures have been fabricated as typical p-type semiconductors, and their sensing
properties have been extensively studied to evaluate their practical applications in sensor
devices. In addition, p-type CuO has emerged as a material with great promise in addition to the
conventional n-type materials because nanoscale CuO shows superb surface reactivity, unique
electrical properties, and inherent catalytic activity.(!!)

On the basis of the above considerations, we report a convenient, environment-friendly, and
cost-effective route to fabricate CuO nanowires functionalized with Au NPs. The prepared Au/
CuO system was used for detecting acetone gas and showed a high response rate and a short
response/recovery time even at low operating temperatures, and the sensing performance
depends on the amount of Au NPs. The gas sensor properties of CuO nanowires were
significantly improved by decorating Au NPs. In particular, the development of Au/CuO can
provide an interesting perspective to explain the sensing mechanism.

2. Experimental Procedure
The reagents were of analytical grade and used without further purification.
2.1 Synthesis of Au/CuO nanowires

CuO nanowires (20 x 20 x 0.15 mm?) on copper foil were prepared by the method described
in our previous report.1? In a typical synthesis experiment, CuO nanowires decorated with Au
NPs were synthesized by a wet chemical method. First, the prepared CuO nanowires were
immersed in a 40 mL ethanol solution containing 0.05 g of SnCl, and stirred vigorously at room
temperature for about 30 min to obtain activated CuO nanowires. Subsequently, the activated
CuO nanowires were immersed in a 50 mL ethanol solution containing 1.0 ml of 0.01 g/ml
HAuCl, solution and stirred for about 2 h. Then, the products were removed, rinsed, and dried.
Finally, the products were annealed at 300 °C for 6 h. In the synthesis experiments, we varied the
amount of HAuCly to control the number of Au NPs on the surface of CuO nanowires. Figure 1
shows a schematic of the fabrication of Au-functionalized CuO nanowires.
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Fig. 1. (Color online) Schematic of the fabrication of CuO nanowires functionalized with Au NPs.

2.2 Characterization and gas-sensing measurements

X-ray diffraction (XRD) measurements were performed on a Dmax-3b diffractometer using
nickel-filtered Cu Ka radiation (k = 1.54178 A). The morphology of the products was studied by
field emission scanning electron microscopy (FESEM; JEOL-6300 F). X-ray photoelectron
spectroscopy (XPS) spectra were collected using an ESCA Lab MKII X-ray photoelectron
spectrometer (K Alpha 1063).

Gas sensing characteristics were detected using the Navigation 4000-NMDOG gas sensing
measurement instrument, which is schematically shown in Fig. 2. The concentration of the target
gas obtained from the liquid is calculated using

C_22.4><®><p><V1
MxV2

where C (ppm) is the concentration of the target gas, @ is the desired gas volume fraction, p (g/
mL) is the density of the liquid, ¥; (uL) is the volume of the liquid, ¥, (L) is the volume of the
chamber, and M (g/mol) is the molecular weight of the liquid.

For reducing gases, the sensor response is defined as § = R/R,, where R, and R, are the
resistances of the gas sensor in clean air and in the target gas, respectively. In addition, the
response time tres is defined as the time required for the initial value to reach 90% of the stable
value, whereas the recovery time trec is defined as the time required for the stable value to
decrease by 90% when the gas sensor is removed from the target gas into air.

3. Results and Discussion
3.1 Structural and morphological characteristics

The structural phases of CuO nanowires functionalized with Au were investigated by XRD.
Figure 3 shows typical XRD patterns of CuO nanowires functionalized with Au NPs of different
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Fig. 2. (Color online) Schematic of gas sensing measurement system.
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Fig. 3. (Color online) Typical XRD patterns of CuO nanoribbons with different contents of Au NPs: (a) 0.8, (b) 1.0,
and (c) 1.5 ml.

contents. The pattern obtained matches well with that of the monoclinic CuO phase (JCPDS No.
41-0254), except for the peaks of the copper foil. The presence of the Au diffraction peak (JCPDS
No. 04-0784) confirms the formation of Au NPs on CuO nanowires. It is clear that the intensity
of the Au peak increases with increasing content of Au NPs, most likely owing to the higher
number of Au NPs on the CuO nanowires.

SEM was used to study the microstructure and surface morphology of CuO nanowires with
Au NPs. As shown in Fig. 4, the CuO nanowires are almost perpendicular to the substrate
surface with a length of about 2 pm and a width of about 100 nm. Different amounts of Au NPs
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Fig. 4. Microstructures of CuO nanoribbons functionalized with different contents of Au NPs: (a) and (b) 0.8, (c)
and (d) 1.0, and (e) and (f) 1.5 ml.

were attached to the CuO nanowires. Spherical metallic Au NPs were encapsulated on the
surface of the CuO nanowires with sizes ranging from 40 to 60 nm. As the amount of HAuCl,
solution was increased and the reaction time was lengthened, more Au NPs appeared and their
sizes changed. In general, the morphology and crystallinity of the original CuO nanowires were
preserved during Au deposition owing to the mild wet chemical conditions used. Importantly,
the amount of Au NPs increased with increasing amount of HAuCl,. Figure 4 shows the
relationship between the amounts of NP and HAuCly. A larger amount of HAuCl, may provide
more new Au nuclei on the surface of CuO nanowires, which would easily form more Au NPs.
The surface composition of the obtained systems was analyzed by XPS, and Fig. 5(a) shows
the XPS spectra of the Au-functionalized CuO nanowires. Figures 5(b)—5(d) show the high-
resolution XPS spectra of Cu, Au, and O, respectively. The two peaks located at 932.98 and
952.78 eV are designated as Cu2ps;/, and Cu2p,, respectively [see Fig. 5(b)]. These values are in
good agreement with the reported results for Cu2p in CuO.(34) Meanwhile, the gap between
the two Cu levels is 19.8 eV, which is in good agreement with the standard spectrum of Cu. In
addition, the presence of two dithered satellites at the higher binding energies of 940.38 and
943.18 eV for the Cu2p peak confirms the oxidation state of Cu (I).!3) The Ols core level
spectrum, decomposed by the Gaussian method into three peaks at 529.9 and 531.5 eV, is
designated as O%" for lattice oxygen, OH or O for surface adsorbed oxygen, and O™ for surface
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Fig. 5. (Color online) (a) Wide XPS spectrum of Au-functionalized CuO nanoribbons, and high-resolution XPS
spectra of (b) Cu2p, (¢) Audf, and (d) Ols.

chemisorbed oxygen.(!®) Regarding Au, peaks at about 84.1 and 87.7 €V are assigned to Auf;,
and Aufs,, respectively, which are higher than the peaks usually detected for metallic Au, which
may be due to the formation of a Schottky junction at the Au/CuO interface, resulting in the flow
of electrons from the metal to the vacant state in the MOS valence band. In fact, the gas sensing
data also support this.

3.2 Gas sensing properties

The operating temperature is considered to be an important factor that considerably affects
the gas reaction. We investigated the responses of four sensors based on pure CuO nanowires
and CuO nanowires with different contents of Au NPs, and thus measured the responses of the
sensors exposed to 50 ppm acetone over the operating temperature range from 25 to 240 °C.
Figure 6 clearly shows the results of the temperature-dependent response measurements. We can
clearly see that the response of the sensor based on pure CuO nanowires to acetone increases
with increasing temperature, but those of the sensors based on Au/CuO nanowires increase with
increasing temperature up to a certain point and then decrease rapidly.

Moreover, the maximum response values of the pure CuO-nanowire-based sensors were
obtained at 240 °C, and the maximum response values of Au/CuO-nanowire-based sensors were
obtained at 180 °C. The response value of the sensor based on CuO nanowires with Au NPs (1.0
ml) was up to 16.5, which is five times higher than that of the gas sensor based on CuO
nanowires. Apparently, after functionalization with Au NPs, the response of the CuO-nanowire-
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Fig. 6. (Color online) Variations of response (Ry/R,) of four sensors exposed to 50 ppm acetone at different
operating temperatures.

based sensor was significantly improved and the optimal operating temperature was lower.
Moreover, the response decreased with increasing temperature after the appearance of the
optimum operating temperature. This could mean that very high temperatures are not favorable
for absorbing gas molecules. When we used a 1.0 ml dose of HAuCl, to functionalize the CuO
nanowires, the response to acetone gas showed the maximum. This response behavior suggests
that when Au NPs are used for the functionalization of oxides, the amount of Au NPs must be
optimized to obtain excellent sensing performance.

The dynamic response characteristics of the sensors exposed to acetone were investigated.
Figures 7(a) and 7(b) show the reproducibility of the responses of the sensors exposed to ambient
atmosphere, which was cycled between clean air and air with 50 ppm acetone. The response of
the Au/CuO-nanowire-based sensors was reproducible and did not vary significantly over the
four cycles of testing, and in particular, these sensors showed a higher response rate, which has
great potential for practical applications. The response/recovery times to 50 ppm acetone are
shown in Figs. 7(c) and 7(d), respectively. The response/recovery times of CuO nanowires and
Au/CuO nanowires exposed to 50 ppm acetone are 30 /35 s and 1.2 /12 s, respectively. The Au/
CuO-nanowire-based sensor has an ultrafast response/recovery time. The Au/CuO nanowires
exhibit superior gas sensing characteristics compared with various morphological gas sensors
described in previous reports, which are listed in Table 1.(17-23)

Figure 8(a) shows the response curves of the sensors exposed to 10 to 500 ppm acetone gas.
The sensor responses all become higher as the acetone concentration increases. Furthermore, the
sensors based on CuO nanowire and Au/CuO nanowire exhibit good linearity with respect to the
concentration. Notably, the response of the Au/CuO-nanowire-based sensors was significantly
higher than that of the CuO-nanowire-based sensors. Even at low concentrations, such as
10 ppm, the sensors based on CuO nanowires functionalized with Au NPs exhibit a good
response and can be used to detect low concentrations of the target gas. As for the device, the
long-term characteristics are also important. Figure 8(b) shows the long-term stability of the
sensor. In 56 days of measurements, the response of the CuO-nanowire-based sensor decreased



2954 Sensors and Materials, Vol. 35, No. 8 (2023)

A | acetone gas 240°C bl"‘ acetone gas 180°C
. 35- ~
5 24
&= 5 151
B 3.0 oD
g™ &
2 254 g 104
: :
7 204 &
) 5]
[ I~ 5

1.5 M

10 » T T T T T T

T 0 400 P 0 200 400 600

Time(s) Time (s)

cY dlll-

3.54 = N

& 151 1.2s J 122
‘S 304 30s 35s > — e €
= —> «— = \ — |[Z,]
5 2.54 8
o g s
z =9
§- 204 § ! N
& od
2]
2 15'\ \
5 —_—
o
0 50 100 150 0 50 100 150
Time(s) Time (s)

Fig. 7.  (Color online) (a) Response and recovery time measurements (four cycles) of the pure CuO-nanowire-based
sensors exposed to 50 ppm acetone gas at 240 °C. (b) Response and recovery time measurements (four cycles) of the
Au/CuO-nanowire-based sensors exposed to 50 ppm acetone gas at 180 °C. (c) Response and recovery time
measurements (one cycle) of the pure CuO-nanowire-based sensors exposed to 50 ppm acetone gas at 240 °C. (d)
Response and recovery time measurements (one cycle) of the Au/CuO-nanowire-based sensors exposed to 50 ppm
acetone gas at 180 °C.

Table 1
Gas sensing characteristics of MOS-based gas sensors reported so far and in current work.

Concentration  Temperature Tres/Trec time

Materials Gas (ppm) ©C) Response ©) Reference
CuO nanorods H» 50 200 47 — Ref. 17
CuO nanowires C4H9OH 50 350 5.2 22/53 Ref. 18
CuO nanodisks C,HsOH 100 300 6.2 119/35 Ref. 19
CuO/ZnSnO3

hollow C,HsOH 10 160 22 13/8 Ref. 20
microspheres

CuO/Sn0O, H,S 10 140 2.0 94/114 Ref. 21
CuFe04/Cu0 o 10 240 23 31/40 Ref. 22
microspheres

Cu0/Ga05 thin . 4y 125 300 13 187/525 Ref, 23
films

CuO nanocubes 0.8 300 1.17 Ref. 24
Zn0-CuO

core-hollow 1 200 11.14 Ref. 25

cube nanostruc-
tures

Au/CuO nanow-

ires C3HeO 50 180 16.5 1.2/12 This work
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Fig. 8.  (Color online) (a) Response curves of the two sensors based on CuO and Au—CuO exposed to 10 to 500
ppm acetone gas. (b) Long-term stability of the two sensors based on CuO and Au-CuO nanowires.

significantly (53%), but at the same time, that of the Au/CuO-nanowire-based sensor decreased
by only 6%, which is favorable for the detection of acetone gas in real life.

Indeed, the gas environment is complex and high selectivity is very important. Thus, we
detected several different target gases (acetone, methanol, ethanol, ammonia, and formaldehyde)
at a concentration of 50 ppm, and the results are shown in Fig. 9. We can see that after
functionalization with Au NPs, the Au/CuO-nanowire-based sensor shows higher gap sensitivity
to acetone than to the other target gases compared with the bare CuO.

We also added 50 ppm of interfering gas at the ambient temperature to 180 °C and the acetone
gas to 50 ppm and then checked for changes in the reaction. As shown in the responses given in
Table 2, the interfering gas has little effect on the response of the Au/CuO-nanowire-based gas
sensor, further demonstrating the good selectivity and interference resistance of this sensor.

In general, gas sensing is a surface-related mechanism based on the change in resistance of
the sensor upon the adsorption and desorption of gas molecules. Although p-type oxides have
been much less studied than n-type systems, they have recently attracted significant interest in
gas sensing applications owing to their unique catalytic activity, surface reactivity, and electrical
properties. When p-type oxides are exposed to air, oxygen molecules adsorb to their surfaces
and ionize into species such as O,, O, and 0> by collecting electrons from the semiconductor
surface [Egs. (1)-(4)].

0,(gas) = O,(ads) M
O,(ads) +e~ — O, (ads) )
O, (ads) +e~ — 207 (ads) 3)

O (ads) +e~ — 0% (ads) @)
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Fig. 9. (Color online) Selectivity test results of the two sensors based on CuO and Au/CuO (1.0 ml) nanowires
exposed to various gases at 50 ppm and 180 °C.

Table 2
Variations in response (R,/R,) of two sensors exposed to different interfering gases at 50 ppm.
Target gas (50 ppm) Response
CuO nanowires Au/CuO nanowires
acetone 3.5 16.5
acetone + ethanol 4.5 17
acetone + ethanol + ammonia 6 18.5
acetone + ethanol + methanol+ ammonia 6.5 18

The establishment of the hole accumulation layer (HAL) is caused by an increase in the
concentration of holes near the surface; this can be described by an energy band representation
as an upward band bend where the resistance of the gas sensor will decrease (Fig. 10).

When the p-type system is exposed to the acetone gas, acting as an electron-trapping
adsorbate, the following reactions take place (Fig. 10).

CH;COCH;+80 (ads) — 3CO,+3H,0+8¢~ )
CH,COCH;+807" (ads) — 3CO, +3H,0+16¢~ (©6)
¢ (ads)y+h™ — Null (7

As aresult, the HAL width (or hole concentration) decreases further and the measured sensor
resistance is higher than the original air value [Figs. 11(a)—11(c)].

In this case, the performance of the Au/CuO-nanowire-based sensor is significantly
enhanced, which can be attributed to electronic and chemical sensitization. Concerning
electronic sensitization, the formation of a Schottky junction at the Au/CuO interface will result
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Fig. 11. (Color online) Schematic of HAL thickness modulation for (a)—(c) bare CuO nanowires and (d)—(f) Au-
CuO nanowires.

in the flow of electrons from the metal Au to p-type CuO. The occurrence of this phenomenon is
also supported by the present XPS data in comparison with CuO, and is expected to reduce the
width of the HAL conduction channel in the Au/CuO specimen, as actually observed [Figs. 10
and 11(e)]. More free electrons flowing from metallic Au to the p-type CuO surface can
simultaneously cause more chemisorbed oxygen molecules to adsorb on the CuO surface and
react with acetone gas molecules (Fig. 10). Apparently, these reactions [Egs. (1)—(7)] are more
intense than those of bare CuO, which leads to a sharp decrease in the thickness of the Au/CuO
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nanowire HALs and a sharp increase in the resistance of the gas sensor [Fig. 11(f)]. As to the
response = Ry/R,, the value of Rg/R, is much smaller than that of bare CuO, so the response is
improved. Concerning the chemical sensitization, the introduction of Au NPs can catalyze the
promotion of the dissociation of molecular oxygen, whose atomic products then diffuse into the
metal oxide support. In addition, Au NPs can accelerate the reaction between molecular oxygen
and acetone gas, thus reducing the response/recovery time. Moreover, as shown in Fig. 4, Au
NPs have a larger surface area than CuO nanowires owing to their granular shape and very
irregular surface morphology, which can lead to the enhanced adsorption of acetone gas, thus
leading to a higher reaction rate and improved gas sensing performance.

4. Conclusions

In summary, we have developed an acetone gas sensor based on composite CuO nanowires
embedded with AuNPs of defined size and interparticle distance. The precise and adjustable
loading of the AuNPs in the composite sensor causes an enhanced acetone sensing performance,
owing to the decrease in the width of the HAL, larger specific surface area, and more active sites
for gas diffusion. These advanced properties make it possible to apply this composite
nanostructure to a wide range of research areas, such as biochemical sensors, catalysis, and
semiconductor devices.
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