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ARTICLE INFO ABSTRACT

Based on Cu-modified ZnO (CZO), a highly sensitive gas sensor for formaldehyde (HCHO) detection at room
temperature was prepared by the sol-gel method, and the sensing mechanism was studied by density functional
theory. Calculations indicate that the binding energy of CZO to HCHO is higher than that of pure ZnO when Cu
metal occupies the oxygen vacancy on the surface of ZnO, which is beneficial for CZO to capture more HCHO
molecules. Moreover, Cu metal splits oxygen molecules in the air to form a large number of oxygen free radicals
on the surface of CZO and react with HCHO molecules. The lowest band gap can be obtained when HCHO is
adsorbed in CZO compared to other gases, which means CZO has better selectivity in the detection for HCHO.
Experiments show that Cu metal can effectively improve the performance of ZnO for HCHO detection. CZO with
3 mol% Cu exhibits short response/recovery times (1.7 s/2.9 s) and the limit of detection (LOD) is 0.61 ppm at
HCHO concentration of 1 ppm. Moreover, CZO displays the excellent endurance to humidity. Such a metal-
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modified ZnO offers great potential for the development of highly sensitive gas sensor for HCHO detection.

1. Introduction

Formaldehyde (HCHO) is a colorless and irritating gas, which is
widely used in construction, textile, decoration, furniture, chemical
industry and printing. HCHO is also considered to be one of the most
common indoor pollutants because it seriously endangers human health
[1,2]. For example, HCHO can damage eyes, nose, respiratory tract and
genes, and it can be easy to cause cancer at very low ppm concentra-
tions [3-5]. In addition, HCHO has been placed on the list of carcino-
gens by the International Agency for Research on Cancer (IARC) and
was identified as a toxic and harmful water pollutant by the World
Health Organization (WHO) in 2019 [6]. Furthermore, the WHO and
the (US) National Institute of Occupational Safety and Health (NIOSH)
have established safety limitation standards for HCHO to be 0.08 ppm
and 1 ppm, respectively [7,8]. Therefore, it is very important to develop
a gas sensor with a low detection limit, fast response and good se-
lectivity to detect HCHO in the living environment.

Metal oxides such as SnO, [8-10], ZnO [11-12], WO3 [13], In,053
[14-15], Co304 [16], NiO [17] and CdIn,O4 [18], have been widely
used in various gas sensors due to easy fabrication, low power con-
sumption and large specific surface area. Among them, as a typical n-
type metal oxide semiconductor, ZnO has been widely used in the de-
tection of a variety of gases due to its non-toxicity, good chemical
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properties, thermal stability and easy size control [19-24]. However,
pure ZnO sensors are limited in practical applications because of its
poor linearity, low sensitivity and slow response [25]. There are many
methods to improve the performances of ZnO gas sensors, such as
doping, alloying and modifying [12,19,23]. Recently, it has been re-
ported that the performance as a gas sensor can be effectively improved
when ZnO is modified with metal elements. For example, Au-modified
ZnO nanowires for detecting hydrogen (H,) have been reported by O.
Lupan et al. [26]; Pd modified ZnO nanosheets for detecting methane
(CH,) by Y. Wang et al. [27]; Fe modified nanostructured ZnO for de-
tecting alcohol (C,HgO) by I. A. Pronin et al. [28]. In those reports,
metals play a crucial role in improving sensitivity and response of ZnO
gas sensors due to three facts: firstly, high catalytic activity which in-
creases the reactivity of space charge layer; secondly, the change of
surface resistance which increases surface conductivity; and thirdly,
more activated oxygen molecules on the surface of the semiconductor
which is benefit for capturing gas molecules. Among the metals, copper
(Cu) has been used to enhance the oxygen adsorption capacity on the
surface of semiconductor, thereby enhancing the solid-gas interaction
[29]. However, as far as we know, there are very few reports on both
HCHO sensors based on Cu modified ZnO and the operation me-
chanism. Therefore, it is imperative to study the HCHO gas sensor based
on Cu metal-modified ZnO (CZO) and further to study its sensing
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mechanism. There are many methods to synthesize ZnO, such as hy-
drothermal [11,21], wet-chemical [12], solvothermal reaction [22] and
sol-gel method [30] et al. Among these methods, sol-gel method has
advantages of excellent chemical uniformity and controllable micro-
structures, which attracts the attention of researcher [31-32].

In this work, gas-sensitive material of CZO was prepared by a
sol-gel method, and the mechanism was studied by first-principles
calculations. Calculations show that Cu metal splits oxygen molecules
in the air to form a large number of free oxygen radicals on the surface
of ZnO. The binding energy of HCHO on CZO increases when Cu oc-
cupies oxygen vacancy on the surface of ZnO, which helps CZO capture
more HCHO molecules and react with oxygen molecules. Compared to
other target gases, the lowest band gap was obtained when HCHO ad-
sorpted in CZO sensor. Experiments show that CZO gas sensor for
HCHO detection has higher sensitivity, lower limit detection
(0.61 ppm) and shorter recovery time (1.7 s/2.9 s) than that of pure
ZnO at room temperature. Moreover, CZO gas sensor displays an ex-
cellent endurance to humidity. These results indicate that the Cu-
modification can effectively improve the performance of ZnO gas sensor
for HCHO detection.

2. Experiments
2.1. Materials

Zinc acetate ((CH5COO),Zn-2H,0), copper chloride (CuCl, 98%)
and ethanolamine (HOCH,CH,NH,, 99.0-100.5%) were purchased
from Zhiyuan (Tianjin, China, www.zhiyuanhx.cn.alibaba.com). All of
those reagents can be used directly without further purification.
Deionized water was used throughout the experiments. Ag-Pd inter-
digitated electrode sheet was purchased from Beijing Elite Technology
Co., Ltd.

2.2. Synthesis of Cu-modified ZnO

Pure ZnO and Cu-modified ZnO (CZO) were prepared by sol-gel
method [30].

Firstly, 2.3 g (CH3CO0),Zn2H,0 and a certain amount of CuCl,
were dissolved in a mixture of 20 mL ethanol and 10 mL deionized
water to be vigorously stirred for 10 min at 60 °C. In this procedure, the
molar ratios of Cu®* to Zn2" were 0 mol%, 1 mol%, 3 mol% and 5 mol
%, respectively. Then 1 mL ethanolamine was dripped gradually into
the above solution with magnetic stirring for 2 h at 65 °C to acquire
uniform blue sol. The above blue sol was placed at room temperature
for 36 h and then was placed in a constant temperature oven at 60 °C for
2 h. Eventually, the precipitation was annealed in a chemical vapor
deposition (CVD) quartz tubular furnace in nitrogen (N,) atmosphere at
600 °C for 2 h and ground to pure ZnO and CZO powder.

2.3. Characterization

Crystal structures of the samples were characterized by X-ray dif-
fraction (XRD) (Bruker D8 Advance, where Cu-K, radiation operates at
40 kV and 40 mA). Surface morphology of the samples was measured
by scanning electron microscope (FE-SEM, S-4800, Japan). The TEM
images were measured by a transmission electron microscope (TEM,
JEM-2100F, Japan). The surface properties of the samples were re-
corded by Fourier transform infrared (FT-IR) spectrometer (Bruker-V
Vertex 70, Karlsruhe, Germany). The absorption spectra were measured
by a UV-vis spectrophotometer (PerkinElmer, Lambda 650, US). The
elemental compositions were analyzed by ESCALAB 250Xi X-ray pho-
toelectron spectrometer (Thermo Fisher Scientific, US, using Al K Alpha
1486.6 eV as excitation source). The I-V curves were measured at room
temperature by CIMPS-2 electrochemical workstation (ZAHER
ENNIUM).
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2.4. Preparation of gas sensing device

The prepared CZO powder and an appropriate amount of deionized
water were placed in an agate mortar and ground for 10 min. A small
brush was used to gently dip the mixed solution to be evenly applied on
the Ag-Pd interdigitated electrode sheet and dried in an oven at 60 °C
for 10 min. Then it was aged at room temperature for 48 h to ensure
good stability. In this experiment, gas sensing performance was mea-
sured by electrochemical workstation (CIMPS-2, ZAHER ENNIUM) with
1 V voltage at room temperature (25 °C).

2.5. Calculations

The electronic structure and the energy of metal oxide (ZnO) have
been calculated by the first-principles based on the density functional
theory (DFT). The DFT calculation is usually based on the stationary
calculation (T = 0 K). All the calculations were carried out by the Dmol
3 code, using generalized gradient approximation (GGA) together with
Perdew-Becke-Ernzerh (PBE) to describe the exchange—correlation in-
teractions of electrons [33]. The PBE method was used to describe the
electronic properties of ZnO (unit cell, band gap, etc.) in many studies.
Anomalous pressure effects on the thermal conductivity of ZnO, GaN
and AIN from first-principles calculations have been reported by K.P.
Yuan et al [34], theoretical study on group III elements and F co-doped
ZnO have been reported by J.N. Ma et al [35], and the double numeric
quality basis were set with polarization functions (DNP). In those cal-
culations, the type of ZnO structure is wurtzite. Space group and
structure are one-dimensional nanorods corresponding to (001) plane.
We first optimize ZnO structure and then insert copper atom on surface
of ZnO. A ZnO supercell includes 94 atoms (48 Zn atoms and 46 O
atoms). The removal of two O atoms corresponds to two oxygen va-
cancies, and two Cu atoms are located on the oxygen vacancy sites. Cu
is the most stable state in the oxygen vacancy, and the binding energy
between ZnO and Cu is also the largest. So the CZO simulated position
started at the oxygen vacancy. A1 x 1 X 11 k-mesh was employed for
structural relaxation without any symmetry restriction. The spin-un-
restricted self-consistent field calculation was set to converge to below
107° a.u.. The energy convergence is less than 10> a.u.. The max-
imum force was set to converge as 0.004 Hartree A™' (1 Ha-
tree = 27.2 eV), and the maximum displacement parameter was chosen
to be 0.005 A. To accelerate convergence, smearing value was set to be
0.002 Hartree. The transition state (TS) search was used to obtain en-
ergy maximum based on the complete linear synchronous transit (LST)/
quadratic synchronous transit (QST) method [36]. Then the TS con-
firmation based on the nudged elastic band (NEB) method was used to
calculate energy barriers [37] with the equation as the following:

Epar = Etra — Em (@)

where Eg,,, E;, and E,, are energies of potential barrier, initial state
and transition state, respectively [37]. The binding energy of HCHO
(AEgcho) is calculated by the equation:

AEBpcno = Etotat (HCHO + 2CZO) — Eoa1 (2CZ0) — Ejora (HCHO) 2)

where E ., denotes the total energy of the corresponding system [38].
3. Results and discussions
3.1. Characterization of Cu-modified ZnO

XRD patterns of ZnO and CZO are shown in Fig. 1(a). All the sam-
ples exhibit diffraction peaks at 20 of 31.72°, 34.45°, 36.31°, 47.44°,
56.60°, 62.81°, 66.37°, 67.83°, 69.07°, 72.63° and 76.94°, which cor-
respond to (100), (002), (101), (102), (110), (200), (112), (201),
(004) and (202) faces of ZnO (JCPDS No. 79-0205), respectively.
Sharp peaks in all XRD patterns demonstrate that ZnO and CZO are
highly crystallized. The diffraction peaks of 43.3°, 50.4° and 74.1° for
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Fig. 1. (a) XRD, (b) UV-vis spectra and (c) band gap energies of ZnO and CZO.

all CZO samples correspond to (111), (200) and (220) faces of Cu
(JCPDS No. 85-1326). In addition, all the diffraction peaks of ZnO and
CZO are consistent, indicating Cu only modifies the surface of ZnO
instead of being doped into the lattice of ZnO.

Fig. 1(b) shows the UV-vis absorption spectra of ZnO and CZO,
where all samples show an absorption peak near 350 nm related to the
exciton absorption of ZnO [21]. It is distinctly observed that the CZO
exhibits an additional absorption band at 500-600 nm, which is related
to surface plasmon resonance of Cu metal nanoparticles [39]. The op-
tical band gap energies of ZnO, CZO (1 mol%), CZO (3 mol%) and CZO
(5 mol%) are estimated by the Tauc’s plots as in Fig. 1(c), and the
corresponding values are 3.04 eV, 2.13 eV, 1.70 eV and 1.62 eV, re-
spectively. The smaller bandgap of CZO indicates the fact that electrons
can be more easily excited from valence band to conduction band and
hence there are more photo-generated carriers which will reduces the
resistance value.

Fig. 2 shows the scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) of ZnO, CZO (1 mol%), CZO (3 mol
%) and CZO (5 mol%). In Fig. 2(a), pure ZnO shows there are irregular
particles with a diameter of 0.08-1.2 um. In Fig. 2(b), the morphology
of CZO (1 mol%) nanoparticles becomes regular and the diameter
ranges from 0.06 pm to 0.5 pm. In Fig. 2(c), ZnO particles aggregate
into microspheres with a diameter of 2.2-3.4 um. Moreover, the CZO
microspheres are composed of small particles with a diameter from
40 nm to 70 nm. Such a structure makes the surface roughness and
specific surface area increased. The particle size is small and uniform,
which is conducive to the reaction between the CZO sensor and the
target molecule. In Fig. 3(d), CZO (5 mol%) microspheres are stacked
up and some were broken. The size of CZO (5 mol%) are from 1.08 pm
to 2.2 pm. These results show that Cu modification precipitates gigantic
changes structure of ZnO.

Fig. 2(e-h) shows the HRTEM images of ZnO, CZO (1 mol%), CZO
(3 mol%) and CZO (5 mol%), respectively. As shown in Fig. 2(e), the
average value of lattice spacing for (101) of ZnO planes is 0.247 nm
[40]. In Fig. 2(f), the average values of lattice spacing for (100) of ZnO
planes [41] and Cu (111) are 0.281 nm and 0.209 nm [42], respec-
tively. In Fig. 2(g-h), the average values of lattice spacing for (101),
(100) of ZnO planes and Cu (111) planes are 0.247 nm, 0.281 nm and
0.209 nm, respectively. These results are consistent with XRD results
and indicate that CZO samples were successfully prepared.

The XPS spectra of Cu 2p, Zn 2p, Ols of ZnO, CZO (1 mol%), CZO
(3 mol%) and CZO (5 mol%) are shown in Fig. 3. In Fig. 3(a), the
binding energies of two characteristic peaks are observed at 932.18 and
951.98 eV, which are due to 2P3,, and 2P, /, states of Cu, respectively.
The difference between the above two binding energies is 19.80 eV,
indicating that the chemical valence of Cu is in the 0 valence state [43].
Fig. 3(b) shows that Zn 2P3,, and Zn 2P, » peaks of ZnO are located at
1020.78 eV and 1043.86 eV, respectively. The difference between the
two Zn 2p core levels is 23.08 eV, which indicates that the Zn atoms are
in a + 2 oxidation states [44]. In addition, the peak of Zn 2p in CZO
sample shifts slightly towards larger binding energy compared with
ZnO. This shift can be ascribed to the electron transfer between Zn**
and Cu particles, which means the shielding effect from the most stable
state of main Zn?" to the unfilled electrons for Cu with higher charge
density [45].

In Fig. 3(c-f), O 1s transition is decomposed into three peaks, where
0, represents oxygen in ZnO crystal, O, represents oxygen vacancy or
oxygen defect of the crystal, and O5 represents oxygen free radicals (O*:
Oads > Oads® ™, Ozaqs ) on the surface of ZnO. The increase of O, can
provide more active sites for sensing materials, which is conducive to
gas adsorption [46]. The increase of O3 will cause the redox reaction of
the gas with more oxygen free radicals [5-6,8,10]. The contents of
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Fig. 2. SEM images of (a) ZnO, (b) CZO (1 mol%), (c) CZO (3 mol%) and (d) CZO (5 mol%). TEM images of (e) ZnO, (f) CZO (1 mol%), (g) CZO (3 mol%) and (h) CZO

(5 mol%) with high resolution, respectively.

oxygen vacancies for ZnO, CZO (1 mol%), CZO (3 mol%) and CZO
(5 mol%) are 27.50%, 20.99%, 19.58% and 27.35%, respectively. The
contents of free oxygen on the surface of ZnO, CZO (1 mol%), CZO
(3 mol%) and CZO (5 mol%) are 19.10%, 25.97%, 27.37% and 24.14%,
respectively. As shows in XPS, CZO (3 mol%) has the most surface
oxygen radicals O* (O*: Ougs , Oads2 ™, Ooags ). It is worth noting that
CZO (3 mol%) has the smallest oxygen vacancy and the most surface
oxygen free radicals.

Fig. 4 shows the FTIR spectra of ZnO, CZO (1 mol%), CZO (3 mol%)
and CZO (5 mol%). The absorption peaks at 437.82, 455.03, 461.06 and
467.25 cm ™! are related to the bending vibration region of Zn-O bond
[47]. The absorption peaks of 3309.86, 3496.40 and 3668.29 cm ! are
assigned to the hydroxyl group (O-H) stretching vibration modes due to

the expansion vibration of O-H base being appeared in the range of
3200-3670 cm ™! [48]. The amount of hydroxyl group decreases and
then increases with Cu content increasing. It is worth noting that hy-
droxyl group disappears in CZO (3 mol%), which is due to the fact that
two hydroxyls in the CZO sample are converted to water molecule and
are removed during calcination.

3.2. Calculations of Cu-modified ZnO

To further investigate the mechanism of the disappearing of hy-
droxyl (—OH) in CZO (3 mol%), a possible reduction path of hydroxyl
in CZO is presented in Fig. 5. Fig. 5(a) shows reactants in the reduction
path of hydroxyl group. A Cu atom is located near a hydroxyl group and
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Fig. 4. FTIR spectra of ZnO, CZO (1 mol%), CZO (3 mol%) and CZO (5 mol%).
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bound to two Zn atoms. The hydroxyl is bound to three Zn atoms on
ZnO surface. The distance between Cu and oxygen atom in hydroxyl
group is 3.60 A. Fig. 5(b) shows the transition state corresponding to
the energy barrier of 0.73 eV. The hydroxyl is bound to one Zn atom on

©-Cu @-7n @-0 -H
Re (0.00 eV)

Ts (+0.73 eV) Pr (-0.92 eV)

Fig. 5. Theoretical model of hydroxyl reduction path of Cu-modified ZnO
composites. Pink, blue and red balls correspond to Cu, Zn and O atoms, re-
spectively. (a) Reactant (Re), (b) transition state (Tr) and (c) product (Pr).

the surface. The distance between Cu and oxygen in hydroxyl is de-
creased from 3.60 A to 2.21 A, which means Cu atom shows a tendency
to reduce hydroxyl and form an oxygen vacancy on the surface of ZnO.
Fig. 5(c) shows the final product in the reduction path of hydroxyl.
Compared with the transition state, Fig. 5(c) shows that hydroxyl is
only bound to Cu atom to form an oxygen vacancy, and Cu is located on
the site of oxygen vacancy. The whole reaction is an exothermic reac-
tion of 0.92 eV. Although the hydroxyl group is bound to Cu atom on
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Fig. 6. Theoretical model for the occupied path
by oxygen-vacancy in CZO. Cu, Zn and O atoms
are colored with pink, blue and red, respectively.
(a) Reactant (Re), (b) First transition state (TS;),
(c) Intermediate state (M), (d) Second transition
state (TS,), (e) Final product diagram (Pr), (f)
Optimum energy occupied path of oxygen-va-
cancy.
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the surface of ZnO, it can be removed by calcination at 600 °C. That
means that the hydroxyl can be removed by two steps. Firstly, the hy-
droxyl group binds to Cu atoms, resulting in the reduction of the hy-
droxyl group on the surface of ZnO. Secondly, two hydroxyls form a
water molecule and leave an oxygen atom on the surface of ZnO by
calcination at 600 °C. Two hydroxyl calcination reaction is as the
follow:

20H* - H, 01 +20 3)

where star (*) denotes adsorption on the surface of the material. The
resulted water molecules could be removed under calcination, and re-
sidual oxygen atoms are adsorbed on surface of ZnO. Fig. 5 could ex-
plain that the oxygen-vacancy is occupied by Cu atom and that leads to
oxygen vacancy decrease (XPS). Furthermore it is also clarified the
disappearance of O-H stretching vibration in Fig. 4.

Fig. 6 describes a theoretical model of the occupied path of oxygen-
vacancy in CZO composite with no change for the basic model but only
the selected part. Fig. 6(a) shows the reactant in the occupied path of an
oxygen vacancy. Oxygen atom (O;) in Fig. 6(a) corresponds to the re-
sidual oxygen atom in Fig. 5, and two Cu atoms are located on one
oxygen vacancy. Fig. 6(b) shows that the reactant overcomes the barrier
of 0.36 eV to form the first transition state (TS;) in the path. The dis-
tance between O; and Zn, is reduced from 3.73 to 3.25 A. Fig. 6(c)
shows the intermediate state (M) in the path which can be formed from
the first transition state by overcoming the barrier of 3.92 eV. In
Fig. 6(c), O; is bound to two Zn atoms (Zn; and Zn,) and Cu atom is
bound to the oxygen atom (O,). Compared with the TS;, O, binds to one
Cu atom and the bond between O,-Zn; and O,-Zn, are broken, hence
there is a trend of O, moving to inside of ZnO as in Fig. 6(c). In addi-
tion, the coordination number of O, is decreased from 4 to 3 in this
process, which makes O, easier to move towards to the interior of ZnO.
Fig. 6(d) shows the second transition state (TS,) in the path which is
obtained from the intermediate state by overcoming a barrier of
0.19 eV. As shown in Fig. 6(d) for TS,, O, is below the Cu atom.
Fig. 6(e) shows the final product state (Pr) obtained by TS, overcoming
a 1.46 eV barrier. In Fig. 6(e), O2 atom occupies the oxygen-vacancy
and O; replaces the position of O,_ It is clear that these residual oxygen
atoms can force the internal oxygen atom of ZnO to occupy the oxygen

vacancy under the assistance of Cu atoms, and that should decrease the
concentration of oxygen vacancies, which is consistent with the results
in Fig. 3. Fig. 6(f) shows optimum energy occupied path for an oxygen
vacancy in CZO composite corresponding to the energy as in
Fig. 6(a—e). Fig. 6 illustrates that the Cu metal can split the oxygen
molecules in the air to form a large number of free oxygen on the
surface of ZnO, decreasing the current of CZO sensor, which is con-
sistent with the highest O3 content in Fig. 3. Furthermore, the oxygen
radicals on the surface of the CZO react with HCHO molecules to form
water and carbon dioxide when CZO is exposed to HCHO gas, in-
creasing the current of the sensor. As a result, a large number of surface
oxygen free radicals can oxidize and decompose more HCHO molecules,
which means that Cu metal can improve the sensitivity of ZnO for
HCHO detection.

Fig. 7(a) and (b) show the CZO structure and the structure of HCHO
adsorption in CZO (3% mol). Fig. 7(c-d) shows the energy band
structure of Fig. 7(a—b). We can clearly see that the band gap is reduced
from 1.450 eV to 0.714 eV when HCHO molecule is adsorbed on Cu,
which is due to that the HCHO molecule provides a local state. The low
band gap increases the transition probability of electrons and makes it
easier for electrons to transition from valence band to conduction band,
which can accelerate the redox reaction on the surface of CZO.

Table 1 shows the band gap of CZO (3% mol) and different gas
adsorption in CZO (3% mol) based on DFT calculation, where plus sign
(+) means adsorption. The lowest band gap (0.714 eV) is obtained
when HCHO is adsorpted in CZO (3% mol) sensor (3% CZO + HCHO)
compared to other gases, which means CZO has better selectivity in the
detection for HCHO.

3.3. Sensor testing and mechanism

Fig. 8 shows the dynamic response curves of HCHO, C,HgO, NH;
and C3HgO vapors with a concentration of 5000 ppm for ZnO, CZO
(1 mol%), CZO (3 mol%) and CZO (5 mol%) sensors at room tem-
perature, where there are three consecutive cycles tested for each case.
The response of the sensor herein is defined as response = Al/Ir = (Ir-
1g)/Ir, where Ir is the current in the reference gas (air) and Ig is the
current in the target gas. The electric current increases when the sensor
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Energy band of 3% CZO + HCHO.

is immersed into HCHO, C>H¢O, NH3 and C3H¢O vapor, while the
electric current drops rapidly to its original value when the sensor is
immersed into the air. The upward response curve reflects the char-
acteristics of an n-type semiconductor [49]. Among these target gases,
CZO sensors offer the best response to HCHO. Furthermore, the max-
imum responses of the CZO (3 mol%) for detecting HCHO in three
consecutive cycles are all around 1300. The response of HCHO vapor
reaches 0.13, 137.46, 1305.01 and 14.89 for ZnO and CZO (1 mol%),
CZO (3 mol%) and CZO (5 mol%), respectively, which indicates that the
addition of Cu metal can improve the response of ZnO sensor. The
highest response of CZO (3 mol%) to HCHO vapor indicates that CZO
(3 mol%) sensor has the best sensitivity to HCHO vapor.

In order to evaluate the effect of relative humidity (RH) on the
performance of gas sensors at room temperature, the humidity test was
performed using the CZO (3 mol%) gas sensor and 11% RH at room
temperature (RT) as a base humidity [37]. The response was defined by
response = Al/la = (Ib-Ia)/Ia, where Ia is the current in the reference
11% RH and Ib is the current in the target humidity. As shown in Fig. 9,
the response of CZO (3 mol%) corresponds to RH in the range from 11%
to 75%, 11% to 85% and 11% to 95% RH are 0.42, 0.62 and 0.69,
respectively. Small response indicates the excellent endurance to hu-
midity conditions.

The sensing mechanism of CZO can be ascribed as two parts. Firstly,
some oxygen molecules capture free electrons from the conduction

Table 1
Band gap of CZO (3% mol) and different gas adsorption in CZO (3% mol).

band to generate oxygen free radicals (Oags~, Oadgs> 5 Ozaqs ) When
oxygen molecules are adsorbed on the surface of CZO sensor in the air.
The other oxygen molecules are split into two oxygen atoms by Cu
which is easier to capture free electrons to produce oxygen free radicals
(Oags~ and Onqs> ) compared with oxygen molecules. Secondly, HCHO
molecules will be adsorbed on the Cu mental when CZO sensor is in the
HCHO vapors, thus reducing the band gap of CZO. Then HCHO mole-
cules are adsorbed on the Cu mental (HCHO,q4s) to react with the ad-
sorbed oxygen ions O* (O*: Ougs ™, 0,452 ", Ogaqs ) to form CO, and
H,0. The electrical resistance is decreased and the current of CZO is
increased due to the releasing of electrons. The reaction processes are as
follows:

HCHOg4: — HCHO 44 &)
HCHO,4; + Ogags~ — COy + HyO + €~ 5)
HCHOadS + ZOads_ i C02 + Hzo + 2e” (6)

HCHO,qs + 20,42~ — COy + H,0 + 4e” %)

Statistical analyses of response for different target gases is useful to
better understand the overall performance of the CZO sensors as shown
Fig. 10(a). As can be seen from Fig. 10(a), the CZO (3 mol%) sensor has
the highest response to HCHO vapor and the response is increased from
0.13 to 1300, indicating that the addition of Cu metal improves the

3% CzZO 3% CZO + HCHO

3% CZO + NHj 3% CZO + CoHsO 3% CZO + C3HsO

Band gap (eV) 1.450 0.714

0.987 1.304 1.297
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Fig. 8. Dynamic sensing curves of HCHO, C,H¢O, NH3; and C3HgO vapors with a concentration of 5000 ppm using ZnO and CZO (1 mol%), CZO (3 mol%) and CZO
(5 mol%) based sensors at room temperature.

0%

1%

a 0 A A
( ) 75(y RH (b) SS‘V RH (C) 95(y RH

0.0+ 0.0+ 0.04
[
§_ -0.24 -0.34 -0.34
&

-0.64
-0.44 0.6

0 25 50 75
Time (s)

100

0 25

50
Time (s)

7'5 100 0

25

50

75 100

Time (s)

Fig. 9. Response curves of the CZO (3 mol%) sensor to 75%, 85% and 95% RH at room temperature.

(b) (©)20 55
1200 lf s
154
[ o
§9oo- S
& 21.0
2600 §
]
300 0.5
0- T T T 00- T T
3% 5% 0 50 100 150 200 0.0 2.5 5.0 75 10.0
Time (s) Time (s)

Fig. 10. (a) Histogram response plot of
average maximum response for three
consecutive cycles of HCHO, C,HgO,
NH;, H,0, and C3HgO vapors with a
concentration of 5000 ppm at room
temperature. (b) Cyclic transient re-
sponse cure of CZO (3 mol%) to
5000 ppm HCHO. (c) Response and re-
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Table 2

Comparison of the performance between our HCHO sensor based on CZO (3 mol%) and reported HCHO sensors based on other semiconductors.
Materials Temperature (°C) limit of detection (ppm) Response/Recovery time Concentration (ppm) References
Au@SnO, 25°C 20 80s/62 s 50 [51]
ZnO/Graphene nanocomposites 25 °C 25 305s/40 s 100 [52]
Pt-decorated MoO3 nanowires 25 °C 1 17.8 s/10.5 s 100 [53]
Pt-decorated MoO5; nanowires 25 °C 1 8.85/0.94 s 1 [53]
ZnO nanoplates 25 °C(UV light) 5 97 /86 s 100 [54]
ZnO nanoflowers 25 °C(UV light) 5 44 5s/104 s 100 [54]
PEI/TiO, nanoporous fibers 25 °C 1 120 s/- 1 [55]
ZnO/rGO 25°C 2 45.8 s/— [56]
Cu-modified ZnO 25 °C 0.61 1.7 s/29s 1 This work
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response of ZnO sensor. The binding energies of CZO (3 mol%) and pure
ZnO for HCHO are calculated to be 0.75 eV and 0.54 eV by first-prin-
ciples using Eq. (2) and the corresponding theoretical model can be
shown in Fig. 7(b). It is worth noting that the highest response is related
to the highest binding energy of CZO, which means that a higher
binding energy allows more HCHO molecules to react with free oxygen
on the surface of CZO. In order to verify the performance of the CZO
(3 mol%) sensor, five cycle tests have been performed as shown in
Fig. 10(b). Fig. 10(b) shows the cyclic transient response cure of 3%
CZO to 5000 ppm HCHO. The maximum responses of the CZO (3 mol%)
five consecutive cycles are all around 1300 and response/recover be-
havior can be repeated easily. The recycle experiment shows that CZO
(3 mol%) has good repeatability.

Generally, rapid response time and recovery time of sensors are
beneficial for practical applications. Response time refers to the time
required for the sensor's resistance to reach 90% value of the steady-
state after the sensor is exposed to measured gas. Recovery time refers
to the time taken for the measured gas to detach from the sensor surface
until the resistance reduces to 90% value of the steady-state [50].
Fig. 10(c) shows the response time and recovery time of CZO (3 mol%)
sensor for 1 ppm of HCHO vapor detection at room temperature. Here,
red and green bars represent the response time and recovery time of
1.7 s and 2.9 s, respectively.

The sensing performance of our HCHO gas sensor based on CZO
(3 mol%) and other semiconductor materials are listed in Table 2.
Compared with the other HCHO sensors, the HCHO sensor based on
CZO (3 mol%) in this experiment has the LOD of 0.61 ppm and a re-
latively fast response/recovery time (1.7 s/2.9 s) at a concentration of
1 ppm at room temperature. These results show that CZO gas sensor has
high sensitivity and fast response to HCHO.

Fig. 11 depicts the linearity test for the response of the CZO (3 mol
%) sensor to HCHO. Fig. 11(a) shows that the response-recovery time
curve for HCHO vapor in the range from 1 to 100 ppm at room tem-
perature. The real-time response of the sensor increases with the con-
centration of HCHO, and there is a linear relationship between the re-
sponse and the concentration for HCHO as shown in plotted Fig. 11(b).
The linear relationship between the response and HCHO vapor con-
centration (C) can be fitted in the range of 1-100 ppm from that re-
sponse = 1.53 + 0.15 C (R% = 0.9984). It indicates that low con-
centration gas can be quantitatively analyzed by the gas sensor
designed in this experiment. The limit detection can be defined SD/m
with m to be the slope of linear part of calibration curve and SD the
standard deviation of the noise in response curve [50]. From Fig. 11(b),
the limit detection of HCHO can be calculated to be 0.61 ppm.

4. Conclusion

HCHO gas sensors based on CZO were prepared by the sol-gel
method and the sensing mechanism was studied by the first-principles

modeling. Experiments show that Cu metal can produce a large number
of surface oxygen free radicals on the surface of ZnO and increase the
binding energy of HCHO to CZO, which can effectively improve the
performance of the HCHO sensor based on ZnO at room temperature.
Furthermore, the CZO gas sensor exhibits excellent humidity resistance.
Calculation shows that compared with other gases, the lowest band gap
(0.714 eV) is acquired when HCHO adsorbed in CZO sensor, which
means CZO has better selectivity in the detection of HCHO.
Furthermore, Cu metal splits oxygen molecules in the air to form a large
number of oxygen radicals on the surface of ZnO, which can oxidize and
decompose more HCHO molecules. Compared with pure ZnO, CZO has
a higher binding energy to HCHO due to Cu occupying oxygen va-
cancies leading to the disappearance of hydroxyl groups during calci-
nation, which is more favorable to capture HCHO molecules and carry
out redox reaction on the surface of ZnO. Such a highly sensitive, se-
lective and stable gas sensor expands the application prospects in the
field of HCHO detection.
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