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ARTICLE INFO ABSTRACT

Keywords: An ammonia (NH3) gas sensor based on ZnO/CuO (ZC) heterojunction was prepared by hydrothermal method
Gas sensor and the sensing mechanism was studied by first principle calculations based on density function theory (DFT).
I;IHS/C o Experiments show that NH3 sensor based on ZC heterojunction has low detection limit (0.39 ppm), fast response/
Heterojunction recovery time (2.3 s/2.1 s), high sensitivity, good selectivity, strong stability and high humidity resistance at

room temperature (RT). Compared with ZnO, ZC has more oxygen free radicals appeared on surface of heter-
ojunction, and has redox reactions with NH3 molecules to release more electrons to improve sensitivity of ZC.
Calculations show that excellent performance is mainly due to the strong adsorption energy of ZC heterojunction
to NH3 detection. The polarity of NH3 molecules is enhanced under strong built-in electric field formed by ZC
heterojunction which absorbs more NH3 molecules to react with oxygen radicals on surface of ZC and induce
high response of ZC to NH3 molecules. This study indicates that ZC heterojunction structure can effectively

First principles

improve ZnO sensors for NH;3 detection at RT, which is helpful for application of metal oxide semiconductor.

1. Introduction

As a colorless toxic gas, ammonia (NHg) is widely existed in agri-
culture, industry and people lives. For the Occupational Safety and
Health Administration (OSHA), it will pollute atmosphere and harm
people’s health when concentration of NHj3 exceeds the threshold value
of 25 ppm in environment [1-3]. In general, the pungent odor of NHj3 is
an early reliable warning signal of harmful concentrations, but it is
difficult to detect NH3 in time due to people suffering from olfactory
fatigue in low concentration of NHj for long time [2,3]. So, it is play an
important role for early monitoring in environment to develop an NH3
sensor of high sensitivity and low detection limit.

There are many kinds of gas sensors, including the type of surface
acoustic wave (SAW), resistive semiconductor, capacitive, quartz
vibrator and metal oxide semiconductor diode capacitor voltage, etc.
[4-7]. Among them, resistive semiconductor gas sensor has the advan-
tages of high efficiency, low consumption, fast response speed, easy to
carry and so on, and it is the most valuable gas sensor in research and
application [8-11]. Metal oxide semiconductor is one of the commonly
used materials for resistive semiconductor gas sensor, because it has

* Corresponding author.
** Corresponding author.

excellent gas sensitive performance, wide detection range, simple
preparation and low cost [2,8]. Most metal oxide semiconductor gas
sensors have good sensing performance only at high operating temper-
ature, but high work temperature will affect the service life of the sensor,
work efficiency and limit the type of gas to be detected [3,8]. It is urged
to develop a high sensitivity gas sensor for room temperature (RT,
25 °Q).

As a n-type metal oxide semiconductor with wide bandgap, ZnO is
considered to the most promising gas sensitive materials, because the
good electromagnetic properties, high carrier mobility, strong physical,
and chemical stability [8,9]. Due to its high operating temperature re-
quirements, low sensitivity, poor selectivity and long response/recovery
time, practical application of the sensors based on ZnO is hindered
[10-12]. It has been reported that the formation of heterostructure be-
tween different metal oxide semiconductor can improve the gas sensi-
tivity of sensors at RT [13]. The heterojunction introduces a thick
electron depletion layer between two different metal oxide semi-
conductor materials, which increases resistance of the sensor. Further-
more, oxygen molecules in the air can capture electrons on surface of
heterojunction to form a large number of oxygen radicals. The
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heterojunction is destroyed and the thickness of electron depletion layer
is reduced when target gas redox reacts with oxygen radicals on its
surface to release electrons to heterojunction, which is accompanied by
orders of magnitude change in resistance value [14].

As a p-type metal oxide semiconductor with narrow bandgap, CuO
has broadly used for p-n heterojunction gas sensors, because the
abnormal electromagnetic activity and stable physical and chemical
properties. Liang et al. prepared a ZnO/Iny03 heterojunction NO5 sensor
with good sensitivity at RT [13]. Sharma et al. prepared an
n-MoS,/p-CuO heterojunction NH3 sensor with excellent performance at
RT [15]. Hu et al. studied a ZnO-CuO heterojunction high-performance
ethanol sensor and explained the related oxygen adsorption, tunneling
effect and p-n heterojunction [16]. Yu et al. developed a ZnO-CuO
heterojunction ethanol sensor, and the results showed that the com-
posite between materials enhanced the sensor’s response to ethanol
[17]. Up to now, there are few reports on the detection of NH3 at RT
based on ZnO/CuO (ZC) heterojunctioned high performance sensor.

In this work, ZC heterojunction was prepared by hydrothermal
method to be used for NH3 detection. Experiments show that ZC heter-
ojunction can effectively improve selectivity, sensitivity and response/
recovery time, detection limit and stability of ZnO when it is used for
NHj detection at RT. Gas sensing mechanism was studied by density
functional theory (DFT), and formation of heterojunction enhances
adsorption energy to NH3 molecules. It is helpful for the gas sensor to
capture more NH3 molecules and there are more redox reactions with
oxygen radicals on its surface, so as to improve sensing performance.
This study indicates that ZC is an ideal gas sensing material for NHg
detection, which is expected to solve the problems of poor sensitivity
and low response of electrical gas sensor at RT.

2. Experiments
2.1. Materials and characterizations

Zinc acetate (Zn(CH3COO),), copper acetate (Cu(CH3COO),-H20),
potassium hydroxide (KOH) and ethanol (C;HgO) were purchased from
Sangon Biotech (China, www.sangon.com). Lithium chloride (LiCl),
magnesium chloride (MgCly), potassium carbonate (KoCOs3), sodium
bromide (NaBr), sodium chloride (NaCl) and potassium chloride (KCl)
were also purchased from Sangon Biotech. All reagents were analytical
grade (AR) and can be used directly without further purification.
Deionized water was used as test reagent in experiments. Furthermore,
the purity of each liquid used in the process of gas configuration is
hydrogen peroxide (H205, (30%)), ethanol (CoHgO, (>99.7%)), acetone
(C3HgO, (>99.5%)), formaldehyde (HCHO, (37.0%-40.0%)), NHj
(25.0%-28.0%).

Crystal structure of the samples was determined by X-ray powder
diffractometer (XRD, Advanced 8, Germany) under Cu-Ka radiation with
scanning interval of 5-80° and operating voltage of 40 kV. Field emis-
sion scanning electron microscopy (SEM, S-4800, Hitachi, Japan) was
used to determine surface morphology. Distribution of elements in the
crystal was measured by an energy dispersive X-ray spectrometer (EDX)
that was attached to SEM. Morphology and lattice of the sample were
determined by transmission electron microscopy (TEM, JEOL JEM-
2100F, Hitachi, Japan). Surface area and pore size distribution of the
material were evaluated using Brunauer-Emmett-Teller (BET, Micro-
meritics ASAP 2460, US). UV-Vis absorption spectrum was measured
by UV-Vis (PerkinElmer, Lambda 650, US), and bandgap of the sample
was estimated. Valence states of ions was measured by X-ray photo-
electron spectroscopy (XPS, Thermo Fisher Scientific, US) with mono-
chromatic Al Ko radiation as excitation source. Chemical composition
was studied by Fourier transform infrared (FTIR, Bruker-Vertex 70,
Karlsruhe, Germany) spectrometer. Electrical performances of the
sample were tested by electrochemical workstation (ZAHNER, Ger-
many) at 1 V.
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2.2. Preparation of CuO

CuO was synthesized by hydrothermal method. 0.54 g Cu
(CH3COO0),-H20 and 1.40 g KOH were dissolved in 50 ml deionized
water and magnetically stirred for 10 min to form a clear solution. The
obtained mixed solution was transferred into a 100 ml polytetrafluoro-
ethylene autoclave and kept at 100 °C for 10 h. After being cooled down
to RT, the reaction product was centrifuged and washed several times at
8000 rpm by alcohol and deionized water. Then the precipitate was
dried at 60 °C for 24 h to obtain CuO sample.

2.3. Preparation of ZnO and ZC

ZnO and ZnO/CuO were synthesized by one-step hydrothermal
method. Firstly, 0.55 g of Zn(CH3COO), and 1.40 g of KOH were dis-
solved in 50 ml deionized water and magnetically stirred for 10 min to
form clear solution. Then, 0 g, 0.15 g (30%), 0.25 g (50%) and 0.35 g
(70%) Cu(CH3COO),-Ho0 were separately added to the above solution,
and magnetically stirred for 30 min. The obtained mixed solution was
transferred into a 100 ml polytetrafluoroethylene autoclave and heated
at 100 °C for 10 h. After the reaction products were cooled down to RT,
the samples were centrifugally washed several times with ethanol and
deionized water at 8000 rpm. Finally, the products were dried at 60 °C
for 24 h to get ZnO, ZC1, ZC2 and ZC3 samples.

2.4. Sensor tests

Appropriate amount of sample and deionized water were put into
agate mortar with a ratio of 1:4 to be stirred for 3 min. The stirred
sample was coated on Ag-Pd cross electrode with wool brush, and the
coated electrodes were placed in a dried oven at 60 °C for 1 h. Then the
prepared electrodes were placed in the air at RT for 48 h to be aged.
Finally, the sensing performance was tested by electrochemical work-
station at RT with voltage set to be 1 V. Here, the alumina ceramic
Ag-Pd cross electrode used in the experiment has an overall dimension
0f 13.4 x 7 x 0.635 (mm?>), the line width and spacing are 0.2 mm. Fig. 1
shows the schematic diagram and process of the experiments.

In the process of sensor testing, all gases are generated by thermal
evaporation, and the concentration calculation formula is Q = 1079 x
(Cx M x V)/(d x 22.4 x p) x (Ta + 273)/(Tg + 273) [18]. Where Q,
d and p is the volume, purity and density of the liquid to be taken, V, Tx
and Tg are the volume of the experimental cylinder, ambient tempera-
ture and container temperature. C and M are the concentration and
molecular weight of the target gas to be prepared, respectively.
Response of the sensor is defined as R=(I-1)/I, = Al/I,, where I, and Iy
represent the current values of the sensor in air and target gas
respectively.

The saturated salt solutions of LiCl, MgCly, K2COgs, NaBr, NaCl and
KCl were prepared in a relative humidity (RH) environment of 11%—
85%, and tested in a closed condition at RT. During the transition from
low to high humidity, the sensor is exposed in the air (30% RH) for about
1 s. Moreover, the time required for the current to reach the equilibrium
state is about 3 s. The response degree is calculated by using the real-
time response current value, and this is defined as R=(I;-I;))/I, = Al/
Iy, where, I, and Iy, are the current values of the sensor under the envi-
ronmental conditions of 11%-85% RH and air humidity respectively.

3. Results and discussions
3.1. Characterization

In Fig. 2(a), structure and crystallinity of CuO, ZnO, ZC1, ZC2 or ZC3
sample were studied by XRD. Diffraction peaks (20) at 31.89°, 34.53°,
36.36°, 47.63°, 56.68°, 62.94°, 68.03° and 69.17° correspond to (100),
(002), (101), (102), (110), (103), (112) and (201) crystal planes of
hexagonal wurtzite ZnO (JCPDS No. 70-2551). Diffraction peaks (20) at
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Fig. 1. Schematic diagram of the experiments.

@ v,y
ZC3 A YA XY
zc2 e
i,
= gxg_k_nl_A " e r
<
2 |
7 [£Zn0O
S CuO AN
= v PDF: 70-2551 (Zn0O)
- & PDF: 89-5899 (Cu0)
88 2 g 2z
||.TI" L1 L 'I[ S ¢l
45 60 75
20 (degree)

®), o]
0.8
g 3392.124
E 0.6 CuO
é ZnO
& 041 —2ZClI
—7C2
0.2 D e
1000 2000 3000 4000

Wave number (cm™)

Fig. 2. (a) XRD patterns of CuO, ZnO, ZC1, ZC2 and ZC3, (b) FTIR spectra of CuO, ZnO, ZC1, ZC2 and ZC3.

35.63°, 38.88° and 48.87° correspond to (—111), (111) and (—202)
crystal planes of monoclinic CuO (JCPDS No. 89-5899), respectively. No
other impurity diffraction peaks are found in all XRD spectra, indicating
that ZnO and CuO are successfully prepared. The intensity of ZnO
diffraction peak in ZC sample gradually decreases with the ratio of CuO
to ZnO. Diffraction peaks of ZnO, CuO and ZC are sharp, which indicates
that the crystallinities of ZnO, CuO and ZC are good [19-21].

Fig. 2(b) shows the FTIR spectra of CuO, ZnO, ZC1, ZC2 and ZC3
samples. Peaks at 505.330 cm ™}, 507.826 cm™! and 609.483 cm !
correspond to tensile vibrations of Cu-O in CuO, ZC1, ZC2 and ZC3,
respectively [21]. The peak at 1632.767 cm! corresponds to bending
vibration of -OH on surface of CuO, ZnO, ZC1, ZC2 and ZC3. In addition,
the broad peak at 3392.124 cm™! is attributed to symmetric and
asymmetric stretching modes of O-H bond, which can adjust surface

Fig. 3. (a—c) SEM images of ZnO, CuO and ZC2, (d-f) EDS element mapping (Cu, Zn and O) of ZC2 sample.
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defects and is conducive to improve gas sensitive performance of the
sensor [3]. Compared with CuO and ZnO, surface functional groups on
ZC1, ZC2 and ZC3 have slight changes.

Morphology and elemental distribution of ZnO, CuO and ZC2 were
carried out by SEM and EDS element mapping, respectively. In Fig. 3(a),
ZnO is composed of nanorods with a diameter of about 90 nm and a
length of about 1 pm. The CuO sheet in Fig. 3(b) is condensed from
nanoparticles with a diameter of about 40 nm. The ZC2 heterojunction
material in Fig. 3(c) is formed by adhering CuO to the ZnO surface. The
surface of ZnO becomes extremely rough, which can provide more
surface active sites for the adsorption of oxygen molecules and target gas
molecules [1]. In order to explore spatial distribution of elements in ZC2
material, element mapping was carried out as shown in Fig. 3(d-f). Cu,
Zn and O elements are uniformly distributed on surface of ZC2 sample.
Fig. 3(d-f) shows the spatial element mapping of Cu, Zn and O, indi-
cating that they are evenly distributed in ZC2 material.

Microstructure of ZC2 was studied by TEM and HRTEM. It can be
seen from the morphology of corresponding ZnO and CuO in Fig. 3(a-b)
and Fig. 4(a), CuO slice is attached to the ZnO nanorods surface which is
similar to Fig. 3(c). In Fig. 4(b-e), lattice spacings are 0.20 and 0.29 nm,
that is corresponds to (102) and (100) crystal planes of hexagonal
wurtzite structure of ZnO [2], and the lattice spacing of 0.24 nm is
consistent with (111) crystal plane of monoclinic structure of CuO [19].
Moreover, a clear boundary between ZnO and CuO lattice stripes with
good interface contact can be found in Fig. 4(b), which indicates the
formation of p-n heterojunction between CuO nanoparticles and ZnO
nanorods. Fourier transformations (FFT) of ZnO and CuO corresponding
to HRTEM images of the selected area of ZC2 are in insets in Fig. 4(b)
[20]. ZnO and CuO are single crystals with good crystallinity, which is
consistent with XRD results as in Fig. 2(a). Fig. 4(f) is the selected area
electron diffraction (SAED) corresponding to the blue dotted box region
in Fig. 4(b). Diffraction ring in SAED indicates that ZC2 heterojunction is
polycrystalline with high crystallinity, this is conducive to the
improvement of gas sensitivity [20].

Fig. 5(a—d) shows N3 adsorption-desorption isotherms, BET specific
surface area and corresponding BJH pore size distribution curves of
Zn0, CuO and ZC2 materials respectively. Fig. 5(a—c) shows isotherms of
Zn0O, CuO and ZC2 are basically the same which belong to type IV, and
the obvious hysteresis loop is belonging to type H3 [13,20]. In Fig. 5(d),
from the pore size distribution, the average pore sizes of ZnO, CuO and
ZC2 are about 73.56, 67.94 and 194.15 nm, respectively. Macroporous

0.29 nm (100)
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structure is more conducive to gas diffusion and reaction. The relative
BET surface areas for ZnO, CuO and ZC2 are calculated to be 5.14, 33.89
and 7.81 m2/g respectively. Compared to ZnO, ZC2 composite has a
larger specific surface area, which can provide more active sites for the
adsorption of gas molecules.

Fig. 6(a-b) describes UV-Vis absorption spectra and Tauc plots of
CuO, ZnO, ZC1, ZC2 and ZC3. Absorption peaks of ZnO, ZC1, ZC2 and
ZC3 samples appear around 350 nm, which is related to exciton ab-
sorption in ZnO, as shown in Fig. 6(a). It is obvious that absorbance of
ZC1, ZC2 and ZC3 in the range from 400 to 760 nm is enhanced
significantly with the increase of CuO content. And absorption edge of
ZnO shifts to visible region (400-600 nm) after modification of ZnO by
CuO, which may be caused by the coupling band between CuO and ZnO
and leads to the reduction of exciton recombination time [21].

Optical band gaps of CuO, ZnO, ZC1, ZC2 and ZC3 are estimated to
be 1.70, 3.10, 2.00, 2.45 and 2.71 eV as in Fig. 6(b) from Tauc plot by
(ahv) %% = A(hv-Eg), o and hv represents the absorption coefficient and
photon energy, Eg and A represents the band gap energy and constant
[22]. The results show that the band gap widths of ZC1, ZC2 and ZC3
decrease with the increase of CuO content, which is mainly due to the
incorporation of Cu®* ions into ZnO lattice and the formation of GuO
composites [23]. The smaller bandgap of ZC indicates electrons can be
more prone to transition and can produce more photogenerated carriers,
which will lead to the lower resistance of sensor [21,24].

Chemical compositions and valence states of elements in ZnO, CuO
and ZC2 samples were determined by XPS. Spectra of Zn 2p in Fig. 7
(a-b) show that the peaks of ZnO or ZC2 are 1021.312 eV and 1044.398
eV or 1020.714 eV and 1043.786 eV, which corresponds to spin orbit
splitting of Zn 2ps,5 and Zn 2p; /5. The differences of energies of Zn 2p3, 2
and Zn 2p; /5 are the same as 23.086 eV and 23.072 eV for both ZnO and
ZC2, which indicates that oxidation state of Zn?" exists in them [25].
Nuclear level spectra of Cu 2p in CuO and ZC2 samples are shown in
Fig. 7(c—d). Peak positions of CuO or ZC2 are 933.760 eV and 953.713
eV or 932.096 eV and 952.168 eV, which corresponds to spin orbit
splitting of Cu 2p3,5 and Cu 2p; /2. The differences of spin orbit splitting
energies of Cu 2ps,» and Cu 2p; ; are also the same as 19.953 eV and
20.072 eV for both CuO and ZC2, which indicates that oxidation state of
Cu?" exists in them. In Fig. 7(c—d), the peaks located at 941.196 eV,
943.574 eV and 962.065 eV or 939.825 eV, 942.080 eV and 960.577 eV
represent the satellite peaks of CuO, namely the accompanying peaks of
Cu®*, which are consistent with the peaks of CuO in other studies [26].

0.24 nm(111).

Fig. 4. (a) TEM images of ZC2, (b-e) FFT patterns and HRTEM images of ZC2, (f) SAED patterns of ZC2.
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As in Fig. 7(e-g), XPS spectrum of Ols in ZnO, CuO or ZC2 sample
contains O;, Oy and O3 peaks, which is lattice oxygen, oxygen vacancy
and oxygen free radical. Contents of O;, Oz and O3 in ZnO, CuO and ZC2
samples are shown in Table 1. The increase of Oy on surface of the
material provides more active sites for the adsorption of gas molecules
and can increase selectivity of the sensor for gas molecules [27]. The
increase of O3 on the material surface can provide more oxygen free
radicals for the redox reaction of gas molecules, which has a significant
promoting effect on gas sensitive performance of the sensor [28]. As in
Table 1, Oy content of CuO modified ZnO is increased from 21.35% of
ZnO to 43.46%, and O3 content is increased from 23.57% of ZnO to
43.10%, this may be related to the microstructure and formation of ZC
heterostructure [27,28]. Contents of O5 and O3 in ZC2 are significantly
higher than that of ZnO and CuO samples, which can provide more
oxygen vacancies and oxygen free radicals for the adsorption of oxygen
molecules and target gas molecules, so it is more conducive to the
improvement of gas sensitivity of ZC2 sensor.

3.2. Gas sensor performance analysis

Fig. 8 shows the curves of real-time current response of ZnO, CuO,
ZC1, ZC2 and ZC3 sensors to different gases under the same conditions.
The comprehensive analysis shows the response of ZC2 to NHj is
enhanced by 3 orders of magnitude compared with pure ZnO and CuO.

This means that ZC2 sensor has good gas sensing response to NHs. In
addition, to further study the gas sensitivity of ZnO, CuO, ZC1, ZC2 and
ZC3 sensors, CO and CO, performance tests were carried out, as shown
in Fig. S1. This further confirms the selectivity of ZC2 to NHs.

For more intuitively study the gas sensing performance the cylin-
drical analysis of its response is carried out. Fig. 9(a) is a columnar
analysis of the response of ZnO, CuO and ZC2 sensors exposed to 1000
ppm NH;s, H,05, HCHO, C3HgO and C2HgO gas environment. Obviously,
under the same conditions, ZC2 has a higher response to NH3 and a
lower response to other gases. This not only shows that the sensor has
good gas sensing performance for NHs, but also shows that the sensor
has strong single selectivity in response to NHs. In addition, the analysis
of error lines in Fig. 9(a) shows that the gas sensitive characteristics of
the ZC2 sensor have good reproducibility. Fig. 9(b) is dynamic response
curve of ZC2 sensor for repeatability at 1000 ppm NHs. The average
response value reaches around 5160 and there is no obvious current
attenuation in three cycle tests, which has good repeatability for the
sensor. The response/recovery time of sensor play an important role,
which is defined as the current change of sensor reaches to 90% of the
required stable value when the target gas is injected and desorbed,
respectively [2]. Fig. 9(c) shows the response/recovery time (2.3 s/2.1 s)
of ZC2 to 1 ppm NHs, which means ZC2 has good response/recovery
ability to NHs.

For study influence of humidity to ZC2 sensor, we used the sensor to
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Table 1
Contents of O, O, and O3 in ZnO, CuO and ZC2.

Samples Oxygen species Binding energy (eV) Relative percentage (%)
ZnO (o)} 529.525 55.08%
Oy 530.190 21.35%
O3 531.411 23.57%
CuO ()} 529.575 32.13%
0, 529.857 31.95%
O3 531.263 35.92%
7C2 (0} 528.155 13.44%
0, 529.488 43.46%
O3 531.186 43.10%

test the current change of NH3 with a concentration of 3 ppm in different
RH environments, and the response analysis can be found in Fig. 9(d). In
this experiment, different RH environments were obtained as in section
2.3. As can be seen in Fig. 9(d), as the increase of humidity, making the
response of sensor to NHj increases slightly. This is because the increase
in humidity will lead to more water molecules on the test electrode, and
a small number of water molecules will be ionized, resulting in an in-
crease in the current. With reference to the detection of NH3z with a
concentration of 3 ppm in the air humidity (blue histogram), the change
of response is from 17.01 to 22.67 in the 11%-85% RH, indicating that
humidity has relatively little influence, which means ZC2 sensor has

good humidity resistance stability. In addition, Fig. 9(e) is the actual
response of the ZC2 sensor to 11%-85% RH, corresponding to the blue
bar chart in Fig. 9(d), which further confirms the good moisture resis-
tance of the ZC2 sensor.

Fig. 10(a) shows the sensitivity of ZC2 sensor to different concen-
trations of NHj at RT. Response values of it are 1.59, 7.36, 17.30, 39.00,
70.00, 131.00 and 259.00 to 1, 1.5, 3, 6, 12, 25 and 50 ppm, respec-
tively. In Figs. 9(b) and Fig. 10(a), the sensing kinetics are different from
the cases toward 1000 ppm and 1-50 ppm NHs. It seems that quicker
adsorption/desorption balance is established for low concentration case
than that for high one, which is due to the high concentration of NHz
molecules affects the progress rate of redox reaction. In Fig. 10(b),
response values of ZC2 sensor to NH3 are fitted, and linear relationship is
R = 5.1638C + 2.3728, or the linear correlation coefficient is R* =
0.9975. The response value has a good linear relationship for NHs at low
concentration. In addition, the error analysis in Fig. 10(b) clearly shows
that the ZC2 sensor has good reproducibility. RMS and LOD of ZC2
sensor for NH3 can be obtained from following Egs. (1) and (2) [29,30]:

- _N)? 1
ris =y M=y )
3 X RMS
LOD:TP@ (2)
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where RMS is root mean square deviation of fifth-order polynomial
fitting calculation, and Slope is that of the linear fitting with respect to
gas concentration. On the basis of response curve, 10 data points are
selected for fifth-order polynomial fitting. Calculations show that LOD of
ZC2 sensor for NHg is 0.39 ppm. Comparisons of performance of NH3
sensor based on CuO or ZnO composite are listed in Table 2. It is means
that NH3 sensor based on ZC heterojunction has lower detection limit
and shorter response/recovery time. In Fig. 9(c), ZC2 sensor response
value to 1000 ppm NHj3 changes by 4.5% in 5 months. The decrease in
response value of less than 5% indicates long-term stability of ZC2
sensor, which means that the sensor has good stability.

3.3. Adsorption energy calculations

All the calculations were completed in DMOL2 code based on density
functional theory (DFT) method [32]. The generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) approxima-
tion was employed to the exchange-correlation functional with double
numeric quality basis set with polarization functions (DNP) [33,34]. All
the structures are fully geometry optimized before calculations, and
spin-unrestricted self-consistent field calculation was done with a
convergence criterion of 2 x 107° a.u.. The atoms were relaxed within a
force convergence criterion of 0.004 Hartree/A (1 Hartree = 27.2 eV),
the maximum displacement parameter is set to 0.005 A, and the
convergence standard in total energy was set to be 1 x 10~° Hartree. To
improve convergence, the value of smearing was set to 0.004 Hartree. In
addition, the crystal structures of ZnO and CuO are hexagonal wurtzite
and monoclinic respectively [34-36].

Theoretical structure models of CuO, ZnO and ZC2 are shown in
Fig. 11(a—c), and theoretical adsorption models of NH3 for CuO, ZnO and
ZC2 are shown in Fig. 11(d-f). In all the models, green region is the fixed
atom position invariant region, which is used to simulate internal
structures of CuO, ZnO and ZC2 supercells, and supercell size of them
are 5.92 x 6.10 x 50.00 As, 6.57 x 10.31 x 60.00 A% and 6.57 x 10.31
% 60.00 A3, respectively. In order to verify NHs adsorption capacity of
CuO, ZnO and ZC2 to NH3, adsorption energy and adsorption distance
were calculated by first principles. Adsorption energy (Eaqgs) is defined as

represent total energy of adsorption system, energy of the sample and
gas molecule, respectively.

Table 3 shows calculation results. Adsorption energies of CuO, ZnO
and ZC2 to NHj corresponding to the adsorption model in Fig. 11(d-f),
are 1.10 eV, 1.56 eV and 1.76 eV, respectively. Results show that ZC2
has the largest binding energy and the strongest adsorption capacity for
NHj3 molecules. Compared with adsorption systems of CuO and ZnO for
NH3, ZC2 for NH3 is the most stable [32,34]. In addition, the above
conclusions also indicate that the sensitivity of ZC2 for NHs molecule is
higher than that of CuO and ZnO, which is consistent with the above
experimental results [37].

In order to further verify stability of ZC2 adsorption system, net
charges of NH3 molecules in different adsorption systems and polari-
zation degree of NHj3 molecules were analyzed. In Table 4, corre-
sponding net charges of NH3 in CuO, ZnO and ZC2 adsorption systems
are 0.224, 0.180 and 0.276, respectively. Charges of N, H;, Hy and Hg
atoms in adsorbed NH3 molecules on ZC2 heterojunction are —0.505,
0.265, 0.222 and 0.294, respectively. Compared with the charges of NH3
molecules in CuO and ZnO adsorption systems, the net charge of NH3
molecules adsorbed on ZC2 heterojunction is the largest and the polarity
is the strongest [32-37]. This is due to the existence of heterojunction in
ZC2 adsorption system, which enhances thickness of ZC2 electron
depletion layer and forms a strong build-in electric field. Therefore, NH3
molecules will be adsorbed on surface of ZC2 heterojunction in large
quantities, and redox reaction will take place with free oxygen and NH3
molecules. The redox reaction releases a large number of free electrons
into ZC2 heterojunction, resulting in a decrease of thickness of electron
depletion layer at the heterojunction. Change of the thickness of
depletion layer leads to a sharp decrease in resistance, which obviously
shows that response value of ZC2 sensor to NH3 gas changes by three
major orders of magnitude [13,15,32].

In Fig. 11(d-f), adsorption distances of Cu-N, Zn-N and Cu-N are
2.050 .7\, 2.092 A and 2.035 A when NH3 molecules are adsorbed on Cu,
Zn and Cu atoms of CuO, ZnO and ZC2 samples, respectively. Adsorption
distance of Cu atom in ZC2 is the shortest and adsorption structure is the
most stable, so adsorption energy for ZC2 to NH3 molecule is the highest
[38,39].

Eads = - Es + nu3 + Es + Enps. In this formula, Es | nu3, Es and Enns

Table 2

Results of this study compared with those reported NH3 sensors.
Materials Temperature (°C) Detect Concentration (ppm) Response/Recovery time (s) Detection limit References
ZnO-MWCNT RT 10 13.687/107.109 - [1]
Al-ZnO/CuO RT 500 14/9 50 ppm [2]
PVP/CuO 8 wt% RT 200 17/15 100 ppm [3]
3D printed CuO RT 25 75/25 - [22]
NiO@CuO RT 100 72.5/35 46.5 ppb [30]
CuO/CuS@NSC RT 100 24/22 1 ppm [31]
CuO/ZnO RT 1 2.3/2.1 0.39 ppm This work
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Fig. 11. Optimized adsorption structure models for CuO, ZnO and ZC2 without and with gas molecules. (a—c) Theoretical structure models of CuO, ZnO and ZC2
without gas molecule adsorption, (d-f) adsorption structure model of CuO, ZnO and ZC2 with NH3 molecules. (white —H, blue -N, red —O, pink -Cu and gray -Zn). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 3

Adsorption energy of CuO, ZnO and ZC2 for NH3.
Adsorption model CuO-NH3 ZnO-NH3 ZC2-NH3
Eagas(eV) 1.10 1.56 1.76

Table 4
Amount of charges (Unit: 1.6 x 107'° C) corresponding to N, Hy, H, and Hs
atoms of NH3 molecule in CuO, ZnO and ZC2 adsorbed systems.

Adsorption model CuO-NH3 ZnO-NH3 ZC2-NHg3
N —0.456 —0.557 —0.505
H; 0.222 0.219 0.265
H, 0.218 0.220 0.222
Hs 0.240 0.298 0.294
Net charge 0.224 0.180 0.276

3.4. Sensing mechanism

In order to evaluate the interaction of NH3 molecules on ZC heter-
ojunction surface and the change of their electronic properties, band
structure analysis was carried out. In Fig. 12, energy band diagram of ZC
heterojunction is shown. Since the different band gaps between CuO and
ZnO, electrons in ZnO and holes in CuO diffuse in the opposite direction
until the system reaches equilibrium at Fermi level [40-42]. Therefore, a
p-n heterojunction is formed at the interface between two different
metal oxide semiconductor, which can expand the electron depletion
layer, and the separation of electron/hole carriers increases the number
of oxygen free radicals. Additionally, the gas sensing mechanism of
heterojunction sensors composed of metal oxide semiconductors is
generally surface control type [2]. It is explained that redox reaction

between target gas and surface free oxygen radicals causes the change of
depletion layer thickness at heterojunction, and then the resistance
changes. The mechanism is divided into adsorption process, redox re-
action process and desorption process [2,25]. The action mechanism of
ZC heterojunction gas sensor on NHs molecule is analyzed as follows:

(1) Oxygen molecules in the air mainly capture electrons at E¢; on ZC
surface to generate a large number of oxygen free radicals (O2(air)
+ € =02 (gas)). The decrease in the number of electrons at Ec;
causes electrons at E., to flow to E.;, while holes flow in the
opposite direction [2]. Therefore, the thickness of ZC hetero-
junction electron depletion layer increases, which is specifically
reflected in the high resistance of ZC sensor under air conditions,
as shown in Fig. 12(a).

(2) A mass of NH3 molecules are adsorbed on the sensor surface
under the action of built-in electric field formed by ZC hetero-
junction when ZC sensor is exposed to NH3. NH3 molecule redox
reaction with oxygen free radicals on surface releases a lot of
electrons to ZC heterojunction, which increases free electron
number at E¢; in ZnO and hole number at Ey; in CuO, then reduce
the thickness of electron depletion layer at ZC heterojunction, as
shown in Fig. 12(b). This process will cause a sharp decrease in
the resistance value of ZC and an increase in the current value
[15,20,37].

(3) When ZC sensor is separated from NHj environment, a large
number of oxygen molecules in the air are adsorbed on ZC surface
again to capture electrons. The decrease of electrons on ZC sur-
face will increase the thickness of depletion layer. Moreover,
resistivity at heterojunction decreases and resistance value in-
creases [2,24].
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4. Conclusions

An NHj3 sensor based on ZC heterojunction with high performance
was prepared by hydrothermal method. Experiments show that ZC2
achieves an average response value of 5160 for NHs at 1000 ppm, the
response/recovery time is 2.3 s/2.1 s for NH3 at 1 ppm, which is the
faster response/recovery time in the reported NH3 gas sensors with ppm
levels. Moreover, ZC2 has a good linear response to NH3 in the range of
1-50 ppm and detection limit is 0.39 ppm. First principles calculations
show that the excellent performance of ZC2 to NH3 detection is mainly
due to strong adsorption energy of ZC2 heterojunction for NH3 mole-
cules, and polarity of NHs molecules is enhanced under the action of
built-in electric field formed by ZC heterojunction. Therefore, the sensor
is immersed in target gas environment, a mass of NHs molecules are
adsorbed on surface of ZC and redox reaction with oxygen radicals im-
proves the detection performance of ZC sensor for NH3. With simple
preparation and excellent performance, such a ZC heterojunction sensor
has a strong practicability for NH3 detection at RT.
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