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ABSTRACT

Recently, metal oxide nanomaterials-based gas sensors have been widely

applied in the detection of hydrogen sulfide (H2S). In this work, the optimal

composition of CuO and ZnO in CuO/ZnO nanofibers (CZ NFs) gas sensor to

improve its gas sensing performances has been first proposed. In this work,

pure CuO NFs and CZ composite NFs with different molar ratios were prepared

by the facile electrospinning method. A series of detection was carried out to

examine the gas sensing performances of pure CuO NFs and CZ NFs. The

results indicated that the CZ4 (CuO/ZnO = 1:2) NFs sensor achieved the

highest response (31.472 ± 0.7997) toward 50 ppm H2S gas at 180 �C compared

with other sensors fabricated in this experiment. The gas sensing mechanism of

pure CuO and CZ NFs sensors was described in detail. The results indicated

that the H2S sensing performances of CZ NFs could be effectively improved by

optimizing the composition of CZ NFs. Furthermore, the p–n junctions between

ZnO and CuO in the CZ NFs also played an important role to enhance the

response of CZ composites NFs toward H2S.

Introduction

Hydrogen sulfide (H2S) is a flammable, colorless, and

toxic gas having rotten eggs smell [1, 2]. Low con-

centration exposure of H2S for a long time could

cause headache, dizziness, and irritation in eyes and

nasal cavity, whereas exposure in a high concentra-

tion could result in acute poisoning or even death

[3, 4]. Therefore, the development of an efficient

sensor to monitor harmful H2S gas is an important

research topic. A large number of sensors were
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applied in monitoring H2S gas including optical [5],

electrochemical [6], and semiconducting oxide [7, 8]

sensors. In terms of the sensitivity of optic and

semiconductor sensors, both of the two sensors could

detect the sub-ppm concentration of H2S gas [9–11].

Optical sensors possess the characteristics of high

sensitivity and accuracy [12] and their sensing

materials included metal oxide materials [13] and

polymers [14], but the equipment for the optical

sensors is expensive and complicated to operate

which hinders their development. Electrochemical

sensors are suitable for mass production, but their

sensitivity could easily be affected by the environ-

ment [15]. By contrast, semiconducting oxide sensors

have many advantages such as low cost, facile oper-

ation, and small size compared with other sensors.

The sensing materials of semiconducting oxide sen-

sors mainly include semiconductor oxides such as

ZnO [16, 17], SnO2 [18–22], In2O3 [23, 24], WO3 [25],

etc.

High gas sensitivity and selectivity, fast response

speed and short recovery time are necessary param-

eters of excellent gas sensors. These characteristics

are difficult to achieve with only one type of semi-

conducting metal oxide material [26–29]. The tradi-

tional way to enhance gas sensing performances was

doping with metal such as (Co, Ag, Pd, Au, and Ni)

to form Co–ZnO [30], Ag–ZnO [31], Pd–ZnO [32],

Au–ZnO [33], Ni–ZnO [34], etc. The construction of

heterostructure such as ZnO/SnO2 [35–37], NiO/

ZnO [38, 39], ZnO/ZnFe2O4 [40], Cr2O3/SnO2 [41],

etc., has become a novel and popular direction to

improve the gas sensing performance. Among these

oxides, ZnO has become the most popular research

object due to its wide bandgap (3.37 eV), outstanding

chemical and thermal stability, and large exciton

binding energy (60 meV) [42–44]. CuO as a typical

p-type oxide has the lowest enthalpy change [45], and

its surface has the strongest oxygen adsorption

capacity [46]. The combination of CuO and ZnO can

promote the change of conductance and improve the

gas sensitivity of materials [47, 48]. Moreover, many

researchers proved that the formation of p-CuO/n-

ZnO heterojunctions could effectively improve gas

sensing performance. Zhang et al. reported the high

ethanol(C2H5OH) sensing properties of p-CuO/n-

ZnO heterojunction flower structure nanorods, which

probably related to the formation of p–n heterojunc-

tions [49]. Diao et al. fabricated ZnO/CuO core–shell

nanowires-based gas sensors and investigated the

performance toward NO2 and benzene in which the

p–n junctions of the sensor accelerated the charge

transfer to absorb the target gases [50].

What is more notable is that p-CuO/n-ZnO

heterojunctions also exhibit excellent H2S sensing

performance. Liu et al. fabricated the CuO NP-cap-

ped ZnO nanorods by physical layer deposition

(PLD) method which exhibited high selectivity

toward hydrogen disulfide (H2S) at room tempera-

ture [51]. Li et al. synthesized the rough nanotubular

arrays by ultrasonic spray pyrolysis (USP) and

chemical bath deposition (CBD) method which

showed the high H2S sensing properties at low-

working temperatures [52]. Katoch et al. prepared

ZnO/CuO nanofibers (NFs) with various nanograin

sizes by changing the heat treatment duration in

which the smaller nanograins samples showed the

superior sensitivity for H2S compared with larger

nanograins [53]. Optimization of composite NFs ratio

is a simple and effective way to enhance the gas

sensing properties of the material [54–56]. However,

optimization of the ratio of CuO/ZnO NFs (CZ NFs)

to improve its gas sensing performance toward H2S

gas has been rarely reported. In this work, in order to

construct CZ NFs and optimize its gas sensing

properties, five kinds of CZ NFs (with different ratios

of ZnO and CuO) and pure CuO NFs were synthe-

sized by electrospinning and subsequent calcination

method. The CZ NFs-based gas sensor showed

superior sensing performances compared with pure

CuO NFs-based gas sensor. Moreover, the CZ4 NFs

(CuO/ZnO; 1:2) exhibited the best sensing properties

toward H2S gas compared with other CZ NFs. In

addition, the sensing mechanism of the pure CuO

NFs and CZ NFs gas sensors has been proposed in

detail. In our opinion, p–n heterojunctions between

ZnO and CuO could be beneficial in enhancing the

gas sensing properties of CZ NFs sensors.

Experimental

Materials

Copper acetate monohydrate (Cu(CH3COO)2�H2O),

zinc acetate dihydrate (Zn(CH3COO)�2H2O),

polyvinylpyrrolidone (PVP) (Mw = 1300000), abso-

lute ethanol (C2H5OH) and N, N-Dimethylformamide

(DMF) were purchased from Sinopharm Chemical

Reagent Co., Ltd. All the chemicals reagents were of
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analytical grade and used without any further

purification.

Synthesis of pure CuO and CuO/ZnO
composite NFs

Five kinds of precursor solutions were prepared with

a different molar ratio of Cu2? and Zn2? (3:1, 2:1, 1:1,

1:2, and 1:3, marked as CZ1, CZ2, CZ3, CZ4, and CZ5,

respectively). The specific procedure was divided

into two steps. Firstly, Cu(CH3COO)2�H2O and

Zn(CH3COO)�2H2O were dissolved in a mixed solu-

tion of 10 mL absolute ethanol and 10 mL DMF and

stirred for 15 min. After that, 2 g PVP was slowly

added and continued stirring for 10 h to obtain a

uniform precursor solution. For preparing CuO NFs,

only Cu(CH3COO)2�H2O was used and 2.3659 g of

PVP added according to the above-described proce-

dure. In the electrospinning process, the precursor

solutions were filled into a plastic syringe with a

capacity of 10 mL. The distance between the syringe

needle (inner diameter = 0.34 mm) and the collecting

substrate (aluminum foil) was adjusted to 15 cm. A

positive voltage (1 9 kV) was applied to the needle

to provide a high voltage electrical field, and a neg-

ative voltage (2 2 kV) was applied to the aluminum

foil to remove static electricity. The feeding rate of the

precursor solution was kept at a constant rate of

0.56 mL/h by a syringe pump. Herein, all the solu-

tions were injected within 12 h. The thickness of

obtained precursor NFs was measured to be 28 lm
(Fig S1). Finally, the precursor NFs were sintered at

500 �C for 4 h in the air to obtain the respective pure

CuO NFs and CZ NFs. Figure 1 shows the electro-

spinning step and the calcination process used for the

preparation of CZ NFs.

Gas sensors fabrication and sensitivity
evaluation

Gas sensors were produced by a screen-printing

method. First, 0.05 g CZ NFs were mixed with 100 lL
absolute ethanol in an agate mortar to obtain a uni-

form paste. Then, the obtained paste was placed on

the plate and the press plate was used to print the

paste onto the underlying electrode sheet. The con-

crete structure of the screen-printing device is shown

in Fig. 2. The fabricated gas sensors were dried at

room temperature for 24 h. Then, the sensors were

sintered at 500 �C for 24 h to improve stability before

the gas sensing tests. The gas sensing properties of

sensors were tested on a CGS-4TP intelligent gas

sensing analysis system (Beijing Elite Tech Co. Ltd.,

China). In the gas sensing process, different concen-

trations of target gases were injected into the 1.8 L

test chamber using microsyringe. The response value

is defined as R = Ra/Rg. Here, Ra is the resistance of

gas sensors after stabilization in the air atmosphere

and Rg is the resistance of gas sensors after injecting

target gases. The time of the sensors to obtain 90% of

the full response and reduced to 10% of the maxi-

mum response was marked as the response and

recovery time, respectively.

Materials characterization

The phase compositions of the pure CuO NFs and CZ

NFs were measured by X-ray diffraction (XRD, D8-

Advance) with Cu Ka radiation (k = 1.5405 Å). The

surface morphology of the pure CuO NFs and CZ

NFs was characterized by a scanning electron

microscope (SEM, FEI Sirion 200F). Transmission

electron microscopy (TEM), high-resolution trans-

mission electron microscopy (HRTEM), and selected

area electron diffractive (SAED) results were

obtained on FEI Tecnai G2 F20 S-TWIN. The energy

dispersive spectra (EDS) were measured by the SEM

attachment.

Results and discussion

Characterizations of the electrospun pure
CuO NFs and CZ NFs

Figure 3 displays the X-ray diffraction (XRD) graphs

of pure CuO, CZ1, CZ2, CZ3, CZ4, and CZ5 NFs. The

patterns showed that diffraction peaks located at

2h = 31.89�, 34.54�, 36.37�, 47.67�, 56.72�, 62.99�,
68.09�, and 69.18� were well indexed to the (100),

(002), (101), (102), (110), (103), (112), and (201) crystal

planes of hexagonal wurtzite ZnO, respectively

(JCPDS Card NO.36-1451). Other diffraction peaks

located at 2h = 32.58�, 35.57�, 38.77�, 48.85�, 53.48�,
58.31�, 61.59�, 66.31�, 68.05�, 72.45�, and 75.08� cor-

respond to the (110), (11-1), (111), (20-2), (020), (202),

(11-3), (31-1), (220), (311), and (22-2) crystal planes of

monoclinic CuO, respectively (JCPDS Card No.48-

1548). Pure CuO NFs did not show any diffraction

peak of ZnO (curve a) and CZ1, CZ2 and CZ3 (curve
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b–d) NFs exhibited small diffraction peaks of ZnO,

suggesting the less ZnO content in these materials

compared to other materials. It can be concluded

from the XRD patterns that with increasing CuO

content in the CZ NFs, the intensity of the CuO

characteristic peaks increased. No impurity peaks

appeared in the XRD patterns, indicating high purity

of pure CuO NFs and CZ NFs. The XRD patterns also

confirmed that CZ NFs contain separate phases of

ZnO and CuO, which can promote the p–n hetero-

junctions generated between the ZnO and CuO

interface. The XRD patterns estimated that the pre-

cursor NFs in calcination at 500 �C for 4 h were

adequate to remove PVP and to form the highly

crystalline CZ NFs.

The crystallite size (D) of CuO and ZnO phases

was estimated using Scherrer’s formula,

Figure 1 The schematic

diagram of CuO/ZnO NFs

synthesis and the structure of

the gas sensor.

Figure 2 The schematic

diagram of the screen-printing

device.

Figure 3 XRD patterns of pure CuO NFs and CZ NFs.
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D ¼ 0:9k
b cos h

ð1Þ

where k represents the wavelength of the X-radiation

(k = 1.5405 Å), b represents the full width at half

maximum (FWHM) of the highest intense peak and h
represents the diffraction angle of the radiation. The

crystallite size of CuO and ZnO phases was calcu-

lated using (11-1) and (101) planes, respectively. The

lattice parameters of CuO and ZnO were estimated

using Eqs. (2) and (3), respectively.

1

d2
¼ h2

a2
þ k2

a2

� �
þ l2

c2

� �
ð2Þ

1

d2
¼ 1

sin2b
h2

a2
þ k2sin2b

b2
þ l2

c2
� 2hl cos b

ac

� �
ð3Þ

The crystallite sizes of the CuO phase of CuO NFs

were found to be 23 nm. The crystallite sizes of the

CuO phase of CZ NFs were found to be in the range

of 18–27 nm, and the ZnO phase was determined to

be between 12 and 22 nm. Lattice constants of CuO

and ZnO are summarized in Table 1. It can be seen

from Table 1 that the lattice constants of CuO and CZ

NFs have some crystal distortions compared with the

standard value (a = 4.685 Å, b = 3.425 Å, and

c = 5.130 Å).

SEM image of the precursor CuO NFs showed a

uniform diameter and smooth surface (Fig. 4a). Fig-

ure 4b shows that the obtained CuO material was

composed of uniform NPs with an average diameter

of approximately 115 nm. By measurement, the

diameter of most of the NPs was found to be in the

range of 80–120 nm.

Figure 5a–e displays the SEM morphology of five

proportions precursor CZ NFs (the insets) and cal-

cined CZ NFs. All the precursor CZ NFs were smooth

with uniform length diameter as shown in the insets.

CZ NFs were composed with a lot of nanograins via

crystal growth during annealing and formed nano-

gaps in the NFs due to the removal of organic poly-

mers and solvents. Figure 5d shows that the

nanograins of CZ4 were more uniform and contained

more gaps between nanograins than other samples.

The elemental composition of CZ4 NFs was observed

through the TEM-EDS mappings (Fig. 5f). The map-

ping image displayed that the Cu, Zn, and O ele-

ments were well scattered on CZ NFs confirming that

CZ NFs contained ZnO and CuO phases. The average

diameters of the precursor CZ NFs were about

603 ± 43 nm (CZ1), 595 ± 51 nm (CZ2),

601 ± 49 nm (CZ3), 589 ± 44 nm (CZ4), and

588 ± 64 nm (CZ5). The average diameters of most

precursor CZ NFs were found to be in the range of

600–650 nm. The CZ3 NFs exhibited the smallest

average diameter (288 ± 46 nm), whereas the CZ1

NFs exhibited the largest average diameter

(429 ± 82 nm). However, the average diameters of

the other three CZ NFs were 423 ± 66 nm (CZ2),

399 ± 88 nm (CZ4), and 349 ± 80 nm (CZ5). Com-

pared with the precursor CZ NFs, the diameter of CZ

NFs was significantly reduced due to the removal of

the polymers after calcination.

Figure 6a shows a low-magnification TEM image

of CZ4 NFs and inset shows the whole CZ4 NFs. It

could be clearly seen that the CZ4 NFs were com-

posed of NPs in which the darker ones were CuO

NPs. However, the average sizes of ZnO NPs and

CuO NPs were less than 100 nm. Figure 6b displays a

more high-resolution TEM image of CZ NFs. Two

interplanar distances in the CZ4 NF were 0.2476 nm

and 0.2752 nm, which can be indexed to (101) lattice

plane of hexagonal wurtzite ZnO, and (111) crystal

plane of monoclinic CuO, respectively. The lattice

distortion between CuO and ZnO interfaces was

Table 1 The lattice

parameters and crystallite sizes

of pure CuO NFs and CZ NFs

Samples ZnO CuO Crystallite size (nm)

Hexagonal (ZnO 36-1451) Monoclinic (CuO 48-1548) ZnO CuO

Lattice parameters (Å) Lattice parameters (Å)

a c a b c

CuO – – 4.6322 3.4250 5.1879 – 23

CZ1 3.2493 5.1606 4.6589 3.4341 5.2127 12 27

CZ2 3.2456 5.1609 4.6581 3.4353 5.1889 13 24

CZ3 3.2423 5.2133 4.6651 3.4256 5.1876 17 21

CZ4 3.2411 5.1932 4.6323 3.4335 5.2136 20 19

CZ5 3.2483 5.2176 4.6599 3.4346 5.1982 22 18
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noticed which are labeled by yellow lines in the red

oval. In addition, the interface difference can be

clearly seen in the upper area of the TEM image

(Fig. 6b) which confirmed the existence of p–n

heterojunctions inside the CZ NFs. The SAED (se-

lected area electron diffraction) pattern showed a

polycrystalline phase of the CZ4 NFs. The distributed

bright diffraction spots confirmed that the NFs were

composed of ZnO NPs and CuO NPs which was also

confirmed by the EDS spectra. As shown in Fig. 6d,

the weight percentage of oxygen, copper, and zinc in

these materials was computed to be about 24.20,

25.06, and 50.74, respectively. The weight and atomic

percentage ratio of the Cu to Zn were approximately

1:2 in all the cases which were consistent with the

theoretical value. Thus, it proves the uniform com-

position of CuO/ZnO within the NFs. Meanwhile,

the atomic percentage of oxygen, copper, and zinc in

these materials was calculated to be about 54.11,

15.25, and 30.64, respectively. The ratios of Cu2? and

Zn2? were in good agreement with the precursor

solution. The results indicated the formation of ZnO/

CuO heterojunctions which could enhance the per-

formance of gas sensing. Furthermore, the results of

the TEM were well consistent with the XRD pattern.

Gas sensing performances of the pure CuO
NFs and CZ NFs

Gas sensing tests of pure CuO NFs and CZ NFs-based gas

sensors

Since the operating temperature is an important

working parameter of gas sensors, the sensing per-

formances of gas sensors toward H2S were

Figure 4 SEM micrographs

of a precursor CuO NFs

b pure CuO.

Figure 5 SEM micrographs of a CZ1, b CZ2, c CZ3, d CZ4, e CZ5 NFs. The insets in these figures show low-magnification SEM

images of the corresponding precursor CZ NFs, f TEM-EDS elemental mapping scan of the CZ4 NFs.
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investigated at different temperatures. Figure 7a

shows the response of gas sensors at the operating

temperatures ranging from 150 to 270 �C toward

50 ppm H2S gas. All CZ NFs sensors achieved the

maximum response toward H2S at 180 �C, while the

pure CuO NFs sensor attained the maximum

response toward H2S at 210 �C. Therefore, further gas
sensing tests toward H2S were carried out at 180 �C.

Similarly, selectivity is an important gas sensing

parameter. Hence, gas sensing tests of pure CuO NFs

and CZ NFs sensors toward various gases such as

acetone (CH3COCH3), formaldehyde (CH2O),

methanol (CH3OH), acetic acid (CH3COOH), ethanol

and H2S were carried out.

The responses of pure CuO NFs and CZ NFs gas

sensors toward 50 ppm H2S and 100 ppm other gases

are shown in Fig. 7b. The response of H2S gas was

detected at an operating temperature of 180 �C,
whereas responses of other target gases were detec-

ted from 150 to 390 �C to obtain the optimal response.

The CZ4 NFs gas sensor showed the highest selec-

tivity toward 50 ppm H2S with a response value of

31.472 ± 0.7997. The response and recovery curves of

pure CuO NFs and CZ NFs gas sensors to 50 ppm

H2S are illustrated in Fig. 7c. The response and

recovery times of the CZ4 NFs gas sensor to 50 ppm

H2S were about 134.5 s and 182 s, respectively.

Response and recovery times of other samples were

CuO NFs (20/90 s), CZ1 NFs (155/136 s), CZ2 NFs

(126/105 s), CZ3 NFs (195/107 s), and CZ5 NFs (105/

152 s). Similarly, the sensitivities of sensors to various

concentrations of H2S gas are displayed in Fig. 7d.

Because H2S gas is extremely toxic at low concen-

trations and the limit of H2S gas detection of each

sensor was 1 ppm after many repeated tests, there-

fore the detection range was set from 1 to 50 ppm. On

increasing the concentration of H2S gas, the sensi-

tivities of the CZ4 and CZ5 NFs sensors increased

rapidly, while the responses of the other sensors did

not change significantly. In contrast, the pure CuO

Figure 6 a Low-magnification TEM images of CZ4 NFs. The inset is the whole CZ4 NFs, b high-magnification TEM images of CZ4

NFs, c the corresponding SAED pattern, d EDS spectra of CZ4 NFs.
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NFs sensor showed the lowest response compared

with other sensors. As the concentration of H2S gas

increased, the response of pure CuO NFs sensor

exhibited a minor change. Meanwhile, the recovery

time of the CuO NFs sensor increased with an

increasing concentration of H2S gas. Figure 7e shows

the response and recovery transient graphs of all CZ

NFs gas sensors to different concentrations of H2S gas

from 1 to 50 ppm. The CZ4 NFs sensor exhibited the

best response value and selectivity toward H2S gas,

which holds the potential as an effective gas sensor

for H2S gas detection. It is worth noticing that the

CZ4 NFs and CZ5 NFs sensors showed high selec-

tivity to H2S gas, while the selectivity of other sam-

ples to various gases was low. In addition, the

response of pure CuO NFs sensor to different gases

was relatively low. Therefore, the CZ4 NFs and CZ5

NFs sensors are more suitable as potential H2S gas

sensor compared with other sensors.

Generally, the gas sensors do not work well in

detecting toxic gases if they only show high response

but do not have good stability. Therefore, the gas

sensing performance of pure CuO NFs and CZ NFs

gas sensors was detected up to 2 weeks with 50 ppm

H2S gas in order to determine their stability. After

several days, the gas sensitivity of the CZ4 NFs and

CZ5 NFs gas sensors slightly decreased but main-

tained a high value even after two weeks (Fig. 7f).

However, other gas sensors maintained stable gas

sensitivity but possess low value.

A comparison of H2S sensing properties of differ-

ent materials sensors is summarized in Table 2. CZ4

and CZ5 NFs sensors exhibited a lower working

temperature compared with other sensors. Low-

working temperature is beneficial both to the life of

the sensor and to reduce costs. Meanwhile, the

response of CZ4 and CZ5 NFs sensors was relatively

higher than other gas sensors. Many sensors also

exhibited a longer response and recovery time for

H2S gas than the sensors in this work. Therefore, the

gas sensors fabricated in this study have the potential

for further investigation and application.

Gas sensing mechanism

The gas sensing mechanism of pure CuO NFs sensor

was reported to be connected with the surface-ab-

sorbed oxygen species [9]. When the sensor is

Figure 7 a Response–recovery curves of pure CuO NFs and CZ

NFs gas sensors toward H2S gas at different operating

temperatures, b responses of pure CuO NFs and CZ NFs gas

sensors to different gases (H2S (50 ppm) and other gases

(100 ppm)) at optimum temperature, c response–recovery curves

of pure CuO NFs and CZ NFs sensors toward 50 ppm H2S gas,

d the response value on H2S gas concentration at 180 �C,
e response–recovery curves of pure CuO and CZ NFs sensors

toward H2S gas in the concentration range of 1–50 ppm at 180 �C
and f response of pure CuO and CZ NFs gas sensors toward

50 ppm H2S gas at 180 �C up to 2 weeks.
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exposed to the air atmosphere, a lot of oxygen

molecules adsorb on the CuO surface and capture the

electrons in the valence band (VB) to form oxygen

ions such as O2-, O-, and O2
-. After the H2S gas is

added to the gas sensing test chamber, the produced

oxygen ions react with H2S and the concentration of

free electrons decreases and the resistance of CuO

increases. The process can be described by following

equations:

O2 g
� �

! O2 adsð Þ ð4Þ

O2 adsð Þ þ e� ! O�
2 adsð Þ ð5Þ

O�
2 adsð Þ þ e� ! 2O� adsð Þ ð6Þ

O� adsð Þ þ e� ! O2� adsð Þ ð7Þ

2H2S g
� �

þ 3O�
2 adsð Þ ! 2H2O g

� �
þ 2SO2 g

� �
þ 3e�

ð8Þ

The sensing mechanism of the CZ NFs gas sensors

toward H2S not only connects with the surface-ab-

sorbed oxygen species but also relates to the forma-

tion of p–n heterojunctions. The contact between

n-type ZnO and p-type CuO causes the formation of

heterojunction. In the system of p–n heterojunctions,

the electrons transfer from ZnO to CuO and the holes

on the surface of CuO move from CuO to ZnO

resulting in the formation of the depletion layer and

the bend of the energy band.

When the gas sensor is exposed to air for several

minutes, the depletion layer gets widen due to the

transfer of electrons, as shown in Fig. 8 [62, 63].

Below 220 �C operating temperature, CuO changes to

CuS in the H2S atmosphere. In addition, above 220 �C
operating temperature, CuO reacts with H2S to form

Cu2S due to the instability of the CuS. Once the H2S is

removed from the system, CuS gets converted into

CuO. The specific process can be expressed by the

following Eqs. (9) and (10).

CuO sð Þ þH2S g
� �

! CuS sð Þ þH2O g
� �

ð9Þ

2CuS sð Þ þ 3O2 g
� �

! 2CuO sð Þ þ 2SO2 g
� �

ð10Þ

The role of p–n heterojunctions is primarily

reflected in enhancing the gas sensing properties of

CZ NFs sensors by accelerating the charge transfer.

As the oxygen molecules adsorb onto the surface of

the CZ NFs for a period of time, the resistance of

sensors gets a stable value. Once the H2S gas is

introduced into the testing atmosphere, it reacts with

the oxygen molecules and releases lots of electrons

back to the VB [64].

The performance of gas sensing was also related to

the structure of the CZ NFs. The CZ4 NFs were

composed of more uniform and fine NPs than other

CZ NFs. Moreover, it contained more gaps between

the NPs than other CZ NFs as confirmed by the SEM.

Such morphology provides many active sites for

sensing reaction and gas adsorption. Therefore, more

oxygen could be converted into chemisorbed oxygen

which could help to improve the gas sensing per-

formance [65]. Thus, the response not only depends

on the number of p–n junctions but also the mor-

phology of the NFs, such as the grain size and

microstructures of sensing materials. Samples with

smaller nanograin sizes possess higher H2S sensing

properties due to the presence of more p–n junctions

than lager nanograins [53, 66, 67]. In addition, the

reaction speed of target gas with sensing materials

could be increased by increasing the reaction area by

adjusting the microstructure of materials [68, 69].

Table 2 A comparison of H2S sensing performances of different materials sensors reported in other literature and in this work

Sensing materials H2S

concentration

(ppm)

Working

temperature

(�C)

Response Response/

recovery

time (s)

References

CuO nanoparticle decorated ZnO

nanorod

100 100 39 120/long Wang et al. [57]

CuO/NiO nanowall 100 260 47.6 18/29 Wang et al. [4]

CuO–WO3 nanowires 100 300 6.72 –/– Park et al. [58]

Pd–CuO nanorods 100 300 4 690/80 Kim et al. [59]

ZnO nanosheet 100 70 23 252/3697 Wang et al. [60]

ZnO flower 100 300 9 5/8 Guoa et al. [61]

CZ4 NFs 50 180 31.172 ± 0.7997 195/107 This work

CZ5 NFs 50 180 23.5894 ± 0.87411 105/152 This work
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Conclusions

Pure CuO NFs and five composite CuO/ZnO NFs

were prepared by facile electrospinning and subse-

quent calcination method. A series of characterization

methods have been used for composition and struc-

tural analysis. SEM showed that the CZ NFs were

composed of nanograins making nanogaps in the

NFs. EDS confirmed the presence of ZnO and CuO,

whereas XRD confirmed the existence of ZnO and

CuO in CZ NFs. Further, TEM showed that CZ NFs

were composed of ZnO and CuO NPs. All the CZ

NFs sensors exhibited a higher response toward H2S

gas compared with the pure CuO NFs. The sensor

fabricated by CZ4 NFs achieved the highest response

of 31.472 ± 0.7997 toward 50 ppm H2S at a low

temperature of 180 �C. All the results indicate that

the CZ4 NFs sensor is capable of detecting H2S gas to

act as a potential gas sensing material.
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