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nanofibers
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sensing response, superior to that
of pristine neZnO nanofibers.
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of
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highest

response to H2 at 300  C.
 H2 sensing was related to the H2induced reduction of resistance in
ZnO and formation p-Co3O4/n-ZnO
heterojunctions.
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formance. In this study, we synthesized a series of Co3O4-loaded ZnO nanofibers with the
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via electrospinning to improve the H2-sensing properties of pristine nanofibers. The
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sensing results indicated that a sensor with a nominal composition of 0.95ZnO-0.05Co3O4
had the highest response of ~133 to 10 ppm H2 gas, with good H2 selectivity. The main
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Introduction
One-dimensional metal oxides, including nanowires [1],
nanorods [2], nanotubes [3], and nanofibers [4,5], are among
the most favorable morphologies for gas sensing. They offer
better sensing properties than their bulk counterparts owing
to their larger surface area. Metal-oxide nanofibers are
particularly well-suited for gas sensing owing to their simple
design and fabrication, low price, and high sensing performance, which are primarily due to the presence of nanoscale
grains [6]. Nanofibers have many small grains and grain
boundaries, and the target gas diffuses along the grain
boundaries, establishing potential barriers and eventually
contributing to enhancing the sensitivity [7].
ZnO nanofibers are popular for gas-sensing applications
because they have excellent physical/chemical and thermal
stability, high conductivity, low toxicity, good availability, and
a low price [8]. The H2-sensing capability of ZnO nanofibers
has been investigated [9,10], with p-n heterojunctions [11] and
the metallization effect [10] of ZnO mediating the excellent
response to H2 gas exhibited by ZnO nanofiber-based gas
sensors. In p-n heterojunctions, because electrons usually
flow from ZnO to p-type materials, the overall resistance of
the system in air is increased. In ambient H2, the sensor
resistance is significantly changed by the degradation/
destruction of the heterojunctions between ZnO and the ptype material, providing a greater response compared with a
pristine ZnO nanofiber gas sensor [6,10e12].
Among the p-type metal oxides, Co3O4 has been extensively evaluated owing to its sensing capabilities [13,14] and
exhibits good capabilities for O2 adsorption, along with good
catalytic effects. Both characteristics are beneficial for sensing
applications [15,16]. As a p-type metal oxide, p-Co3O4 can form
heterointerfaces with n-ZnO, where electrons from ZnO flow
toward p-Co3O4, and holes flow toward ZnO until equilibria
are established in local heterojunctions. Consequently, the
number of free electrons in ZnO nanograins that are part of
the main conduction channels decreases, improving the
sensing performance resulting in sensing improvement.
In a previous study [17], we significantly enhanced the H2
gas sensing performance of n-ZnO nanofibers by loading ptype reduced graphene oxide. Whether the addition of p-type
materials is a feasible approach to enhance the H2-sensing
capabilities of ZnO nanomaterials warrants exploration.
Although Co3O4-containing ZnO gas sensors have been reported [18e22], to the best of our knowledge, the H2-sensing
performance of Co3O4/ZnO nanocomposites has never been
examined. In the present study, p-Co3O4-loaded n-ZnO composite nanofibers were investigated for the first time. Proper
compositional optimization is very important for maximizing
the performance of gas sensors, and most studies related to
composite gas sensors focused on one particular composition,
without optimization. In the present study, we varied the
molar ratio of Co3O4 for optimizing the sensing performance.
We prepared Co3O4-loaded ZnO nanofibers with different
amounts of Co3O4 (molar ratios of 0.03, 0.05, 0.1, and 0.15) via
electrospinning. A sensor with 0.05 Co3O4-loaded ZnO nanofibers exhibited the best H2-sensing properties. The
outstanding properties were related to the ZnO surface/grain

boundaries and Co3O4. Co3O4-loaded ZnO nanofibers with
optimized compositions are promising candidates for the selective detection of H2 gas. The present Co3O4-loaded ZnO
nanofibers have superior characteristics to previously reported sensors [Table 1]. Although ZnO-based sensors have
exhibited a high response to H2 gas, the proposed sensor
exhibited a response of >100 at a low concentration of 10 ppm
(see Comparison with previous works).

Materials and methods
Synthesis of Co3O4-loaded ZnO nanofibers
Analytical-grade zinc chloride dihydrate (ZnCl2$2H2O), cobalt
acetate tetrahydrate (Co(CH3CO2)2$4H2O), and polyvinyl alcohol
(PVA, molecular weight ¼ 80000 g/mol) were used. First, PVA
was dissolved in deionized (DI) water at 70  C for 4 h to obtain a
10 wt% PVA solution. Then, we added ZnCl2$2H2O and
Co(CH3CO2)2$4H2O solutions to the above solution with
vigorous stirring for 12 h, for preparing an electrospinning

Table 1 e H2-sensing properties of ZnO-based gas
sensors.
Sensor

Conc.
(ppm)

Temp.
( C)

Response
(DR/R)

Ref.

0.05 wt% Co3O4-loaded
ZnO nanofibers
NiO-loaded ZnO
nanofibers
Lily-bud garden-like
ZnO nanostructures
Electron-beamirradiated ZnO
nanofibers
Pd-assisted ZnO
nanorods
Pd-doped mesoporous
WO3
Pd-capped W2N
Co-doped SnO2 thin film
CuO/ZnO
nanocomposite
Au-decorated rGO/ZnO
nanocomposite
Ag/ZnO nanocomposite
4 wt% Mn-implanted
ZnO films
PdeZnO nanorods
PdeZnO nanowires
ZnO nanotube
Graphene/ZnO
Pd/ZnO:Ga NRs
Au/SnO2eZnO
nanowires
Cd-doped ZnO nanorods
ZnO nanobelts
Nanopillar ZnO
ZnO nanorod arrays
ZnO nano-assemblies
ZnO p-n homojunction

10

300

133.65

10

200

0.6

Present
study
[11]

80

180

~1.78

[54]

0.1

350

10

[55]

20000

25

~11.4

[56]

5000

25

10.26

[57]

100
2000
1000

25
225
400

35.2
58.2
~10

[58]
[59]
[60]

100

25

96

[61]

1000
800

200
25

360
~129

[37]
[62]

500
4000
1000
500
1000
0.1

350
25
250
150
25
300

2.6
10.2
~139
4.5
89
7.9

[63]
[64]
[65]
[66]
[67]
[68]

2000
100
100
100
5000
1000

220
25
350
300
400
400

5.13
7
9.41
0.1
11
0.15

[69]
[70]
[71]
[72]
[73]
[74]
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solution. To prepare different amounts of Co3O4 for loading in
the ZnO nanofibers, the amount of Co (CH3CO2)2$4H2O solution
was varied to obtain nominal compositions of Co3O4-loaded
ZnO nanofibers with Co3O4 molar ratios of 0.03, 0.05, 0.1, and
0.15.
The electrospinning apparatus comprised a syringe with a
stainless-steel needle, an Al collector, and a high-power supply. The electrospinning solution was gathered using a syringe
before the initiation of the electrospinning process. The distance between the tip of the syringe needle and the collector
(20 cm) and the feeding rate (0.01 mL/h) were precisely
adjusted. Electrospinning was initiated by applying a high
positive voltage (þ15 kV) to the needle and a high negative
voltage (10 kV) to the collector. To remove organic materials
and DI water, the products were crystallized at 600  C for 2 h.

Material characterization
The morphologies of the products were examined via fieldemission scanning electron microscopy (FE-SEM, Hitachi-S4200) and transmission electron microscopy (TEM, Philips CM
200). The crystallinity of the products was investigated via X-ray
diffraction (XRD) analysis (Philips X’Pert diffractometer) using
A) in the range of 2q ¼ 20 e80 . X-ray
CuKa radiation (l ¼ 1.5406 
photoelectron spectroscopy (XPS, VG Multitab ESCA2000 system, UK) was performed using a monochromatized Al Ka X-ray
source (hn ¼ 1486.6 eV) to investigate the chemical states of elements. Ultraviolet photoelectron spectroscopy (UPS, Thermo
Fisher Scientific Co.) was performed under ultrahigh-vacuum
(UHV, <1010 Torr) conditions using a HeI ultraviolet (UV) light
(21.2 eV). Prior to the measurements, the sample surfaces were
cleaned via heating at 100  C under UHV conditions.

Gas-sensing tests
For gas-sensing measurements, Ti (50 nm thick) and Pt
(200 nm thick) bilayer interdigitated electrodes were sputtered
onto synthesized nanofibers. SiO2 (200 nm thick)-grown Si
substrates were used. The sensing performance of the Co3O4loaded ZnO nanofibers was examined using a gas-dilution/
testing apparatus capable of temperature control, with the
gas chamber inside a quartz furnace. Using mass flow controllers, the desired gas concentrations were injected by
varying the mixing ratios of the dry air-balanced target gas
and dry air. The resistances of the sensors in air (Ra) and gas
(Rg) atmospheres were continuously recorded using a Keithley
source meter. The sensor response was defined as S ¼ (Ra-Rg)/
Rg or S ¼ DR/Rg for reducing gases (H2 and CO) and S ¼ (Rg-Ra)/
DR/Rg or DR/Rg for NO2, which is an oxidizing gas.

Results and discussion
Characterization and sensing studies
Fig. S1 shows a typical XRD pattern of 0.05 Co3O4-loaded ZnO
nanofibers. The crystalline peaks corresponding to hexagonal
ZnO (JCPDS Card No. 89e0511) [23] and Co3O4 (JCPDS Card No.
78e1970) are observed [24]. The results indicate the presence
of crystalline ZnO and Co3O4 phases. FE-SEM images showing
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the morphologies of the Co3O4-loaded ZnO nanofibers are
presented in Fig. 1aed. Fig. 1a shows the smooth morphology
of the 0.03 Co3O4-loaded ZnO nanofibers before calcination.
After calcination, the surface morphology changed to a grainy
structure owing to the evaporation of water and organic species, as shown in Fig. 1bed for xCo3O4-loaded (x ¼ 0.05, 0.1,
and 0.15, respectively) ZnO nanofibers. Many ZnO nanograins
appeared on the surfaces of the nanofibers. The approximate
diameter of the Co3O4-loaded ZnO nanofibers was constant
(~100 nm) regardless of the amount of Co3O4 used. The corresponding insets in Fig. 1aed shows lower-magnification FESEM images, in which the nanofiber morphologies of the
synthesized samples are clearly observed. Long, continuous
nanofibers with large surface areas were formed, which are
advantageous for gas sensing.
TEM was performed for additional observations of the
synthesized Co3O4-loaded ZnO nanofibers. Fig. 1e shows a
typical low-magnification TEM image, which clearly indicates
the presence of ultrafine nanosized grains on the surfaces of a
calcined nanofiber with a diameter of ~5e10 nm. The nanofibers were composed of fine grains. Fig. S2 shows the grainsize distribution of 0.05 Co3O4-loaded ZnO nanofibers, which
was obtained from the TEM image. As shown, in general, the
size of the grains was in the range of 5e45 nm. This indicates
the relatively narrow size distribution of the grains and the
nanoscale size of the synthesized nanofibers.
Fig. 1f shows a lattice-resolved TEM image. Parallel fringes
with distances of 0.24 and 0.25 nm correspond to the (311) and
(101) lattice planes of Co3O4 and ZnO phases, respectively,
indicating the good crystallinity of the synthesized nanofibers.
Energy-dispersive X-ray spectroscopy (EDS) color mapping
results are presented in Fig. 1gei. Zn, Co, and O were uniformly distributed, indicating that the Co3O4-loaded ZnO
nanofibers were homogeneous.
Fig. 2a shows the XPS survey results for 0.05 Co3O4-loaded
ZnO nanofibers. Peaks related to Zn, Co, and O are observed,
indicating the high purity of the synthesized products. After
exposure to H2 gas, shifts in the positions of the Zn and Co
peaks occurred. Fig. 2b compares the high-resolution Zn 2p
core-level regions before and after exposure to H2 gas. Before
exposure to H2 gas, two main peaks located at 1022.78 and
1045.78 eV were observed, which can be assigned to Zn 2p3/2
and Zn 2p1/2, respectively. The energy separation between
these two peaks was 23.0 eV, which is in agreement with the
literature, confirming the presence of ZnO [25]. However, after
exposure to H2 gas, both peaks shifted to lower binding energies (1021.78 eV (Zn 2p3/2) and 1044.88 eV (Zn 2p1/2), with a
separation of 23.1 eV), indicating metallic Zn [26]. Additionally, an O1s peak was observed, as shown in Fig. 2c. The main
peak located around 530.48 eV and the shoulder peak at
526.28 eV are attributed to the lattice O and surface OH groups
or adsorbed O2, respectively [27]. The high-resolution Co 2p
core-level spectrum is shown in Fig. 2d. Prior to the exposure
to H2 gas, two peaks corresponding to Co 2p3/2 (778.5 eV) and
Co 2p1/2 (793.33 eV) were observed, which can be attributed to
Co3þ/Co2þ states [28,29]. In fact, since Co2þ and Co3þ states
have very similar binding energies in XPS spectrum, it is very
difficult to exactly distinguish between Co2þ and Co3þ states.
Therefore, the peaks in the Co 2p spectrum can be attributed
to both Co2þ and Co3þ, which is in accordance with XRD

27502

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 2 7 4 9 9 e2 7 5 1 0

Fig. 1 e Typical high-magnification FE-SEM images: (a) 0.05 Co3O4-loaded ZnO nanofibers before calcination, (b) 0.05 Co3O4loaded ZnO nanofibers after calcination, (c) 0.1 Co3O4-loaded ZnO nanofibers after calcination, and (d) 0.15 Co3O4-loaded ZnO
nanofibers after calcination. The insets show lower-magnification FE-SEM images. TEM images of Co3O4-loaded ZnO
nanofibers: (e) low-magnification TEM image; (f) lattice-resolved TEM image. (gei) EDS color-mapping scans. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

results. After the exposure to H2 gas, two peaks corresponding
to Co 2p3/2 (780.7 eV) and Co 2p1/2 (797.6 eV) were observed,
which are attributed to metallic Co [28,30].
The work functions (F) of ZnO (F ¼ 5.2 eV) and Co3O4
(F ¼ 6.5 eV) were obtained using UPS data (Fig. 3) to investigate
the band structures of the nanofibers. Fig. 3a and c shows the

UPS profiles of ZnO and Co3O4, respectively. From Fig. 3b and
d, cutoff values of 16.1 eV (ZnO) and 14.8 eV (Co3O4) were obtained, respectively. The work-function values were calculated by subtracting the cutoff value from the injected photon
energy. Additionally, 0.1 eV was added to the obtained workfunction values, to correct for the broadening of the

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 2 7 4 9 9 e2 7 5 1 0
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Fig. 2 e (a) XPS survey profile of 0.05 Co3O4-loaded ZnO nanofibers. (b) Zn 2p core-level region before and after exposure to H2
gas. (c) O 1s core-level region. (d) Co 2p core-level region before and after exposure to H2 gas.

Fig. 3 e UPS profiles of (a) ZnO and (c) Co3O4. Calculation of the cutoff values for (b) ZnO (16.1 eV) and (d) Co3O4 (14.8 eV).
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analyzer. The work-function values of ZnO and Co3O4 were
5 eV (i.e., 21.2 eVe16.1 eV þ 0.1 eV ¼ 5.2 eV) and 6.3 eV (i.e.,
21.2 eVe14.8 eV þ 0.1 eV ¼ 6.5 eV), respectively.
Because adsorption, diffusion, surface reaction, and
desorption are strongly temperature-dependent, the sensing
temperature is very important [31]. Therefore, we exposed
0.05 Co3O4-loaded ZnO nanofiber gas sensors to 1 and 10 ppm
H2 gas at different temperatures (50e350  C), as shown in
Fig. 4a. At all temperatures, the sensor exhibited a significant
response to the H2 gas. Additionally, at all the tested temperatures, the sensor exhibited n-type semiconducting
behavior, because ZnO was the major constituent of the
nanofibers. The resistance was ~350 kU at 50  C and decreased
to ~100 kU at 350  C. This confirms the semiconducting
behavior of the gas sensors. Fig. 4b shows that the sensor
response gradually increased when the sensing temperature
was increased to 300  C (optimal sensing temperature), subsequently decreasing with a further increase in the temperature. At T < 300  C, there was insufficient activation energy to
overcome the potential barriers to the adsorption and reaction
phenomena. However, as the sensing temperature increased,
the adsorption of O2 on the sensor surface and the oxidation of
H2 became more efficient, enhancing the response [32]. In
contrast, at 350  C, the desorption rate was high, and the
response was lower than that at the optimal temperature.
After identifying the optimal working temperature, it
became necessary to optimize the composition of the (1-x)
ZnO-x Co3O4 system. Accordingly, x Co3O4-loaded (x ¼ 0.03,
0.05, 0.1, and 0.15) ZnO nanofiber gas sensors were exposed to
1 and 10 ppm H2 gas at 300  C, and the resulting dynamic
resistance plots are shown in Fig. 5a. All the gas sensors
exhibited reversible and n-type behavior. The H2 response
was strongly dependent on the sensor composition. Fig. 5b
illustrates the dependence of the gas response on the sensor
composition, indicating that the response was significantly
affected by “x,” i.e., the amount of Co3O4. For comparison, the
response of pristine ZnO nanofibers, as described in Ref. [10],
is also included. Because the best sensor had a composition of
0.95 ZnO-0.05 Co3O4, we chose this sensor for selectivity
studies. To investigate the selectivity of the optimized gas
senor, it was exposed to CO (a typical reducing gas) and NO2 (a
typical oxidizing gas) at 300  C (Fig. 6a), and the resulting
selectivity histogram is presented in Fig. 6b. As shown, the
sensor response to H2 was significantly higher than the
response to other interfering gases; the sensor had responses
of 134.65, 10.80, and 18.95 to 10 ppm H2, CO, and NO2,
respectively. These results confirm the good selectivity for H2.
The detection limit (DL) of the sensor was estimated using
the following equation [33]:
DL ¼ 3

RMSnoise
;
slope

(1)

where RMSnoise represents the sensor noise, which can be
calculated using the variation in the gas response at the
baseline using the root-mean-square deviation, and slope
represents the slope of the linear curve-fitting of the gas
response versus the H2 gas concentration (ppm). The DL was
estimated to be approximately 5.34 ppb.
Fig. S3a shows the response and recovery times of 0.05
Co3O4-loaded ZnO nanofibers to 10 ppm H2 gas with respect to

Fig. 4 e (a) Dynamic resistance curves and (b) sensor
responses with varying temperatures for the 0.95 ZnO-0.05
Co3O4 nanofiber sensor toward 1 and 10 ppm H2 gas.

the sensing temperature. Both the response and recovery
times decreased with an increase in the sensing temperature.
Diffusion, adsorption, reaction, and desorption phenomena
strongly depend on the temperature, and with an increasing
temperature, the rates of all of these processes increase,
leading to shorter response and recovery times. Additionally,
Fig. S3b presents the variations of the response and recovery
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Fig. 6 e (a) Dynamic resistance plot of the 0.95 ZnO-0.05
Co3O4 nanofiber sensor toward 1- and 10-ppm H2, CO, and
NO2 gases at 300  C. (b) Selectivity pattern of the 0.95 ZnO0.05 Co3O4 nanofiber sensor toward 10-ppm CO and NO2
gases at 300  C.
Fig. 5 e (a) Dynamic resistance plots of Co3O4-loaded ZnO
nanofiber gas sensors with different amounts of Co3O4
toward 1 and 10 ppm H2 gas at 300  C. (b) Dependence of
the sensor response on the amount of Co3O4. The sensor
response of pure ZnO nanofibers was derived from
Ref. [10].

respectively, to 10000 ppm H2 gas at 100  C [36]. Additionally,
Ag/ZnO nanocomposites exhibited response/recovery times
of ~3 mine1000 ppm H2 gas at 200  C [37].

times for Co3O4-loaded gas sensors with different amounts of
Co3O4 to 10 ppm H2 gas at 300  C. As shown, the response/
recovery times decreased continuously with the increasing
Co3O4 amount. However, for the compositions with Co3O4
molar ratios of 0.05, the response/recovery times were not
significantly different. In particular, response/recovery times
for 0.05 Co3O4-loaded ZnO nanofibers were ~70 s. This is a
relatively short time for practical applications and is comparable to or even shorter than some reported values in the
literature. For example, a PdeNiO nanosheet gas sensor
exhibited response and recovery times of 91 and 52 s,
respectively, to 100 ppm H2 gas at 200  C [34]; a Pd/WO3 gas
sensor exhibited response and recovery times of 75 and 2460 s,
respectively, to 1000 ppm H2 gas at 200  C [35]; and a TiO2 gas
sensor exhibited response and recovery times of 91 and 99 s,

Changes in the resistances induced by target gases comprise
the main sensing mechanism of semiconducting gas sensors
[38e41]. It is imperative to understand the relationship between H2 and ZnO for understanding the drastic enhancement of the H2-sensing behavior induced by ZnO. It is widely
accepted that H2 enhances the n-type conductivity in ZnO
[42,43]. Y. M. Strzhemechny et al. reported that the freeelectron concentration of ZnO was increased significantly
via H2 plasma doping over a wide range of temperatures [43].
One possible reason for the enhanced n-type conductivity is
that interstitial hydrogens establish a donor level just below
the conduction band in ZnO [44]. In ZnO, in addition to the
presence of native shallow donor defects [45,46], H2 with its
high mobility can easily diffuse into ZnO in large amounts,
becoming a shallow donor [47]. The behavior of H2 as a

Sensing mechanism
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shallow donor was theoretically validated by C. G. Van de
Walle [48], and S. F. J. Cox et al. experimentally confirmed C. G.
Van de Walle’s predictions [44]. M. D. McCluskey et al. reported that the annealing of ZnO in H2 gas produced a vibrational line at 3326.3 cm1, which was associated with an OeH
stretching mode of an H-related donor [49]. X.-L. Yin et al.
performed a scanning tunneling microscope study, and the
results indicated that H2 was adsorbed on the O atoms in ZnO
(1010) [50].
The other possibility for enhanced n-type conductivity is
the metallization of the ZnO surface. Y. Wang et al. found that
the adsorption of atomic H on ZnO(1010) metallized the
insulator surface, where the hydroxylated surface with an odd
number of H atoms per unit cell yielded partially filled surface
states [42]. It has been revealed that only the surface region is
metallized [42,51], owing to the redistribution of electronic
states of surface Zn atoms [51]. On the ZnOeH surface, H-s
orbitals strongly hybridize with O-p orbitals to form stable
OeH bonds, which is the intermediate state of H2 adsorption
on the surface. Accordingly, the energy of the O-p states is
reduced [51]. C. Wang et al. postulated that the metallization
of the ZnOeH (2110) surface is mainly due to the backdonation of electrons from O atoms to 4s states of surface
Zn atoms [51]. Charge delocalization can occur between Zn
and OeH bonds, which partially occupy the 4s and 3 d states of
the surface Zn atoms and metallize the surface ZnO [6].
Therefore, there are several mechanisms for the enhancement of the electrical conductivity of ZnO by H2 adsorption.
Two main mechanisms are surface metallization and the
formation of donor levels inside ZnO when it is exposed to H2
gas.
Because ZnO nanofibers have many nanosized grains,
the role of grain boundaries should be considered to more
fully understand the electron flow through ZnO nanograins,

as schematically illustrated in Fig. 7. Adsorbed O ions from
air diffuse along the grain boundary in ZnO nanofibers,
which is expected to lead to bending of the conduction
band, introducing a barrier to electron transport in air
immediately before H2 gas exposure. When H2 is injected,
the conductivity of ZnO is significantly enhanced [52]. The
potential barriers along the grain boundaries are nearly
destroyed owing to the significant reduction of the resistance, leading to significant modulation of the resistance in
a pristine ZnO nanofiber gas sensor. Accordingly, the
resistance modulation due to H2 injection is amplified
compared with that due to the injection of other reducing
gases. For example, in ambient CO, the height of the potential barrier is only slightly reduced relative to the air
atmosphere conditions, because there is no drastic band
collapse due to H2 effects.
In the present system of Co3O4-loaded ZnO nanofibers, we
must consider the effects of Co3O4. Because the amount of
Co3O4 grains is significantly smaller than that of ZnO grains, it
is not expected that sensing currents flow through the Co3O4
grains. Accordingly, it is not necessary to consider Co3O4eCo3O4 homointerfaces. Instead, we consider the island-like
Co3O4 grains on the surface, as well as Co3O4/ZnO heterointerfaces. The introduction of H2 gas can reduce the resistance of the ZnO layer in Co3O4/ZnO heterojunctions, and the
involved energy bands should not be overlooked. Owing to
differences in the work-function values for ZnO and Co3O4,
when in intimate contact at equilibrium, local heterojunctions
are created in the interfaces between p-Co3O4 and n-ZnO. As
shown in Fig. 8a, the electron affinity (c), bandgap, and F of
Co3O4 are 4.91, 2.08 [53], and 6.5 eV (Fig. 2), respectively, and
those for ZnO are 4.5, 3.37 [17], and 5.2 eV (Fig. 2), respectively.
Therefore, in areas of contact between ZnO and Co3O4, electrons move from ZnO to Co3O4, with holes flowing in the

Fig. 7 e Formation of potential barriers at the nanograins of ZnO/ZnO and corresponding changes in the CO and H2
atmospheres.
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Fig. 8 e (a) Energy levels of ZnO and Co3O4 before and after intimate contact. (b) Evolution of depletion regions in the ZnO/
Co3O4 heterojunctions.

opposite direction to equalize the work functions, as indicated
by Fig. 8a. Consequently, electron- and hole-depletion layers
are formed on the ZnO and Co3O4 sides of the boundaries of
the heterointerfaces, respectively (Fig. 8b). Notably, the width
of the depletion layer of ZnO increased from 9.31 to 9.75 nm
for Co3O4-loaded ZnO relative to the pristine ZnO (Text S1 in
Supporting Information). It is reasonable to hypothesize that
the electron conduction volumes or concentrations in ZnO
decrease; thus, initially smaller conduction volumes or lower
concentrations trigger a higher sensor response, because the
same amount of change in electrons after the introduction/
removal of H2 gas corresponds to a larger proportion of the
remaining total. Second, the introduction of H2 gas can change
the properties of Co3O4 on the surface of composite nanofibers. According to the XRD results, partial reduction of Co3O4
to Co occurred, affecting the gas-sensing behavior. The work
function of Co is in the range of 5.0e5.1 eV (Table S1 in
Supporting Information). Upon the introduction of H2 gas,
the Co3O4 surface is at least partly reduced to Co. Because the
work function of ZnO in the present system was 5.2 eV, the
surface current efficiently flowed from ZnO grains to ZnO
grains through the Co layer. This current flow contributed to
the additional reduction of the resistance in the sensing currents and thus enhanced the H2-sensing performance. However, the amount of Co3O4 was small compared with that of
ZnO, and its contribution to the total sensing signal was
insignificant.

The reason why the sensor with 0.05 Co3O4 loading
exhibited the highest response to H2 gas among all the sensors
is as follows. Because all the samples were calcined at the
same temperature (600  C) and for the same amount of time
(2 h), they had similar surface areas and grain sizes; accordingly, in our analysis, we excluded these parameters. Owing to
variations in the sensor composition, it appears that the most
critical parameters were the amounts of ZnO and Co3O4 in the
sensors. Because the p-n heterojunction has a higher potential
barrier than n-n homojunctions, the pure ZnO nanofiber
sensor had the lowest response to H2 gas, and the 0.03 Co3O4loaded gas sensor had a higher response than the pristine ZnO
nanofiber sensor with no p-n heterojunctions. When the
Co3O4 content increased to 0.05, the response was increased
owing to the larger amount of p-n heterojunctions. However,
with further increases in the Co3O4 content to 0.1 and 0.15, the
response was attenuated. This attenuation was probably due
to the percolation effect, whereby more p-Co3O4-p-Co3O4
junctions were established in the gas sensor. In fact, p-Co3O4
nanograins establish intimate contact with each other,
degrading the sensor response.

Comparison with previous works
Several research groups have reported the gas-sensing behaviors of Co3O4eZnO composite structures. Y. Liu et al.
prepared Co3O4-decorated ZnO nanowires that exhibited a
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selective C2H5OH sensor response of 46 at 100 ppm and
400  C [19]. The C2H5OH sensing performance was enhanced
by the presence of a p-n heterojunction and the catalytic
effects of Co3O4 islands [18]. D. Bekermann et al. used
Co3O4/ZnO nanocomposites to obtain sensor responses of
~20 and ~30e100 ppm acetone and 500 ppm ethanol,
respectively, at 400  C [21]. They ascribed the high sensing
performance to p/n junction effects, catalytic effects of
Co3O4 particles, and reduced dimensions [21]. Y. Liu
examined the formaldehyde and ethanol sensing properties
of Co3O4/ZnO nanocomposites [19]. They obtained a sensor
response of 20e100 ppm formaldehyde gas at 180  C, which
was ascribed to p-n junction effects [19]. H. Zhang et al.
revealed that incorporation of Co3O4 enhanced the sensing
responses of ZnO hollow spheres from 8 to 11 to 38e49 for
100 ppm acetone gas [22]. Additionally, the Co3O4 incorporation significantly reduced the response and recovery
times. The Co3O4 was considered to trap electrons,
enhancing the depletion of ZnO [22]. L. Zhang et al. fabricated ZnO/Co3O4 microspheres, obtaining a sensor
response of 41e50 ppm ethanol gas at 275  C, owing to the
unique mesoporous structure and the p-n heterojunctions
[20]. In the present study, we prepared Co3O4-loaded ZnO
nanofibers, which are the first nanofiber structures to be
used for Co3O4/ZnO composite gas sensors. Although researchers previously employed Co3O4/ZnO nanocomposites
for sensing ethanol, acetone, NO2, etc., the present study
was the first attempt to use the nanocomposites for sensing
H2 gas. We obtained a very high response of ~133 for a low
concentration of 10 ppm at 305  C. Additionally, we developed a series of Co3O4-loaded ZnO nanofibers with the formula (1-x)ZnO-xCo3O4 (x ¼ 0.03, 0.05, 0.1, and 0.15,
representing the molar ratio of Co3O4) via electrospinning to
improve the H2-sensing properties of pristine nanofibers.
The effects of the Co3O4/ZnO heterointerfaces and H2induced phenomena on the sensing mechanisms were
explained.
Table 1 [11,37,54e74] compares the H2 sensing performance of the present sensor (0.05 Co3O4-loaded ZnO nanofiber sensor) with that of previously reported H2 gas sensors
based on ZnO materials. Many studies have been performed
on ZnO, heterojunctions, and H2 gas sensors. Recently,
Kumar et al. obtained a maximum response (DR/Rg) of ~178
for 80 ppm H2 gas at 180  C using pristine ZnO nanostructures [54]. Kim et al. studied electron-beam-irradiated
ZnO nanofibers for H2 gas sensing, and a response (Ra/Rg)
of 11 to 0.1 ppm at 350  C was achieved [55]. Many H2 gas
sensors use Pd owing to its high catalytic activity to H2 gas.
Kim et al. obtained a response [(DI)/Ia] of 12.4 to 2% H2 gas by
using Pd-decorated ZnO nanorods [56]. Additionally, 1.0 wt%
Pd-doped mesoporous WO3 exhibited a response of
11.26e5000 ppm H2 gas at room temperature [57]. In another
study, Pd-capped W2N exhibited a response [(DR)/Ra] of
35.2e100 ppm H2 gas at room temperature [58]. Heterojunction structures are also promising for H2 gas studies.
For example, an SnO2eCo3O4 heterojunction gas sensor
exhibited a response (Ra/Rg) of 59.2e2000 ppm H2 gas at
225  C [59]. ZnO/NiO nanofiber heterojunctions exhibited a
response [(DR)/Ra] of 60 to 10 ppm H2 gas at 200  C [11]. A
CuO/ZnO composite was used for gas-sensing studies [60].

However, its selectivity to H2 gas was poor. A UV-activated
gas sensor for H2 detection can consume a very small
amount of energy for operation. Drmosh et al. reported a
response [(DR/Rg)] of 96e100 ppm H2 gas at room temperature [61]. There have been reports of sensor responses of
>100 [37,62,65]. However, in these cases, the tested H2
concentration was >800 ppm. Some sensors exhibited a H2
sensor response of 0.6e10 at concentrations of 10 ppm
[11,55,68]. The optimized Co3O4-loaded ZnO nanofiber
sensor developed in the present study exhibited an
extraordinarily high response (~133) at a low concentration
of 10 ppm, indicating its good design and high performance.

Conclusions
We fabricated a series of Co3O4-loaded ZnO nanofiber gas
sensors via electrospinning. The sensor with a composition of
0.95 ZnO-0.05 Co3O4 exhibited the highest selective response
to H2 gas. The enhancement of the sensing properties toward
H2 was associated with the H2-induced reduction of the
resistance in ZnO surface/grain boundaries and Co3O4-related
effects. The optimized gas sensor was able to detect even
1 ppm H2 gas; thus, it can be used for practical applications.
The performance of these gas sensors can be further
enhanced via functionalization with Pd nanoparticles, which
have a high catalytic activity toward H2 gas. Additionally, for
reducing the sensing temperature, the operation of the sensor
in the self-heating mode is a good strategy, which reduces not
only the power consumption of the gas sensor but also the risk
of H2 explosion.
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