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ABSTRACT

Nanofibers of p-type NiO/n-type ZnO heterojunction with different NiO content were fabricated by a facile
electrospinning technique. The as-synthesized nanofibers were characterized by differential thermal
analyzer (DTA) and thermal gravimetric analyzer (TGA), X-ray diffractometer (XRD), scanning elec-
tron microscopy (SEM) and transmission electron microscopy (TEM). The p-n junction formed between
cubic NiO particle and hexangular ZnO particle in the NiO/ZnO nanofibers was confirmed and highly
improved the trimethylamine (TMA) sensing properties. The influence of NiO content in nanofibers on
TMA sensing properties was studied. The results showed that the NiO/ZnO nanofibers exhibited the sig-
nificantly enhanced response, good selectivity, fast response and recovery rate (less than 30s and 35,
respectively), and excellent linearity (in a relatively wide range of 0.5-200 ppm). Especially, the NiO/ZnO
nanofibers with 4 mol% of NiO has the best performance, whose response to 100 ppm TMA could reach
892 and detection limit could extend down to 0.5 ppm at 260 °C. The mechanism of the enhanced TMA
sensing performance caused by p-type NiO/n-type ZnO heterojunctions in the NiO/ZnO nanofibers was

also discussed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

With the improvement of people’s life, seafood as an indispens-
able source of biologically valuable proteins, fats and fat-soluble
vitamins, are extensively consumed all over the world. Consump-
tion of spoiled seafood could cause serious health problems, such
as septicemia and gastroenteritis, so detecting the freshness of
seafood becomes a necessity in food industry [1]. Many research
have shown that trimethylamine (TMA) can be used as an effec-
tive indicator of seafood quality because its content is increased
with the decomposition of trimethyl-N-oxide in seafood after death
[2-4]. In the evaluation of fish freshness, 0-10 ppm is regarded
as fresh, and decay begins at over 10 ppm of TMA [5]. TMA as a
malodorous gas existing in living or working environment is often
released from fish-meal manufacturing process, wastewater treat-
ment, waste disposal landfills, livestock farming, and hog manure

* Corresponding authors. Tel.: +86 431 85168242; fax: +86 431 85168242.
E-mail addresses: zhoujr@jlu.edu.cn (J. Zhou), ruansp@jlu.edu.cn (S. Ruan).

http://dx.doi.org/10.1016/j.snb.2014.10.035
0925-4005/© 2014 Elsevier B.V. All rights reserved.

[6]. Due to its potentially toxic and likely carcinogenic proper-
ties, TMA is considered as a strong environmental pollutant. TMA
can irritate people’s eyes and respiratory systems and has also
been reported to inhibit the synthesis of macromolecules such as
DNA, RNA and proteins and to have a teratogenic effect on animal
embryos [7]. TMA is also observed in human exhaled breath as a
result of an imbalance in the renal organ system and thus serves as
the biomarker of renal diseases [8].

So far, plenty of methods such as gas sensory evaluation, pH
test, chromatography, high performance liquid chromatography,
ion mobility spectrometry, and mass spectrometry etc., have been
explored to analyze the content of TMA. However, among these
methods, problems such as lack of accuracy, requires of compli-
cated equipment, long sample preparation time, and professional
operating skills are still difficult to overcome [2]. In contrast, gas
sensors based on oxide semiconductors like ZnO, WO3, Sn0O,, MoOs,
In, 03, etc., make it possible to realize cost-effective, rapid, reliable,
nondestructive, on-site and real-time TMA analyzing [2,3,5,9-13].

As an important semiconductor material, ZnO is widely used
as a kind of gas sensing material due to its biocompatibility,
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nontoxicity, stability, low-cost, ease of large scale fabrication and
superior sensing properties [14-18]. In early years, Tae-Ha Kwon
etc. reported the effects of dopants, film thickness and heat treat-
ment on TMA sensing properties of ZnO-based film, and the
sensitivity of the sensor could reach 350, and 13-160 ppm and
2 ppm TMA at 300 °C, respectively [19]. SnO,—ZnO nanocomposite
sensor fabricated by Zhang etc. showed high sensitivity and excel-
lent response/recovery characteristics in the range of 1-500 ppm
TMA as well as good selectivity and stability [20]. Gas sensors based
on polyvinylpyrrolidone (PVP)-modified ZnO nano-particles with a
molar ratio of Zn%*:PVP=5:5 exhibited fairly excellent sensitivity
and selectivity [9].

In recent years, heterojunction reported by plenty of research
can effectively improve properties of materials, which have been
a focus of current nanoscience and nanotechnology and have led
to growing interest in the field of ultraviolet detection, cataly-
sis, solar cell, laser and other applications [21-28]. For example,
TiO,@ZnO n-p-n heterojunction nanorod prepared by Lin et al.
via a hydrothermal method, could worked more efficiently as
photocatalysts in comparison to bare ZnO nanorods and TiO,
nanoparticles [29]; SnO,@TiO, heterojunction nanostructures pre-
pared by Hou et al. exhibited a high photocurrent, excellent
self-powered, fast response and “visible blind” characteristics as
the active material of photoelectrochemical UV detectors [30].
ZnO/a-Fe; 03 hierarchical nanostructures synthesized by Huang
and Fan exhibited a much higher sensitivity to ethanol vapor than
the pure ZnO [31].

In this paper, nanofibers of pure ZnO and p-type NiO/n-type
ZnO heterojunction were fabricated through an electrospinning
method and calcination technique. The influence caused by differ-
ent NiO content on the TMA sensing properties was investigated.
NiO/ZnO heterojunction efficiently improving TMA sensing proper-
ties of ZnO nanofibers, such as higher response, lower detect limit
and better selectivity was observed and the possible mechanism
was also discussed.

2. Materials and methods
2.1. Chemical reagents

All the starting materials (AR grade): zinc acetate
(Zn(CH3C00);,-4.5H,0), nickel chloride (NiCl,-6H,0), and
polyvinyl pyrrolidone (PVP, Mw~ 1,300,000) were purchased
from the Sinopharm Chemical Reagent Co. Ltd., and used as
received without any further purification.

2.2. Preparation of nanofibers of p-type NiO/n-type ZnO
heterojunction

In a typical procedure, nanofibers of p-type NiO/n-type ZnO
heterojunction were synthesized using an electrospinning and cal-
cination method. It is described as follows: first, 0.4 g of NiCl,-6H, 0
and Zn(CH3C00),-4.5H,0 with certain ratio were dissolved in 8.8 g
mixed solution containing N,N-dimethylformamide (DMF)/ethanol
(EtOH) weight ratio of 1:1 and stirred for 2h. Subsequently,
0.8 g of polyvinyl pyrrolidone (PVP, Mw=1,300,000) was added
to the above solution. After stirring at room temperature for 6 h,
the precursor solution of the PVP/NiCl,/Zn(CH3CO0), compos-
ite was obtained. Subsequently, the above precursor solutions
were drawn into a plastic syringe and connected to anode of
a variable high-voltage power supply. A voltage of 20kV was
applied between the cathode (a flat aluminum foil as the collec-
tor) and the anode (syringe tip) at a distance of 20 cm to prepare
PVP/NiCl,/Zn(CH3C00), composite fibers. Afterward, the above
composite nanofibers were calcined at a rate of 1°C/min and

Fig. 1. DTA-TGA curves of the Zn(CH3COO),/PVP/Ni(CH3C00), composite
nanofibers.

remained for 2 h at 600 °C. Thus, nanofibers of p-type NiO/n-type
ZnO heterojunction with 2, 4, 6, 8 and 10 mol% of NiO (denoted as
NZ-2, NZ-4, NZ-6, NZ-8 and NZ-10 nanofibers, respectively) were
successfully prepared, respectively. Moreover, to investigate the
structure and gas sensing properties of NiO/ZnO nanofibers, pure
ZnO nanofibers were prepared using the same experimental con-
ditions.

2.3. Characterization

The nanofibers were characterized by differential thermal ana-
lyzer (DTA) and thermal gravimetric analyzer (TGA) (Melttler
Toledo 825€¢), X-ray diffractometer (XRD) (Shimadzu XRD-6000,
Cu Ko radiation), scanning electron microscopy (SEM) (XL30 ESEM
FEG) and transmission electron microscopy (TEM) (TECNAI G2).

2.4. Fabrication and measurement of sensors

The fabricating process of sensors in brief: The as-prepared
nanofibers were mixed with deionized water in a weight ratio of
100:25 to form a paste. The paste was coated onto a ceramic tube
on which a pair of gold electrodes was previously printed, and then
a Ni-Cr heating wire was inserted in the tube to form a side-heated
gas sensor [32].

Gas sensing properties were measured by a chemical gas sensor-
8 (CGS-8) intelligent gas sensing analysis system (Beijing Elite Tech
Co. Ltd., China) [32]. The gas response was defined as S=Ra/Rg,
where the Rg and R; are the resistance values of sensors in the pres-
ence and absence of the target gas, respectively. The time taken by
the sensor to achieve 90% of the total resistance change was defined
as the response time in the case of adsorption or the recovery time
in the case of desorption.

3. Results and discussion
3.1. Characterization

The DTA-TGA curves of the as-electrospun PVP/NiCl,/
Zn(CH3COO0), composite nanofibers are shown in Fig. 1. It is
clear from the TGA curve that all the volatile (H,O and ethanol),
organic components (PVP, DMF), CH3COO~ groups and Cl~ were
removed completely below 550 °C, which resulted in a metal oxide
phase. Moreover, the DTA curve exhibits two obvious exothermic
peaks at 439.7 and 512.9°C respectively and they correspond to
about 52.6% weight loss. This significant weight loss was attributed
to the oxidation of Zn(CH3COO), and NiCl,, and the degradation
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Fig. 2. XRD patterns of the pure ZnO and NiO/ZnO nanofibers.

of PVP, which involved both intra- and intermolecular transfer
reactions, and the burning out of organic composites. The minor
weight loss before 127.2°C corresponds to the removal of the
residual solvent and water in the composite nanofibers and the
total weight-loss evaluated by TGA is about 86.08% in the heating
process. According to the DTA-TGA analyses mentioned above, the
following sintering temperature is chosen at 600 °C.

Fig. 2 shows the XRD patterns of pure ZnO, NZ-2, NZ-4, NZ-6,
NZ-8 and NZ-10 nanofibers. It can be seen that the diffraction pat-
terns at 260 =31.8°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, 66.3°, 68°, 69.1°,
72.5° and 76.9° correspond to (100),(002),(101),(102),(110),
(103),(200),(112),(201),(004), and (2 02) characteristic peaks
of hexagonal wurtzite ZnO (JCPDS: 36-1451), respectively. Com-
pared with pure ZnO nanofibers, the presence of diffraction peaks
at 37.3° and 43.3° for NiO/ZnO nanofibers can be indexed to (111)
and (200) crystal lattice planes of cubic phase NiO (JCPDF: 78-
0643), indicating that NiO nanoparticles separated from the ZnO
nanoparticles and formed NiO/ZnO heterojunction due to the low
lattice mismatch between NiO and ZnO [27]. In addition, no other
characteristic peaks for impurity are observed.

The SEM images of the as-electrospun composite nanofibers
after calcination are shown in Fig. 3(a)-(e). It can be seen that,
after removing of PVP, ZnO nanofibers with rough surfaces were
less than 100 nm in average diameter and up to several microns
in length. The bi-modal pore size distribution morphology, formed
by micropores among nanofibers and nano-sized pores between
nanocrystallites, can facilitate the diffusion and distribution of sur-
rounding gas phase to the surface of the internal nanoparticles,
which will increase the reaction sites and contribute to improving
the gas sensing properties greatly.

In order to observe the microstructure of the as-electrospun
NiO/ZnO nanofibers, high-resolution transmission electron
microscopy (HRTEM) were carried out. Fig. 4 shows the represen-
tative TEM images of the NZ-4 nanofibers. The low-magnification
TEM image of the NZ-4 nanofibers is displayed in Fig. 4(a). It can
be seen that the NZ-4 nanofibers are composed of nanoparticles,
and each nanoparticle attached to several other nanoparticles.
Meanwhile, a high-resolution image shown in Fig. 4(b) reveals
the simultaneous presence of the crystalline NiO and ZnO crys-
tal lattices in the NZ-4 nanofibers. The interplanar distances of
0.209 nm are close to the d spacings of the (2 00) planes of the cubic
structured NiO. The interplanar distances of 0.248 nm are close
to the d spacings of the (101) planes of the hexagonal structured
ZnO. Moreover, a continuity of lattice fringes between the NiO and
ZnO nanoparticles can be observed in Fig. 4(b), suggesting that the

p-n heterojunction might be formed between the NiO and ZnO
nanoparticles in the NiO/ZnO nanofibers.

3.2. Gas sensing properties

In order to find the optimum operating temperature of the
sensors, the responses of pure ZnO and NiO/ZnO nanofibers to
100ppm TMA at different operating temperature (from 110 to
360°C) were collected. As shown in Fig. 5(a), the response of sen-
sors to TMA increased with the augment of operating temperatures
and attained the maximum values at a certain value, followed by
a decrease. Remarkably, among all the samples, NZ-4 nanofibers
exhibited the highest response of about 892-100 ppm TMA at
about 260 °C, which was about nine times as high as that of pure
ZnO nanofibers at its optimal operating temperature. The other
NiO/ZnO nanofibers also exhibited higher response than the pure
ZnO nanofibers at their optimal operating temperature, indicating
the p-type NiO/n-type ZnO heterojunction were benefit to TMA
sensitivity. All the TMA sensing performances of the samples were
investigated under their optimal temperature hereinafter.

In addition, the dependence between response (to 100 ppm
TMA) and NiO content of the nanofibers is displayed in Fig. 5(b). As
it can be seen, the response intensively depended on the molar per-
centage of NiO in nanofibers: the response increased dramatically
with the increase of NiO content and achieved the highest when
NiO content was 4 mol%, then gradually dropped down with the fur-
ther increase in NiO content. Predictably, according to Fig. 5b, when
NiO content surpasses 10 mol% the response of NiO/ZnO nanofibers
will decrease further and be even below the pure ZnO nanofibers’
response to TMA eventually (in fact, NiO is far less sensitive than
Zno).

The responses of the pure ZnO and NiO/ZnO nanofibers to dif-
ferent concentrations of TMA at optimal operating temperature
are shown in Fig. 6. From Fig. 6(a) it can be easily find that the
response increased rapidly with the increase in TMA concentration,
and then gradually slowed down, but did not reach saturation until
50,000 ppm. Moreover, the NiO/ZnO nanofibers exhibited higher
response values than that of pure ZnO nanofibers in the whole test-
ing range. Especially, the NZ-4 nanofibers had the highest response
to each concentration of TMA and could detect TMA down to about
0.5 ppm (the response was about 2.9), as shown in Fig. 6(b), which
was much higher than the pure ZnO nanofibers (the response was
1.1-0.5 ppm TMA). For TMA at levels 0f 0.5, 1, 5, 10, 20, 50, 100, and
200 ppm, the response were about 2.9, 5.7, 40, 76, 168, 539, 892
and 1448 for NZ-4 nanofibers and 2.3, 4.5, 24, 54, 110, 296, 593 and
1145 for NZ-2 nanofibers, respectively. Although, the response just
lower than NZ-4 nanofibers among all the samples, NZ-2 nanofibers
had a better linear detecting range for 0.5-200 ppm TMA.

As for gas sensing applications, rapid response and recovery is of
great importance. To investigate the response-recovery behaviors
of pure ZnO and NiO/ZnO nanofibers, the sensors were sequentially
exposed to 5, 10, 20, 50 and 100 ppm TMA at their optimal oper-
ating temperature, respectively. As shown in Fig. 7, when sensors
exposed to TMA the response increases rapidly and when subjected
to air the sensors’ recovery to the initial state were also rapid.
The response time and recovery time were within 30s and 355,
respectively.

A comparison within our work and with other TMA sensitive
materials is displayed in Table 1.1t can be seen, NiO/ZnO nanofibers,
especially NZ-2 and NZ-4 nanofibers, have an advantage of detec-
ting TMA gas due to the high response, low detectable limit and
fast response and recovery rate. It is worth noticed that, with the
increase in NiO content, response and recovery time have a light
increase while an increase in response to 100 ppm and a reduce in
detectable limit.
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Fig. 3. SEM images of the pure ZnO and NiO/ZnO nanofibers: (a) pure ZnO, (b) NZ-2, (c) NZ-4, (d) NZ-6, (e) NZ-8, (f) NZ-10.

The gas sensing selectivity is another important parameter
to evaluate the sensing ability of sensor. The response of ZnO
nanofibers and NiO/ZnO nanofibers to 100 ppm TMA, ethanol,
ammonia, acetone and methanal at their optimal operating tem-
perature are shown in Fig. 8. As can be seen in this figure, NiO/ZnO
nanofibers, especially the NZ-4 ones, had the much higher response

to TMA than that to ethanol, ammonia, acetone and methanal com-
pared with the ZnO nanofibers, indicating the better selectivity of
NiO/ZnO nanofibers to TMA.

Stability is a key quality indicator in the development of gas
sensors for real markets and influenced by many factors [37]. Fig. 9
shows the stability measurements of NZ-4 nanofibers to 100 ppm

Fig. 4. (a) TEM and (b) HRTEM images of p-type NiO/n-type ZnO heterojunction in NZ-4 nanofibers.
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Fig. 5. (a) Response of the pure ZnO and NiO/ZnO nanofibers to 100 ppm TMA measured at different operating temperature and (b) response to 100 ppm versus NiO content
of nanofibers.

Fig. 6. Response of the pure ZnO and NiO/ZnO nanofibers versus TMA concentrations: (a) 0.5-50000 ppm; (b) 0.5-200 ppm.

Fig. 8. Selectivity and stability of the pure ZnO and NiO/ZnO nanofibers exposed to

100 ppm target gases at their optimal operating temperature.
Fig. 7. Real-time response curves of the pure ZnO and NiO/ZnO nanofibers to TMA

in the range of 5-100 ppm at their optimal operating temperature.

Table 1
Sensing properties of some reported TMA-sensitive oxide semiconductor and NiO/ZnO nanofibers.
Materials TMA concentration (ppm) Response (Ra/Rg) Response time Recovery time Detectable limit (ppm)
Thoria-incorporated SnO; [33] 800 1500 15s 20 min -
Sn0,-Zn0 nanocomposite [34] 50 92 2s 100s -
CdO-Fe, 05 [35] 1000 1527 70s 170s
WO0s; [10] 100 ~15 3.5s 21s 50
Flowerlike In, 05 [36] 5 ~6.2 5s 10s ~2
Our work
Pure ZnO 100 5s 13s 5
NZ-2 593 5s 16s 1
NZ-4 892 18s 20s 0.5
NZ-2 100 537 165 17s 1
NZ-4 259 26s 19s 2
NZ-10 118 12s 27s 2
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Fig. 9. Stability measurement of NiO/ZnO nanofibers to 100 ppm TMA within 50
days.

Fig. 10. Schematic diagrams of the TMA sensitive mechanism of pure ZnO and
NiO/ZnO nanofibers.

TMA performed within 50 days. The results indicate the sensitivity
of the sensors decreased over time, but their responses still have
high values.

3.3. Gas sensing mechanism

The TMA sensing mechanism of ZnO nanofibers can be explained
as follows and illustrated in Fig. 10(a). Response of semiconducting
metal oxides is based on the reactions between target gas molecule
and the oxygen species on the surface of oxides [32,38]. When
ZnO nanofibers are surrounded by air, oxygen molecules can be
adsorbed on their surface to generate chemisorbed oxygen species,
which can lead to a decrease in fiber conductive. When the sensor
is exposed to TMA, TMA molecules can react with the chemisorbed
oxygen species (O~ is believed to be dominant at sensor’s operating

temperature [39,40]) and the trapped electrons are released back
to the conduction band, which will increase the carrier concentra-
tion and result in a decrease in the fiber resistance. The reaction
between surface oxygen species and TMA can be simply described
as [4]:

N(CH3)3 +210™ = Ny +9H,0 + 6CO; +42e~ (1)

The heterojunction is considered as an important reason for
the dramatically enhanced sensitivity of heterostructure materials
[5]. It is generally considered that the formation of p-n junc-
tions can decrease sensor’ conductivity and increase the barrier
height, which are responsible for the enhanced sensor response
[41-44]. According to the XRD and TEM analysis mentioned above,
it is reasonable to consider p-type NiO nanoparticles disperse in
NiO/ZnO nanofibers and thus many p-n junctions are generated
near the interface between NiO and ZnO nanoparticles. As shown
in Fig. 10(b), because the electrons transfer from n-type ZnO to p-
type NiO while the holes transfer from NiO to ZnO until the system
obtains equalization at the Fermi level, the wide depletion regions
are generated leading to a remarkable decrease in conductivity. In
NiO/ZnO nanofibers, the conductivity is dominated jointly by the
NiO-ZnO p-n heterojunction barriers and the ZnO-ZnO Schottkey
barriers. When the NiO/ZnO nanofibers are exposed to reductive
TMA, the electrons trapped by absorbed oxygen species and NiO
nanoparticles are feed back to ZnO through surface interactions,
which will shrink p-n junction depletion regions and decrease the
barrier height. As a result, the conducting channel will be widened
and the conductivity could increase significantly. Therefore, the
sensor response is remarkably improved.

4. Conclusions

In summary, nanofibers of p-type NiO/n-type ZnO het-
erojunction with different NiO content were synthesized via
electrospinning and calcination, and their TMA sensing perform-
ances were analyzed. The results showed that the sensitivity of
nanofibers of p-type NiO/n-type ZnO heterojunction to TMA inten-
sively depended on the NiO content. NiO/ZnO nanofibers exhibited
not only enhanced response, but also rapid response and recov-
ery rate (less than 30s and 35s, respectively), good linearity and
selectivity against TMA. Especially, for the NZ-4 nanofibers, the
response to 100 ppm TMA could reach 892 (about nine times as
high as the pure ZnO ones) and the detection limit could extend
down to 0.5 ppm. In addition, despite lower response than NZ-4
nanofibers, NZ-2 nanofibers showed a better linear detecting range
for 0.5-200 ppm TMA as well as the second-highest response. Also,
the possible sensing mechanism of NiO/ZnO nanofibers on TMA
properties was discussed. The excellent properties make NiO/ZnO
nanofibers a promising candidate for practical TMA sensing appli-
cations.
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