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A series of In-doped NiO nanofibers have been synthesized by electrospinning method in this paper,
and the gas sensing properties of nanofibers to methanol were investigated. Due to the concentration
reduce of carrier, the In-doped NiO nanofibers show good sensing properties to methanol. At the optimal
operating temperature of 300 °C, the response of In-doped NiO nanofibers to 200 ppm methanol is 10.9,
which is almost 5.2 times higher than that of pure NiO nanofibers. These gas sensing results indicate
In-doped NiO nanofibers exhibit good selectivity, repeatability and long term stability characteristics,
which means In-doped NiO nanofibers to be the promising candidates for detect methanol vapor in air.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Methanol (CH3OH) is a highly volatile and flammable liquid,
which is widely used to manufacture biodiesel, antifreeze, dyes,
paints, perfume etc. However, methanol has strong toxicity to
human health, especially to optic nerve, retina and blood system
[1-5]. Compared to formaldehyde, ethanol, and toluene, there are
few researches on methanol sensing properties. Therefore, it is of
great significance to study and develop a high response, reliable,
cost-effective, portable, and selective methanol sensor. For above
mentioned reasons, gas sensors, especially based on MOS (Metal
Oxide Semiconductor), have attracted great attention in detec-
tion of harmful, environmental, explosive and toxic gas [6-8]. This
kind of gas sensor inform about composition of ambient atmo-
sphere through conductivity changes of semiconductor, such as
Sn0; [9-11], Iny03 [12-14], WO5 [15-17], Fe,05 [18,19] and NiO
[20-22]. However, designing high performance methanol sensors
based on MOS is still in the early stage.

Nickel oxide (NiO) with p-type semiconducting properties
(Eg=3.6-4.0eV) under ambient conditions. Due to benefits of rela-
tive wide band gap, high specific surface areas, excellent structural
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stability, higher amount of oxygen adsorption and outstanding
transportation properties, NiO has been extensively investigated in
a number of fields, such as catalysis [23], electrodes [24,25], super-
capacitors [26,27]| and magnetic materials [28]. By preparing NiO
with different morphologies [29,30], loading noble metal or noble
metal oxide catalysts [12,31] and doping aliovalent metal oxides
[32], high sensing performance nano-materials were designed. For
example, Jong-Heun Le et al. have synthesized thin walled NiO
tubes functionalized by catalytic Pt via nanofiber templating and
multilayered sputter-coating, these Pt-NiO-Pt nanotubes exhibited
superior C;H5OH sensing response [20].11-Doo Kim et al. have fabri-
cated NiO arrays with a hollow hemisphere by colloidal templating
and RF-sputtering, which shows enhanced responses to C;HsOH
[22]. Taihong Wang et al. have prepared plate-like heteroge-
neous NiO/WO3 nanocomposites, which show excellent sensitivity
towards NO, and ultrafast response even at room temperature [33].
These results indicate that NiO is a promising candidate for highly
sensitive and selective gas sensors. In,03, as a kind of important
sensing material, has been widely used to detect NO,, NO, C,H50H,
and CH3OH. However, most of reports are focused on gas sens-
ing properties of NiO or In,03, little attention has been given to
methanol-sensing properties of In-doped NiO 1D nano-materials.
In this paper, we developed a facile strategy to prepare a series of
methanol sensors fabricated by In-doped NiO nanofibers. Further-
more, gas sensing properties of those nanofibers were investigated.
A comparative gas sensing study between pure and In-doped
NiO nanofibers was performed. These results indicate In-doped
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Fig 1. Schematic illustration of electrospinning apparatus.

nanofibers (especially molar ratio of In3*:Ni2* is 3:100) show
outstanding sensing properties toward methanol with enhanced
response, selective and repeatability characteristics. At last, the
effect of In doping was investigated and a possible mechanism is
proposed.

2. Experimental section
2.1. Perparation of pure and In-doped NiO nanofibers

All chemicals used were analytic grade reagents without further
purification. Pure and In-doped NiO nanofibers were synthesized
by electrospinning method. Polyvinyl pyrrolidone (PVP, K90) and
N,N-Dimethylformamide (DMF) were purchased from Sinopharm-
Aldrich, USA. Indium nitrate (In(NOs)3), nickel chloride (NiCl,) and
absolute ethanol (C;HsOH) were purchased from Beijing Chemicals
Co., Ltd, China.

The In-doped NiO nanofibers with various dopant concentra-
tions were synthesized by electrospinning. The ratios of In3* to
Ni%* in nanofibers are 0, 1.5, 3 and 6 mol%, which were labeled
as S1, S2, S3 and S4, respectively. In a typical procedure for prepar-
ing In-doped nanofibers precursor solution with a molar ratio of
1.5:100, 2 mmol NiCl, and 0.03 mmol In(NO3 )3 were dissolved in a
mixture of DMF and ethanol, and stirring for 15 min. Then PVP was
added into above solutions with magnetic stirring for 3 h at 50°C,
until a viscous precursor solutions completely formed. The electro-
spinning precursor solutions of pure NiO, In-doped NiO nanofibers
with a molar ratio of 3:100 and 6:100 were made by using same
reagents except with different amount of In(NO3 )3. After fully stir-
ring, the precursor solutions were transferred into electrospinning
installation. Fig. 1 is schematic diagram of electrospinning instal-
lation, which consists of three major components: high-voltage
power supply, collector, and spinneret. The inner diameter of spin-
neret was 1.01 mm, voltage between spinneret and collector was
10-13 kV, and distance between spinneret and collector was 10 cm.
The flow rate of precursor solution was fixed at 0.3 mL/h by using KD
Scientific syringe pump. In order to decomposing PVP completely,
as-synthesized nanofibers were calcined at 500 °C for 3 hiin air, and
the heating ratio was 1 °C/min.

The X-ray diffraction (XRD) patterns were recorded by a Rigaku
TTRIII X-ray diffractometer with Cu-Ka 1 radiation (A = 0.15406 nm)
in the range of 20-80° (20) at room temperature. Field emis-
sion scanning electron microscopy (FESEM) images were obtained
using a JEOL JSM-7500F microscope with an acceleration voltage
of 15kV. The energy-dispersive X-ray spectroscopy (EDX) spots
pattern scanning analysis was performed by the TEM attachment.
Transmission electron microscopic (TEM) and high-resolution
transmission electron microscopic (HRTEM) images, and selected
area electron diffractive (SAED) patterns were obtained on a JEOL
JEM-3010 transmission electron microscope with an acceleration
voltage of 200 kV.

2.2. Fabrication and measurement of gas sensor

Fig. 2a and b are photographs of substrate. The size of Al,03
substrate is 1.0 mm x 1.5 mm. With two L golden electrodes on the
front side, and ruthenium oxides (RuO, ) layer is made on the back
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Fig. 2. Schematic structure of the alumina substrate.

side as a micro-heater by screen printing technique. And there are
two Au electrodes on the RuO2 heating layer to supply current. Each
electrode was connected with Pt wire. The operating temperature
was controlled by adjusting the current that passed through the
micro-heater. The temperature distributes uniformity on the sub-
strate, as shown in Fig. S1. The temperature of substrate is about
300°C. And the emissivity value used to record the micro-heater
temperature of FLIR is fixed on 0.9. The working temperatures were
controlled by micro-heater which was measured using an FLIR tem-
perature sensor. The power consumptions 90.3,102.1,116.9,129.8,
150.5, 165 and 188.5 mW are used to heat the substrates to 225,
250,275, 300, 325, 350 and 375 oC, respectively. The In-doped NiO
nanofibers were pressed on substrate mildly by Hot Press Machine
(HS-XX40, Hesen Inc., China) at 120°C for 5min. By doing this,
sensing materials made a good contact to electrodes. The gas sens-
ing properties of In-doped NiO nanofibers were measured by static
testing method, as diagrammed in our previous works [6,34]: First,
gas sensors were put into gas chamber which filled with fresh air,
and a given amount of test VOCs were injected into gas chamber
by using a micro-injector, and the concentrations of VOCs were
obtained by static liquid gas distribution method [35], which was
calculated by Formula (1).
224 x @ x pxVq

€= M x V2 (1)
where C (ppm) is concentration of VOCs, ¢ is volume fraction of
VOCs, p(g/mL)is density of VOCs, V1 (L) is volume of VOCs, V; (L) is
volume of chamber and M (g/mol) is molecular weight of VOCs. Gas
sensing properties of nanofibers were tested under same condition:
the relative humidity is 25-35%, and the temperature is 20-25°C.
The response of gas sensor was defined as the ratio of resistance in
air to that in tested gas. Response and recovery time were defined
as the time taken by sensors achieve 90% of total resistance change
in the case of adsorption and desorption, respectively [35].

3. Results and discussion

XRD patterns of nanofibers are shown in Fig. 3, the crystal phase
of sample S1 is NiO, and all the diffraction peaks can be indexed to
the pure cubic structure of NiO (JCPDS # 47-1049). No other phase
corresponding to indium compound was observed in the XRD pat-
terns of S2, S3 and S4 nanomaterials. The average crystal size of
nanofibers S1, S2, S3 and S4 were ~21.1 nm, 20.2 nm, 18.0 nm and
16.8 nm. And the crystallinity of nanofibers decreases with doping,
this is because the excess of In acting as a grain growth inhibitor
not allowing the crystallite size to increase, which is according with
the researchs of S. Ruan [36]. What’s more, the radius of In3* is
0.08 nm, which is higher than that of Ni2* (0.069 nm) at a coordina-
tion number (CN) of 6. Therefore, diffraction peaks evidently shift
to left with increase the doping amount of In. Fig. 3b clearly showed
that there was a 0.13° right shiftin (111) and (200) diffraction peaks
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Fig. 3. (a) XRD patterns of In-NiO nanofibers with sample S1, S2, S3 and S4, (b) Comparison of (111) and (200) peaks from XRD patterns.

of nanofibers S4 compared with S1. The results indicate In3* could
enter NiO lattice by this method.

The morphology and microstructure of nanofibers S1, S2, S3 and
S4 were confirmed by FESEM and TEM. As shown in Fig. S2, the
diameters of nanofibers are decrease after calcined. The diameter
of precursor nanofiber S1is ~140 nm, and the diameter of nanofiber
after calcined S1 is ~80 nm. As shown in Fig. 4, all nanofibers had
rough and porous surfaces and have a diameter of ~80nm. The
porous nanofibers are composed by many small nanoparticles, and
this gas accessible nanostructure is advantageous for enhancing
gas responding kinetics [37]. To further study internal structure
of nanofibers, TEM, HRTEM and EDS were employed. As Fig. 5a
shows, the morphology of nanofibers S3 in TEM images are sim-
ilar to that of FESEM. Fig. 5b shows HRTEM images which obtained
from the marked circles in Fig. 5a. The lattice fringes could be clearly
observed and lattice spacing are 0.241 nm and 0.209 nm, which cor-
responding to (111) and (100) planes of NiO, respectively. Fig. 5b-e
depicts the elemental composition and spatial distribution of Ni, In
and O in the nanofibers S3, the distribution of In element is uniform
in the nanofibers. And the peaks of Ni, In and O can be clearly seen
in Fig. 5f. Therefore, it clearly shows that In doped into NiO lattice.

It is well known the response of gas sensors based on metal
oxides is greatly influenced by operating temperature. In order
to determine the optimum operating temperatures of sensors S1,
S2, S3, and S4, the responses of sensors S1, S2, S3, and S4 to
200 ppm methanol were tested as a function of operating tem-
perature as shown in Fig. 6. It can be seen that sensors S1 and S2
have the maximum responses at 325 °C, while sensors S3 and S4
have the maximum responses at 300°C and 275 °C, respectively.
Obviously, there were shifts of optimal operating temperatures

among sensors by increase the doping amount of In. And sensors S3
showed the highest response towards 200 ppm methanol, which is
almost 5.2 times higher than that of sensor S1. As a result, 300°C
was selected as the operating temperature for sensors S3 in the
following gas testing process. The results of methanol sensing prop-
erties compared to other metal-oxide nanostructures are show in
Table 1. There are various gas sensing materials were used to detect
methanol [38-43], including n-type and p-type oxide semiconduc-
tors, such as ZnO, In,03, Sn0O,, CuO and so on. The gas response
in this work is higher than that of works mentioned above, with
a moderate operating temperature. As shown in Fig. 6b, the resis-
tance in air is increase with doping amount increase. The resistance
in air of S1, S2, S3 and S4 are 5.1, 10.5, 29.5 and 39.8 k€2 at 300°C.
And the activation energy (E) of nanofiber S1, S2, S3 and S4 are
7.777 x 10720],1.319 x 10719, 1.348 x 10-19J and 1.357 x 10~19],
which were calculated by Formula (2) and (3).

b= ITlRT] — ITlRTz
(% - %)

E = bk

(2)

(3)

Where T; and T, are thermodynamic temperature, Ry; and
Ry, are the resistance at T; and Ty, k is Boltzmann constant
(k=1.38 x 1023 J/K).

Fig. 7 reveals the gas response of sensors S1 and S3 as a function
of methanol concentrations at the optimum operating temperature.
The results indicate that responses of two kinds of sensors both
increased with methanol concentration from 15 to 500 ppm. The
response of sensors S3 is 17.28 for 500 ppm methanol vapor and
detection limit is 15 ppm with a response of 2.26. And the response
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Fig. 4. FESEM images of sample (a) S1, (b) S2, (¢) S3, (d) S4.

Table 1

Comparison of methanol gas sensors based on metal oxide nanostructures.
Materials Operating temperature Methanol Concentration Response Response time Recovery time Ref.
ZnO nanorods 300°C 100 ppm 3.11 216s 405s [38]
ZnO thin film 275°C 500 ppm 17 280s 135s [39]
flower-like In, O3 microrods 300°C 100 ppm 3 15s 20s [40]
CdS-doped SnO,, thick films 200°C 5000 ppm 70 90s 200s [41]
Zn0/Sn02 nanostructure 300°C 100 ppm 9.6 10s 10s [42]
CuO thin film 350°C 500 ppm 1.12 235s 225s [43]
In-doped NiO nanotubes 300°C 200 ppm 10.9 273s 26s This work

of sensors S1 is 2.1 for 500 ppm methanol and detection limit is
25 ppm with a response of 1.14. Obviously, sensors based on In-
doped NiO nanofibers exhibited an enhanced response to methanol
compared with pure NiO.

Fig. 8 shows transient and dynamic characteristics of sensors
S3. It can be seen that sensors S3 showed sensitive and reversible
response to methanol. The transient characteristics of sensors S3 in
200 ppm methanol are shown in Panels a, we can see that recovery
time is about 26 s, which indicates sensors S3 exhibit fast recovery
procedure at 300°C. In addition, sensor S3 exhibit excellent repro-
ducibility as shown in the inset of Fig. 8a. There are four reversible
cycles of response curve without a clear decrease for 200 ppm
methanol, which indicates the good repeatable characteristics of
sensors S3. Fig. 8b shows the dynamic characteristics of sensors S3,
which were orderly exposed to 15, 25, 50, 100, 200, and 300 ppm
methanol at 300°C, and the responses were approximately 2.21,
3.54,5.04,6.61, 10.9, and 16.45, respectively.

The responses of sensor S1 and S3 to 200 ppm various testing
gases are shown in Fig. 9. Six kinds of gases were tested, including
methanol, ethanol, acetone, formaldehyde, benzene, and xylene. It

can be seen that sensors S3 displayed enhanced response by com-
pare with sensor S1. The responses of sensor S1 did not show any
significant selectivity to a specific gas, whereas sensors S3 exhibit
highest response to methanol among these tested gas, and the
response to 200 ppm methanol is about 10.9, while the responses
to other gases are much lower, which revealed an good selectivity
to methanol opposed to other gases at the same concentrations.

The long term stability experiment of sensor S3 to 200 ppm
methanol was carried out over 30 days. As displayed in Fig. 10, the
response values were decrease from 10.9 to 8.7 after 30days. It is
probably because the nanofibers contain many grain boundaries,
the response degraded a little for long term measurement.

NiO and In doped NiO show typical gas-sensing properties of
p-type semiconductor. The sensing mechanism of p-type semicon-
ductor is primarily caused by adsorption and desorption of target
gas molecular on the surface of sensing material. Oxygen molecules
chemisorbed and dissociated on the surface of sensing material,
and generate oxygen species (0,~,07,027). The holes will move
to the surfaces through electrostatic interaction, and form a hole
accumulation layers (HAL), which result in an decrease in the resis-
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Fig. 5. (a) TEM images pattern of the nanofibers S4. The insets are the HRTEM images of selected areas. (b)-(e) are EDS elemental maps and (f) is spots pattern of In, Ni and O.

tance [21,31]. Methanol is a reducing VOCs, which can react with
adsorbed oxygen and release electrons back to conduction band,
leading to an increase in the resistance. The reaction near the sur-
face can be simply written as follow.

0, (gas) < O (ads) (4)
03 (ads) + e~ — 0y (5)
0, +e~ — 20~ (6)
20" +e — 0% (7)
CH30H + 05 — HCOOH + H0 + e~ (8)
CH30H + 0~ — HCHO + H,0 + e~ 9)

What's more, the concentration change of holes may be a
key factor for enhance gas sensing properties by In-doped NiO
nanofibers. According to previous research by Hyo-Joong Kim et al.
[44], gas response of p type semiconductor can be written as fol-
lows:

s = ﬁ_pa Pa Ap 1 (10)

= = = = +
Ra  pg Pa—Ap (pa— Ap)

where R; and R are resistance in air and target gas, pq and pg are
hole concentrations in air and target gas, and Ap=pg-pg is con-
centration variation of hole on exposure to target gas. Accordingly,
a higher response can be got when hole concentration in air (pg)
becomes lower [21]. In this paper, the responses of sensor S2, S3
and S4 to methanol were found to be higher than that of pure
NiO nanofibers should be ascribed to lower concentration of holes.
When hole concentration is lower, gas sensing reaction will lead
to a higher variation in resistance, the resistances in air of S1, S2
and S3 are 5.1, 10.5 and 29.5 k2 at 300 °C, with the response of S1,
S2 and S3 to 200 ppm methanol are 1.8, 4.5 and 10.9, and this phe-
nomenon has previously been confirmed by our previous research
NiO [34]. What’s more, with the increment of In doping amount,
the morphology of nanofibers changed. However, when the molar
ratio of In3*/NiZ* increased to 6%, excessive In doping will lead the
surface of sensing body covered by more In ions. And the atom
ratio of In3d to Ni2p in S2, S3 and S4 are 2.9%, 3.8% and 9.1%, which
is confirmed by the result of XPS. Therefore, the active sites and
response will become decrease. For this reason, the response of
sensors S4 is lower than sensors S3. Further study and systematic
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experiments are needed for deep understanding of In-doped NiO
nanofibers induced sensing properties, which is now in progress.

4. Conclusion

In summary, a series of pure NiO and In doped-NiO nanofibers
have been synthesized through a simple and facile electro-
spinning technique. The results of characterization indicate
that nanofibers with In3*/Ni2* =3 mol% demonstrate significantly
enhanced response to methanol compared with other counter-
part. The gas sensors based on nanofibers S3 demonstrated good
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selectivity, repeatability and long term stability at the optimum
temperature. The method by modulating the density of hole in NiO
nanofibers provides a new and promising strategy to design high
performance methanol sensor. The good methanol sensing char-
acteristic indicates that sensors based on In-doped NiO nanofibers
are promising for methanol sensors which used by air-quality and
environmental monitoring.
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