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ARTICLEINFO ABSTRACT

Keywards: Mesoporous p-type nickel oxides nanowires (NiO NWs) and Li-, Zn-, Fe- and Sn-doped NiO NWs were synthe-
Nickel oxides sized with the nanocasting method, and then the influence of different valence cations doping on components,
Nanowires microstructure and gas-sensing performance was discussed in detail. All as-prepared NiO NWs with the same
MU0y At diameter exist in bundles and present mesoporous-structure, while the doping concentrations decrease with the
DenosDoging increasing hydrated fons radius of Zn, Fe and Sn. The g ing results indicate that the different valence
m:i cations doping greatly affects the gas-sensing properties of NiO NWs sensors. Li-doped NiO NWs sensor exhibits
the decreased response to ethanol gas for the acceptor doping and Zn-doping weakly improve the response of
NiO NWs sensor for the defects from the substitution of Ni. The responses are greatly enhanced by the high-
valence Fe and Sn doping and Sn-doped NiO NWs sensor presents the highest sensitivity at the high con-
centration. The extra electrons from the high-valence Fe and Sn donor-doping recombine with the holes in
valence band, which leads to the thicker hole-accumulation layer in air and the higher resistance of NiO NWs. In
this way, the gas response of mesoporous NiO NWs sensor could be further improved with the high-valence
donor-doping through adjusting the carrier concentration.
1. Introduction [6], InyO5 [6,71,WO; [6,8] and a-Fe,O5 [9,10]) and p-type (CuO

Detection and monitoring of the explosive, flammable, toxic and
exhaust gases are very important for energy saving and environmental
protection [1,2]. Various gases sensors have been developed and used
to monitor and detect all kinds of dangerous gases. Owing to their low
cost, low power consumption, reliable and simple usability, semi-
conductor metal oxide (SMQO) sensors have widely been used in the field
of safety and health [3,4]. These sensors should meet requirements of
high sensitivity, selectivity, long-term stability and fast response/re-
covery time to effectively detect the hazardous volatile organic com-
pounds (VOGCs), explosive vapors, and exhaled breath for diagnosis of
diseases. With the increasing demand for better SMO sensors with the
excellent selectivity and high sensitivity, rigorous efforts are in progress
to find more suitable SMO to control the surface and inner electrical
properties.

SMO sensors are resistive type devices based on the change of re-
sistance in air and target gas. According to the major charge carrier
type, SMO are divided into two categories : n-type (Sn0, [5,6], ZnO

* Comresponding author.
E-mail address: wxqnano@ cjlu.edu.cn (X.Q. Wang).

https://doi.org/10.1016/j.snb.2019.126622

[11,12], Co304 [12,14] and NiO [15,16]) semiconductors. The most
representative sensing materials focus on n-type SMO, such as SnOa,
Iny04, Zn0O and WO,, while the studies on p-type SMO of CuO, NiO,
Co40, and Cr;04 mediums are gradually sparked due to the high se-
lectivity to VOCs for the catalysis [17]. The gas response (or sensitivity)
of p-type SMO to the target gas is much smaller than that of n-type SMO
with the similar microstructure and morphology [18]. Moreover, p-type
SMO sensors present the advantages of higher baseline, humidity sta-
bility and safer positive response to reducing gases compared to n-type
SMO sensors [4]. In order to improve the gas-sensing performance of p-
type SMO, much more efforts have been devoted to the research on the
microstructures and components (doping and loading) for the practical
applications.

The working mechanism of p-type SMO sensor is mainly based on
the resistance change, resulting from adsorption and desorption of
oxygen/target gas on the surface of SMO. The adsorptive oxygen ions
(0,7, 0~ and O%) extract electrons from SMO and lead to the hole-
accumulation layer in air, which present a low resistance state at the

Received 3 April 2019; Received in revised form 19 May 2019; Accepted 27 May 2019

Available online 15 June 2019
0925-4005/ © 2019 Elsevier B.V. All rights reserved.
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The highly improved gas-sensing performance of
a-Fe,Oz-decorated NiO nanowires and the
interfacial effect of p—n heterojunctions

L. Wang, B. Hong, H. D. Chen, J. C. Xu, @ Y. B. Han, H. X. Jin, D. F. Jin, X. L. Peng,
H. L Ge and X. Q. Wang ®*

Mesoporous n-type x-FesOs-decorated p-type NiO nanowires (NiO NWs) were synthesized via a two-step
nanocasting method, and then the influence of the heterogeneous a-Fe;Oz decoration on the components,
microstructure and gas-sensing performance of the NiO NW's was discussed in detail. All prepared samples
with a uniform diameter present similar mesoporous microstructures. No «-Fe;Os nanoparticles are
observed on the surfaces of the NiO NWs and «-Fe,O3z nanoparticles are found to exist in the mesopores
between nanowires. Decoration with x-Fe,Os nanoparticles greatly affects the ethanol gas response.
The response of the (Fe;OxlgoNIO NW sensor is about 13 times that of a pristine NiO NW sensor
toward 100 ppm ethanol gas at 280 °C. The (Fe;Ozlgo27NiO NW sensor presents an excellent gas
response, and good reproducibility and selectivity due to the x-Fe;Osz nanoparticles. The formation of
a-Fes03/NiO p—-n hetergjunctions at the interfaces of the x-Fe;O3 nanoparticles and NiO NWs significantly
affects electron transitions in air and ethanol gas. The small 2-Fe;Oz nanoparticles (2-3.85 nm) are entirely
within the electron depletion region in different gases due to the interfacial effects of p—n heterojunctions,

rsc.li/materials-c

1. Introduction

In past decades, a great number of gas sensors, such as catalytic
combustion sensors,'? infrared sensors®* and semiconductor
sensors,”” have been developed to detect and monitor dangerous,
harmful, pathogenic and toxic gases. Among these, metal oxide
semiconductor (MOS) gas sensors have been widely employed
for practical applications due to their low cost, easy synthesis,
good physicochemical stability, and long service-life."""
Common representative MOS gas sensors are n-type oxides,
such as Sn0,, ZnO and a-Fe,0;, with better gas responses.''™"*
The responses of p-type MOS sensors (NiO, Cu0, Cr,0;, Cr;0,,
etc.) are much smaller (square root relationship) than those of
n-type MOS sensors with similar microstructures."*" However,
for highly improved selective oxidation in response to most
volatile organic compounds, p-type MOS sensors have also been
widely investigated.’*"* More and more research has focused
on improving the gas-sensing performance through microstruc-
ture control, ion-doping, and heterogeneous loading (including
noble metals, graphene and p-n heterojunctions) to obtain
higher surface areas or to change the resistance of p-type MOS

sensors.'**!

College of Materials Science and Chemistry, China Jiliang University, Hangzhou,
310018, China. E-mail: wxgnano@cjluedw cn; Tel: +86-571-86876157

This jounal is ® The Royal Society of Chemistry 2020

leading to decreased resistance in air and increased resistance in ethanol gas.

The p-type nickel oxide (NiO) semiconductor with a wide
bandgap (about 3.4 V) exhibits excellent performance and
potential applications in the fields of photocatalysis, gas
sensing, magnetism and supercapacitance due to its high
thermal and chemical stability, environmental friendliness,
and lower cost.”"™* In order to increase the amount of absorbed
oxygen at the surface, several methods have recently been
reported for preparing NiO nanostructures with higher surface
areas, such as the use of nanotubes, nanosheets, nanowires,
nanobelts, and nanospheres.*”” Furthermore, enormous amounts
of research into NiO nanostructures have been carried out to
optimize the gas-sensing performance through ion-doping, noble-
metal loading, and the formation of heterojunctions.”** Among
these approaches, p-n heterojunctions can greatly affect the
surface carrier concentration at the interface (depletion layer)
and effectively improve the gas-sensing performance of NiO-
based gas sensors.”'™** The Fermi levels across the interface of
a p-n heterojunction equilibrate to the same energy level,
leading to the formation of a charge depletion layer for carrier
recombination at the interface. In this way, a large change in
the p-n heterojunction resistance results in obvious improve-
ment of the gas-sensing performance. Wang et al. reported that
hierarchical «-Fe,0,/NiO heterojunction sensors exhibited excel-
lent gas-sensing performance toward toluene, about 13.18 times
higher than a pristine NiO sensor.”® A NiO semi-shielded SnO,

J. Mater. Chern. C, 2020, 8, 3855-3864 | 3855
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Abstract

Hangzhou, 310018, People’s

CrossMark

High surface area nickel oxide nanowires (NiO NWs), Fe-doped NiO NWs and
a-Fe, 05 /Fe-doped NiO NWs were synthesized with nanocasting pathway, and then the
morphology, microstructure and components of all samples were characterized with XRD, TEM,
EDS, UV-vis spectra and nitrogen adsorption—desorption isotherms. Owing to the uniform
mesoporous template, all samples with the same diameter exhibit the similar mesoporous-
structures. The loaded a-Fe,0; nanoparticles should exist in mesoporous channels between Fe-
doped NiO NWs 1o form heterogeneous contact at the interface of n-type a-Fe;03 nanoparticles
and p-type NiO NWs. The gas-sensing results indicate that Fe-dopant and a-Fe;O5-loading both
improve the gas-sensing performance of NiO NWs sensors. a-Fe,05/Fe-doped NiO NWs
sensors presented the highest response to 100 ppm ethanol gas (55.264) compared with Fe-doped
NiO NWs (24.617) and NiO NWs sensors (3.189). The donor Fe-dopant increases the ground
stale resistance and the absorbed oxygen content in air. a-Fe,0; nanoparticles in electron

depletion region result in the increasing resistance in ethanol gas

and decreasing resistance in air.

In this way. a-Fe,05/Fe-doped NiO NWs sensor presents the excellent gas-sensing performance

due to the formation of heterogeneous contact at the interface.

Keywords: nanowires, nanocasting, gas-sensing performance, heterogeneous contact

(Some figures may appear in colour only in the online journal)

1. Introduction

With the rapid development of human economic activities and
industrial production, a large number of waste gas, smoke and
dust are discharged into the atmosphere. As the result, air
pollution has become one of the most important factors to
harm human health. Therefore, it has become an urgent social
requirement to develop gas sensors with the excellent gas
sensitivity and realize the effective monitoring and detection
of toxic and harmful gases. Among them, semiconductor
metal oxide (SMQ) gas sensors have been widely used in
practical applications due to the advantages of low cost, low

* Author 1o whom any corespondence should be addressed.

0957-4484,/21/485502 +10$33.00

power consumption, high selectivity and long-term stability
[1—4]. The gas-sensing performance of SMO sensors depends
on the change of resistance caused by the adsorption/deso-
rption of target gas on the surface of SMO [5]. It is a great
significance to control the microstructure of gas-sensing
materials, improve the gas-sensing properties and clarify the
physical mechanism for the development of SMO gas sensors
with the excellent performance.

Owing to the excellent physicochemical stability, low
toxicity, chemical stability and impressive electrical con-
ductivity, p-type NiO nanostructures with bandgap of
3.6-4.0eV have been used in various fields, such as super-
capacitors, magnetic mediums, electrochromic elements, cat-
alysts, gas sensors and so on [6, 7]. The sensitivity of p-type

© 2021 IOP Publishing Lid  Printed in the UK
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Mesoporous n-type hematite bunched nanowires (z-Fez03 BNWs) and Zn-, In- and Sn-doped 2-Fe203
BNWSs were synthesized by nanocasting method, and then the influence of the different-valence metals-
doping on the microstructures, components and gas-sensing properties is discussed in detail. All samples
present mesoporous-structure and are composed of the uniform -Fe;0; nanowires. The Zn, Fe, Sn and
In-doped concentration decreased with the increasing radius of their hydrated ions. The ethanol gas-
sensing results indicate that the different-valence metals-doping greatly affects the response of a-
Fez03 BNWSs sensors to ethanol gas. The sensitivity to 100 ppm ethanol gas increased from 10.046 for
FegosZnp 10402048 BNWS sensor up to 45.556 for FejaigSnppsz03031 BNWSs sensor with the increasing
metal valence. The high-valence Sn-doping not only decreases the ground state resistance, but also re-
duces barrier and work function of z-Fe;03 BNWSs, which results in the improved the sensitivity of a-
Fe,043 BNWSs.

© 2020 Elsevier BV. All rights reserved.

1. Introduction

Owing to the excellent electric, optical and redox properties,
metal oxide semiconductor (MOS) nanostructures have been
widely used as the electron devices | 1], photocatalysts [2,3] and gas
sensors [4—8). MOS nanostructures have attracted a great deal of
attention as gas sensors for their low-cost, considerable chemical
stability [9,10]. MOS gas sensors have been always used to detect
the trace amounts of volatile organic compounds, inflammable and
explosive gases [ 10,11]. However, the low sensitivity, selectivity and
responsefrecovery time of MOS gas sensors greatly limits their
applications, and more and more works have been focused on the
improvement of gas-sensing performance of MOS sensors with the
microstructures controlling, doping and loading [11-13].

As reported, the response of p-type MOS sensor to target gas
was the square root of that of n-type MOS sensor with the same
morphology and microstructures [14]. The researches on the gas-
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sensing properties are mainly focus on n-type MOS nano-
structures, including Sn0;, Iny0s, 2-Fe;03, Zn0 and so on [15).
Hematite (z-Fe;03) nanostructures with the bandgap of about
2.1 eV is one of the most important MOS as the gas-sensing me-
diums due to the low-cost, high stability and environment friendly
[16]). In order to optimize the gas-sensing performance of 2-Fe;03
nanostructures, more studies have been devoted to the research on
the microstructures, morphologies and components to adjust the
surface and body resistance of z-Fe;03 nanostructures [17].

The work mechanism of 2-Fe:03 nanostructures gas sensors
should be attributed to the resistance change in air and target gas
from the adsorption and desorption of target gas molecules [ 11,12].
The adsorptive oxygen extract body electrons to form anionic ox-
ygen (07, 07, 0%=) on surface in air, which leads to the formation of
electron depletion layer. As the result, the total resistance of o-
Fe; 03 nanostructures greatly increases in air. When the reducing
gases are introduced, the adsorptive anionic oxygen on the surface
prefers to react with the reducing gases and re-injected electrons
back to «-Fe203 nanostructures. In this way, the electron depletion
layer weakens and the resistance of z-Fe;03 decreases in the
reducing gas. Therefore, there are two ways to improve the sensi-
tivity of #-Fe201 nanostructures, one is to increase the resistance in
air and another is to decrease the resistance in reducing gas [16,17].

The equivalent circuits of n-type MOS sensors can be explained
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Mesoporous nickel oxides (NiO) and stannum(Sn)-doped NiO nanowires (NWs) were
synthesized by using SBA-15 templates with the nanocasting method. X-ray diffraction,
transmission electron microscope, energy dispersive spectrometry, nitrogen adsorption/
desorption isotherm and UV-vis spectrum were used to characterize the phase structure,

components and microstructure of the as-prepared samples. The gas-sensing analysis indicated
that the Sn-doping could greatly improve the ethanol sensitivity for mesoporous NiO NWs. With
the increasing Sn content, the ethanol sensitivity increased from 2.16 for NiO NWs up to the
maximum of 15.60 for Nig 063500 03801 n3s, and then decreased to 12.24 for Nig 04650005401 054
to 100 ppm ethanol gas at 340 °C. The high surface area from the Sn-doping improved the
adsorption of oxygen on the surface of NiO NWs, resulting in the smaller surface resistance in
air. Furthermore, owing to the recombination of the holes in hole-accumulation lay with the
electrons from the donor impurity level and the increasing the body defects for Sn-doping, the
total resistance in ethanol gas enhanced greatly. It was concluded that the sensitivity of Sn-doped
NiO NWs based sensor could be greatly improved by the higher surface area and high-valence

donor substitution from Sn-doping.

Keywords: nickel oxide, donor doping, mesoporous-structure, gas-sensing properties

(Some figures may appear in colour only in the online journal)

1. Introduction

Oxide semiconductors were one of the candidate materials
for the detection of explosive and toxic gases for their low
cost, high sensitivity, rapid response/recovery rate and
selective detection. Oxide semiconductors for gas sensors
could be classified into two different groups according to the
major charge carmrier type: n-type (SnOs [1, 2], ZnO [3, 4],
TiO, [5, 6], a-Fe,05 [7, 8], WO; [9, 10]) and p-type (CuO
[11, 12], NiO [13, 14], Co;04 [15, 16]). It was reported the
response of a p-type oxide semiconductor gas sensor to a
target gas was equal to the square root of that of an n-type
oxide semiconductor gas sensor to the same gas when the

0957-4484/18,/245501+09$33.00

morphological configurations of both sensor materials were
identical [17]. Although p-type oxide semiconductors
showed the lower response to target gas compared to the
n-type oxide semiconductor, it was very sensitive to the low
concentration hazardous gas and presented the practical
value in gas sensor application. Among the p-type oxide
semiconductor, nickel oxide (Ni0) with bandgap energy of
3.64.0eV was believed to be a promising gas-sensing
material due to its excellent physicochemical properties
including chemically and thermally stability, low toxicity
and impressive electrical conductivity [18]. Therefore, efforts
still wanted to be devoted to the improvement of the gas-
sensing characteristics.

© 2018 IOP Publishing Lid Printed in the UK
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In this paper, the mesoporous NiQ nanowires (NW's) were synthesized by using SBA-15 silica as the hard tem-
plates with the nanocasting method, and then calcined from 550 to 750 °C. X-ray diffraction, transmission
electron microscopy (TEM ), nitrogen adsorption/de sorption isotherm and UV-vis spectrum were used to charac-
terize the morphology, phase structure and microstructure of the as-prepared samples. All results indicated that

Arssbie onoe. 12 Mg 2017 the calcination temperature greatly affected crystallization degree and spedific surface area of the as-prepared
Keywords: NiO NWs, And the crystallization degree increased and specific surface area decreased with the calcination
Manowines temperature. The higher specific surface area created more active sites for the surface redox reaction, while the
Nanocasting higher crystallization degree led to the wider bandgap and made the charge carriers transport easily. It was con-
Calcination temperature cluded that the caldnation tem perature of NiO NWs greatly affected the gas-sensing performance. The optimized
Gas-sensing properties results from the gas-sensing behavior indicated that Ni0 NW's-650 based sensor exhibited the highest sensitivity
to ethanol for the suitable calcination temperature. Furthermore, NiO NWs-650 sensor exhibited a better selec-

tivity to ethanol than n-hexane, methanol, acetone and formaldehyde.
© 2017 Elsevier BV. All rights reserved.
1. Introduction ions extracted electrons from the gas-sensing materials and led to the

Owing to their highly electroactive nature, high stabilities, low cost,
low toxicity and impressive electrical conductivity switch between
the air and analyte and so on, metal oxide semiconductors (such as
Zn0 [1-3), Sn0; [4-5], TiO; [6], In;0 [7], WO; [8], Cu0 [9], Fe;04
[10-12], MoO; [13]) have been considered the most promising gas
sensitive materials, and had been successfully applied in many fields
of photocatalysis, magnetic materials, lithium battery materials and
gas sensors. As one of the p-type semiconductor with bandgap energy
of 3.6-4.0 eV with the high chemical stability and thermostability, nickel
oxide ( Ni0) presented a significantly higher oxygen sorption than other
metal oxides [14-15], indicating the promising potential in dangerous
gas detection and alarm. Recently, Ni0O nanostructures ( nanoparticles
[16], nanosheets [17], nanotubes [ 18], nanowires (NWs), nanoribbons
and complicated hierarchical microspheres) had been synthesized and
the gas-sensing properties were investigated in detail to improve the
gas sensitivity.

The working mechanism of metal oxide semiconductor gas sensor
was mainly based on the electrical conductivity change, resulting from
adsorption and desorption of gas molecules on the surface of the gas-
sensing materials. For p-type NiO nanostructures, the adsorbed oxygen

* Corresponding author.
E-mail address: wxgnano@cjlwedwen (X. Wang).

hittp:/fdie.doi.omg/10.1016f.powtec2017.05020
0032-5910/0 2017 Elsevier B.V. All rights reserved.

hole-accumulation layer at the surface, which presented the low resis-
tance state. When the reducing gases were introduced, the adsorbed
oxygen ions at the surface preferred to react with the reducing gas,
and released electrons to NiO nanostructures. As the result, the hole-
accumulation layer disappeared and the resistance increased [25-27).
As reported before, the gas-sensing performance was primarily affected
by the morphology, dimension, specific surface area and the energy
band structure of nanostructures. Miao et al. had synthesized NiO
NWs with the high aspect ratio by the hydrothermal method, and indi-
cating the excellent gas sensing performance | 19]. Tian et al. had pre-
pared hierarchically porous NiO microspheres with the chemical bath
deposition and observed the enhanced gas-sensing properties [20].
Compared with the traditional nanostructures, mesoporous structures
had exhibited the excellent performances as gas sensors due to their
high specific surface area, low charge carrier recombination rate and
50 on. Therefore, some efforts had been engaged in the preparation of
mesoporous metal oxide structure by various methods, including
sputtering [21], sol-gel |22 ], hydrothermal [23] and template methods
[24). X Lai et al. had prepared the mesoporous Ni0O with thin pore
walls via the nanocasting route, indicating a much higher response to
HCHO than the bulk NiO at low concentration levels [24]. The higher
specific surface area of mesoporous structure possessed the more sur-
face defects and oxygen vacancies at the surface for the surface redox
reaction.
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Nickel oxides (NiO) nanowires were synthesized using the ordered mesoporous silica SBA-15 as hard
templates with the nanocasting method, and then mesoporous NiQ nanowires (NiO MNWs) were
separated from the dispersed NiO nanowires (NiO DNWs) by the centrifugation technique. XRD, TEM,
nitrogen adsorption/desorption isotherm and UV-vis spectrum were used to characterize the phase
structure and microstructure. Both samples existed in bundles with the different grain size and NiO
MNWSs with the larger grain size presented the higher mesopores percent, The specific surface area
(92.61 m?*/g) and bandgap (3.31eV) of NiD MNWs were higher than those of NiO DNWs for the higher
mesoporous-siructure. Therefore, the NiO MNWs based sensor exhibited the good sensitivity and fast
response-recovery to ethanol at 340°C. The gas-sensing properties of NiO MNWs were better than those
of the NiO DNWs, which should be attributed to the higher surface area and wider bandgap.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Various oxide semiconductor based gas sensors have been used
to detect harmful and toxic gases |1-7]. The most representative
sensor materials, such as Sn0;, Zn0, TiOz, In20s and Fe20s [1-4],
exhibit n-type oxide semiconductivity. Gas sensors fabricated
using p-type oxide semiconductors such as NiO, CuO, Co;0,4 and
Cr;05 to date have received relatively little attention |5,6], and the
related research is still in the early stages of development. The
markedly different gas-sensing characteristics of n- and p-type
oxide semiconductors should be understood in the context of the
receptor functions, conduction paths, and gas-sensing mecha-
nisms of these two types of materials with different majority
charge carriers |5]. Compared to n-type oxide semiconductor gas
sensors, p-type oxide semiconductor gas sensors exhibit not only
shortcomings of lower sensitivity but also promising potentials for
practical applications in trace concentrations of various analyte
gases. Hibneret al. [6] suggested that the response of a p-type
oxide semi-conductor gas sensor to a given gas was equal to the
square root of that of an n-type oxide semiconductor gas sensor to
the same gas when the morphological configurations of both
sensor materials were identical. Owing to the wide bandgap (3.6~

* Corresponding author,
E-mail address: wxgnano@ciluedu.cn (X Wang).
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4.0eV), chemically and thermally stability, NiO may be considered
as an ideal gas-sensitive material [7-10]. The p-type semi-
conductivity of undoped NiO can be explained by the deficiency
of metal ions in the material. However, some limitations, such as
the high operating temperature, low sensitivity and poor
selectivity [11-13] were still wanted to further improve for the
practical applications in hazard and toxic-gas detection.

The working mechanism of oxide semiconductor based gas
sensors were mainly based on the obvious change of the electrical
conductivity resulting from adsorption and desorption of gas
molecules on the surface of gas-sensing materials [ 14-16]. When
p-type metal oxides was exposed to air, oxygen molecules,
absorbed on its surface, would generate chemisorbed oxygen
species (0;~, O~ and 0°) by capturing electrons from its surface
and lead to the formation of hole-accumulation layers (HALs) on
the surface of materials [ 17-19]. And the hole conduction occurred
mainly along the near surface HAL, which resulted in the increase
of the conductivity. When the reducing gases were introduced, the
reducing gases molecules preferred to react with the chemisorbed
oxygen species and the hole concentration and HAL decreased.
Recently, the research for improving the performance of gas
sensors had carried out in two directions: one was doping with
metal elements or heavy metal modified and the other was
fabricating sensors with nanostructures. Therefore, the synthesis
of the gas-sensing materials with nanostructures was one of ideal
choices for the enhanced gas-sensing performance.
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Magnetic NiFe,0,/SBA-15 nanocomposites were synthesized by a facile impregnation method, and
NiFez04 nanoparticles presented spinel phase structure and existed in the mesopores of SBA-15.
Partial mesopores were blocked by NiFe;04 nanoparticles and micropores formed, which the capillarity
of micropores played a decisive role for methylene blue (MB) adsorption. The saturation magnetization
increased from 2.34 emu g~ to 10.03 emu g~' with the NiFe,04 content, while the specific surface area
decreased from 552.18 m* g~ to 26040 m’g~" and pore volume decreased from 1.13cm’g™" to
0.49 cm® g~'. MB adsorption could be improved by optimizing the NiFe,0, content of the nanocompos-
ites. MB could be adsorbed completely in 60 min with the optimum nanocomposites and could be sep-
arated easily from water by magnetic separation technique.

© 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Artificial dyes have been used in many industrial fields such as
textiles, leather, cosmetics, paper and printing [1]. As the results,
hazardous dyes became one of the main sources for the water pol-
lution [2]. Most of them were toxic, mutagenic, teratogenic and
carcinogenic which destroyed the aquatic systems and associated
flora and fauna [3]. Furthermore, it was difficult to remove dyes
from effluent with the conventional wastewater treatment [4]. A
great deal of work had been engaged to develop the method and
technique to remove the dyes in the water, such as photocatalysis,
chemical oxidation, coagulation, oxidation or ozonation and mem-
brane separation. However, the efficiency and cost of the above
techniques had been the largest stumbling block for the wastewa-
ter treatment |5-8]. Furthermore, artificial dyes were much more
difficult to biodegrade completely because of their complex struc-
ture and xenobiotic properties [9]. Up to now, adsorption method
has been the most popular technique for the last one process in
wastewater treatment, which the adsorbents included diatomite,
activated alumina, activated carbon, molecular sieves etc. [10,11].
Usually, the adsorbents should present the high specific surface
area, for which nanostructured and porous materials were often
considered [12].

* Corresponding author. Fax: +86 571 28911371
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Ordered mesoporous SBA-15 silica, one of the typical molecular
sieves, offered the unique microstructural characteristics such as
large specific surface area, uniform pore size distribution, adjusta-
ble pore size, thick walls and high hydrothermal stability, which
was widely employed as catalyst supports, drug delivery materials
and adsorption materials [ 13-20]. Many works proved that SBA-15
nanocomposites presented the good potential in the application of
adsorption for dye in water. Lee et al. synthesized amino-
functionalized SBA-15 materials with the different morphologies,
which indicated the good adsorption of acid orange 12 and acid
red 73 in aqueous solutions [21]. Qian et al. prepared calcium
phosphate coated TiO,/SBA-15 by a facdile sol-gel process to
enhance adsorption-photocatalysis performances [22]. El-Nahhal
et al. synthesized ammonium functionalized SBA-15 silica, and
the adsorption and release of anionic bromothymol blue and catio-
nic malachite green was controlled by adjusting the pH of solution
[23]. Chai et al. proved that the adsorption capability of Ag:PO.f
SBA-15 increased by 3 times of the Agi:POs particles [24]. Qiao
et al. fabricated bifunctionalized SBA-15 with oxygen-containing/
amino groups, indicating the improved adsorption performance
toward methylene blue (MB) [25].

Up to now, SBA-15-based adsorbents have not been easily sep-
arated after the adsorption of dyes. Filtration, the traditional
method for separating the SBA-15, could cause the blockage of fil-
ter and the loss of SBA-15-based adsorbents. Hence, magnetic sep-
aration technique could overcome these disadvantages, in which

0921-8831/© 2017 The Society of Powder Technology jJapan. Published by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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Owing to the advantages of the conductive activated carbon (AC) and capacitive Zn;Sn0y, a series of
2Zn35n04/AC composites are successfully prepared by a co-precipitation method. The textural structure of
ZnzSn04/AC composites illustrate that the Zn;Sn04 nanoparticles are anchored into the micropores of AC.
The systematical electrochemical investigation demonstrates that the specific capacitance of the Z-150
sample (including 25% ZnzSn0y4) is 322.6?5" at a current density of 1 Ag~L. The specific capacitance
values are retained 96.5%, 91.1% and 816% at the current density of lag_l‘ B.Ag" and 16 Ag~
3000 cycles, respectively. This confirms the excellent electrochemical performance and good long-term

! after

Keywords:
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Supercapacitor

1. Introduction price and toxicity are one of the ideal elements. Therefore, ZnaSn04

With the deterioration of environment and depletion of tradi-
tional non-renewable energy (such as coal, oil and nature gas), the
flexible, lightweight and environmentally friendly renewable en-
ergy storage devices are promoted [1-3]. Supercapacitor, a prom-
ising candidates for next-generation power devices, has attracted
widespread attention because of its high power density, fast
charging capability, excellent cycle stability and long cycle life [4,5].
Carbon based materials [6], metal oxides [7], metal sulfides [8] and
conducting polymers [9] are used as supercapacitor electrode ma-
terials. The ternary metal oxides, such as MCo,0,4 (M =2Zn [10], Ni
[11]), MFe;04 (M =2Zn |12}, Co [13], Ni [14]) and MzSn0, (M= Mg
[15]), Zn [16], Co [17]), play an important role in supercapacitor
electrode because of the high theoretical specific capacitance.
Among them, the cobalt oxides are viewed as the most excellent
electrochemical materials. However, due to the rarity, costly and
toxicity of Co element, many researchers try to use the cheaper and
lower toxic elements instead of Co element | 18]. Zn and Snwith low
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is considered to be an important ternary electrode material due to
its high electron mobility (10=15cm?V~="'5~"), excellent adsorp-
tion and chemical stability | 16]. However, ZnzSn0O4 as electrode
materials will cause huge volume expansion (>200%) in the process
of electrochemical reaction, resulting in the rapid attenuation of the
specific capacity, which prevent the commercialization process of
Zn,Sn0,4 electrode materials [19]. Recently, the researchers
discover that the nanocrystallization, doping and compound of
Zn;Sn0y4 could avoid volume expansion and improve the electro-
chemical performances. C.T. Cherian et al, [20] demonstrated that
the Zn,5n04 nanowires showed much more stable capacity than
the Zn,Sn04 nanoplates. K. Wang et al. [21] exploited polypyrrole
doped hollow Zn;Sn04 to overcome the expansion problem and
improve cycling performance. L. Bao et al. [16] fabricated flexible
ZnpSn04/Mn0O; Core/Shell nanocable-carbon microfiber hybrid
composites to improve the electrochemical performance super-
capacitor electrodes, In addition, the comparative worse conduc-
tivity of bare Zn;Sn0; also causes the unsatisfactory
electrochemical performances. Tremendous efforts have been
devoted to combine carbon based materials and Zn,5n04 as com-
posites to improve the electrochemical performances. The com-
bined materials could take the advantages of both components:
high conductivity and buffer huge volume changes of carbon based
materials and high specific capacity of Zn;5n0,. The nanocarbon
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Keywords: Magnetic cobalt ferrites (CoFe;04)/activated carbon (AC) nanocomposi prepared by the hydroth 1
Nanoomposites method, and then the catalysis for potassium hydrogen persulfate (PMS) to d.egrnde methylene blue (MB) was
Advanced oxidation investigated. The results indicated that 9 wt% CoFe 204 nanoparticles supplied the sufficient magnetic response
Adsarption for magnetic separation and activated PMS to generate SO~ radicals. The pore-structures of AC could adsorb
g:d:ii;?mn the residual MB in high conceniration near CoFe,0, catalysts, and promoted MB degradation with $0,"

dicals. CoFe;0,/AC nanocomposites presented the good stability and reusability. It was proved that the sy-
nergistic effect of PMS and CoFe,0,/AC nanocomposites could greatly improve the MB removal to 100% at the
optimized conditions for 60 min.

1. Introduction

Nowadays, water protection had become one of the most widely
concerned problems in human society, and the high-concentration or-
ganic in wastewater presented the largest threat to our water resources
with the rapid development of economy. However, it was difficult to
deal with the refractory organics with the relative molecular mass from
several thousand to tens of thousands by the biological treatment
methods [1]. Compared with the traditional method, advanced oxida-
tion process (AOPs) had been developed to solve the above challenges
for the universality and presented the huge potential prospect in ap-
plication [ 2-4]. With the strong oxidative radicals, AOPs could degrade
the refractory organics to the low-toxic and non-toxic small molecules
in the reaction conditions of the high temperature, high pressure,
electricity, sound, light irradiation and catalysts [5,6]. According to the
difference of radical-generation and reaction conditions, it was divided
into photochemical oxidation, catalytic wet oxidation, sonochemical
oxidation, ozone oxidation, electrochemical oxidation and Fenton oxi-
dation [7-9].

Owing to the high oxidizing ability, the sulfate radicals (SO, ™ ") and
hydroxyl radicals ('OH) have been widely used in AOPs to degrade
organic pollutants. The application of 'OH was limited by many

* Corresponding authors.

conditions such as pH, formation of sludge residues, ineffective utili-
zation of quickly generated "OH and limited removal of organic carbon
[10,11]. Due to the higher redox potential (2.5-3.1 V) at natural pH,
more selective for destruction of pollutants and longer-lived, SO4~ " had
attracted the great interest for the degradation of the refractory or-
ganics, which could be g ted by per Ifate (PMS) or
persulfate (PS) during their activation [12,13]. Potassium hydrogen
persulfate (PMS, 2KHSO5KHSO4K2504), the mixture of persulfate (PS,
$.,04° ) and peroxymonosulfate (PM, HSOs ™), was very stable in water
solution both in acidic and alkaling conditions [14,15]. Up to now,
there was a variety of methods for the generation of SO4”" by the
catalyzing to PMS, such as transition metal catalysis (e.g., Co®*, Fe**,
Mn**, Ru**), UV, electrochemistry method [16-20]. Each way had
already been reported by researchers in sewage treatment. Because of
the low production cost and high catalytic efficiency, transition metal
catalysis was widely used in catalyzing PMS [21-23]. For example,
Gong et al. [24] prepared Fe;04/graphene nanocomposites as the het-
erogeneous catalysts to activate PMS for degradation of methylene blue
(MB). Lin et al. [25] used cobalt hexacyanoferrate to prepare the
magnetic carbon/cobalt/iron nanocomposites to activate PMS, which
exhibited the higher catalytic activity than Co,;04. Deng et al. [16]
successfully synthesized spinel CoFe,O04 and MnFe,04 ferrites to
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