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Hierarchical ZnO/ZnFe,0, nanoforest with ZnO backbones and ZnFe,0, nanosheets were successfully prepared by a facile

two-step process. The products were fabricated through immersing the as-synthesized ZnO nanorod arrays in 0.2M
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aqueous solution of ferrous sulfate and subsequent calcination at 500°C. Various techniques were employed for the

characterization of the structure and morphology of the hybrid nanostructures. The results showed that high density of

ZnFe,0, nanosheets were planted on the surface of ZnO nanorods. Interestingly, the morphologies of ZnO/ZnFe,0,

hierarchical nanostructures can be tailored by changing the concentration of FeSO, solution and the immersion time. A

possible formation process and growth mechanism was proposed as the ZnO nanorods were partly dissolved dring the

immersion period. In order to demonstrate the potential application, two sensors based on the bare ZnO and ZnO/ZnFe,0,

composites were fabricated and their gas sensing properties were investigated. The results indicated that the obtained

advanced ZnO/ZnFe,0, nanostructures exhibited enhanced sensing properties to ethanol compared to primary ZnO

nanorods. For example, upon exposure to 100 ppm ethanol, the response of hierarchical ZnO/ZnFe,0, composites was

about 4 times higher than that of primary ZnO nanorods at the operating temperature of 275°C.

1. Introduction

Hetero-nanostructures characterized by two or more metal
oxides have attracted growing attentions due to their great
potential applications in gas sensor, -3 catalysis,4 and lithium-
ion battery. ® In recent years, many studies have demonstrated
that the performance of these composites are much brilliant
compared to their individual metal oxide counterparts.e'9
Therefore, great progress has been made in the synthesis of
hybrid with different components
nanostructures and numerous hetero-nanostructures have
been achieved, such as a-Fe,05/Sn0,, 10 ZnO/TiOZ,11
Zn0/In,0s," a-Fe,05/Zn0" and Sn0,/Zn0. > Among various
oxide, ZnO, known as a famous wide-band
semiconductor (3.37 eV), has always been the
hotspot in the field of materials. Meanwhile, the binary oxide
semiconductors, such as spinel ferrites (AFe,0,, A = Zn, Ni, Cu,
Cd, Co), have also attracted tremendous attention because of
their potential application in gas sensors. Considering the fact
that the enhanced performances can be obtained by
assembling the individual metal oxide together, ZnO/ZnFe,0,
composites with hierarchical architectures may bring some
potential properties.m'18 For this reason, design and synthesis
Zn0/ZnFe,0, composites with novel architectures still have

these composites

metal
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importantly scientific and practical significance.
the
nanostructured oxide semiconductors have been prepared in
19-21 . .
recent years. Especially, 1D nanostructured materials was
extensively prepared as templates due to its structural

In  virtue of advance in nanoscience, various

versatility, easy fabrication and highly self-assembled. Besides,
although great progress has been made on the synthesis
approaches for 1 D nanostructure, there still remains a great
challenge to develop a facile, mild, and low cost method for
the preparation of such nanostructures. Compared to other
kinds of methods, ultrasonic spray pyrolysis (USP) has many
advantages, such as effective stoichiometry control, excellent
homogeneity, relatively low processing temperature and low
cost fabrication for large area film. 2223
In this paper, we successfully prepared ZnO/ZnFe,0, hybrid
nanostructures by a facile two-step method. Firstly, ordered
ZnO nanorod arrays were pre-prepared on FTO (Fluorine-
doped tin oxide) glass substrates by USP process.
Subsequently, the ZnO nanorod arrays used as the template
were immersed in the solution of FeSO, for a certain time.
(Scheme 1) The template was partially dissolved by H*
produced from FeSO, hydrolysis, which in turn accelerated the
hydrolysis crucial step initiating the
construction of the architecture. The formation mechanism of
the ZnO/ZnFe,0, nanoforest was discussed and the influence
of the Fe’ concentration on the morphologies of the
Zn0O/ZnFe,0, products has been investigated. In order to
the potential applications, the resulting
composite was used to fabricate gas sensors. It was found
that the gas sensor based on as-prepared ZnO/ZnFe,0,

and acted as a

demonstrate
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semiconductor composites showed a high response to ethanol
at 275°C, superior to the bare ZnO nanorods. The enhanced
performance may be attributed to the unique structure as well
as the change of the heterojunction barrier at different gas
atmosphere.

ZnO nanorods ZnO/ZnFe,0, nanoforest

ANy ..

f Calcinations .-

J

Schemel lllustration for the fabrication of hierarchical ZnO/ZnFe,0,
nanoforest.

2. Experimental details

2.1 Synthesis of ZnO/ZnFe,0, hierarchical nanostructures

All chemicals in the experiment were analytical reagent grade
and used without further purification. The ZnO/ZnFe,0,
hierarchical nanostructures were prepared by a facile two-step
method. Firstly, ZnO nanorod arrays were synthesized by a
seed-assisted chemical reaction as described in our previous
report.24 In a typical synthesis process, 0.9 mmol zinc acetate
dihydrate (Zn(CH3COO0),* 2H,0) and 1.5 mmol
hexamethylenetetramine (HMT) were dissolved in 10mL
deionized water by magnetic stirring for 30 min at room
temperature. Then the prepared mixture as the precursor
solution was sprayed by a general ultrasonic generator for 10
min at 300°C. As a result, ZnO seed layer was preferentially
deposited on the FTO substrate. Subsequently, the precursor
with the mixture of 10 mmol zinc chloride (ZnCl,) and 0.1 mL
monoethanolamine was sprayed on- to the seed coated FTO
for 2 h at 300°C. Then the obtained products were treated by
sintering at 500°C for 2 h. Secondly, the FTO glass with ZnO
nanorod arrays was immersed in 0.1-0.8 M aqueous solutions
of ferrous sulphate (FeSO,) for 5-30 min, the solution-
immersion conditions are summarized in Table 1. After being
washed with deionized water and dried at 80°C, the resulting
films were subjected to calcination at 500°C in air atmosphere.

Tablel Solution-immersion conditions for the fabrication of
Zn0/ZnFe,0,4 nanostructured films

Concentration Immersion
Sample No. of FeSO, solution time/min
S1 0.1M 30
S2 0.2M 30
S3 0.4M 30
sS4 0.8M 30
S5 0.2M 5
S6 0.2M 10
S7 0.2M 20

2.2 Characterization of samples

2| J. Name., 2012, 00, 1-3

The X-ray diffraction (XRD) patterns were recorded by a Rigaku
D/max 2500 with Cu-Ka radiation (A=0.15406nm) in the range
of 20°-80° (20) at room temperature. Field emission scanning
electron microscopy (FESEM) images were obtained using a
JEOL JSM-7500F microscope with an acceleration voltage of 15
kV. The X-ray photoelectron spectroscopy (XPS) spectra was
Kratos ASIS-HS X-ray photoelectron
spectroscope equipped with a standard and monochromatic
source (Al KR) operated at 150 W (15 kV, 10 mA). Transmission
electron microscopic (TEM) and high-resolution transmission
electron microscopic (HRTEM) images were obtained on a JEOL
JEM-3010 microscope operated at 200 kV, respectively. The
energy dispersive X-ray spectroscopy (EDS) result was
measured by the TEM attachment.

recorded on a

2.3 Fabrication and measurement of gas sensor

Gas sensors were fabricated as follows: the as-prepared
products were scraped off from the glasses and subsequently
dispersed in the deionized water to form a paste, and then
coated on a ceramic tube (4 mm in length, 1.2 mm in external
diameter, and 0.8 mm in internal diameter, attached with a
pair of gold electrodes) by a small brush to form a thick film. A
pair of electrodes was installed at each end of the alumina
tube, and each electrode was connected with a Pt wire. Prior
to the test, a Ni-Cr resistor was inserted into the ceramic tube
as a heater, which allows for the control of the working
temperature. The detail of the sensor fabrication and the
testing process were described in our previous work.” The gas
response S is defined as S=Ra/Rg, where Ra and Rg are the
resistances of sensors in air and the target gas. The response
and recovery times are defined as the time taken by the sensor
to achieve 90% of the total resistance change in the case of
adsorption and desorption, respectively.

3. Results and discussion

Fig.1a-b shows the FESEM image of the pure ZnO nanorods
grown for 2h. A panoramic FESEM image was shown in Fig. 1a,
from which a number of uniform nanorods were clearly
observed. It can be observed from the enlarged FESEM image
(Fig. 1b) that the ZnO nanorods have a smooth surface with a
top diameter of about 500 nm. Fig.1c presents the SEM image
of ZnO/ZnFe,0, hierarchical nanostructures (S2 in Tablel)
prepared by immersing the pure ZnO in 0.2 M ferrous sulfate
for 30 min. It can be seen that the uniform ZnO/ZnFe,0,
nanoforest were observed. No other morphologies can be
detected, indicating a high yield of these nanostructures. The
enlarged SEM image (Fig.1d) shows that lots of ZnFe,O,
nanosheets were attached on the surface of ZnO nanorods.
After the ZnFe,0, growth, the diameter of the nanorods was
smaller than the original ones and about 300nm.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 FESEM images of (a, b) bare ZnO nanorods and (c, d) the
Zn0O/ZnFe,0, nanoforest (S2)

The crystal structure and phase purity of the final products
were identified by powder X-ray diffraction (XRD). Fig. 2 shows
the typical XRD patterns of the pure ZnO nanorods (red curve)
and as-synthesized ZnO/ZnFe,0, hierarchical architectures
(black curve) prepared after immersing ZnO nanorods in 0.2M
ferrous sulfate for 30min. It can be seen that all diffraction
peaks in the red curve can be well indexed to a hexagonal
wurtzite structure of zinc oxide (JCPDS File No. 36-1451). After
the Fe-contain layer was deposited, the peaks ascribed to FTO
substrate appeared in the XRD pattern, which means that the
ZnO nanorods were partly dissolved. The inset of Fig. 2 is the
detail view of the XRD patterns from 20 to 50 degree. From the
inset of Fig. 2, the diffraction peaks of the composites display a
mixed crystal phases of ZnO and ZnFe,0, (JCPDS File No. 89-
1010). By contrast, the peaks of ZnFe,0, were weaker than
those of ZnO in the composite, probably because of the large
content of ZnO in the sample. The result demonstrates the
product is a mixture of ZnO and ZnFe,0,.
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Fig. 2 XRD patterns of the ZnO/ZnFe,0, hierarchical

nanostructures (S2)

To further confirm the phases of ZnFe,0, presented in the
sample, the X-ray photoelectron spectroscopy was used to
analyse the chemical bonding states of elements. Fig.3 is the
typical XPS spectra of the ZnO/ZnFe,0, heterostructure (S2 in

This journal is © The Royal Society of Chemistry 20xx

Tablel), where panel (a) is the survey spectrum and panels (b-
d) are the high resolution binding energy spectra with fitting
analysis for Zn, Fe and O, respectively. In ZnFe,0,4, Fe and Zn
atoms exist in the lattice with more than one chemical state
(A-sites or B-sites), bringing about several different
contributions with different binding energies in the X-ray
photoelectron spectroscopy spectra.26 Fig. 3b shows the
detailed analysis of the Zn 2p;/, peak. The main peak at 1021.5
eV is consistant with the X-ray photoelectron spectroscopy
recorded for the standard ZnFe,0O, materials.”” Hence we
assume that the peak is related to the Zn ions inzinc ferrite.
The other peak at 1021.8 eV should be due to ZnO. Fig. 3c
shows the Fe 2p peaks at binding energies of 711.5 and 725.2
eV, with a shakeup satellite at 719.5 eV, which are
characteristic of Fe* state in the cubic spinel ZnFe,0, phase. 28
As shown in Fig. 3d, the O 1s spectrum shows a broad peak
which is fitted by two peaks at binding energies of 530 and
531.6 eV. The peaks at 530.0 eV correspond to lattice oxygen
linked to ZnO/ZnFe,0,, and the other peak at around 531.6eV
ascribed to the the oxygen in the OH™ or H,0 absorbed on the
sample surface. 29-30
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Fig. 3 XPS spectra of the ZnO/ZnFe,0, nanoforest (S2): (a)
survey of the sample, (b) Zn 2p, (c) Fe 2p, and (d) O 1s.
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To get detailed structure of 2ZnO/ZnFe,0, hierarchical
composites, the TEM and HRTEM observation was further
conducted. A typical TEM image (Fig. 4a) shows a branch of the
Zn0O/ZnFe,0, nanoforest. The diameter of the nanorod was
about 210-315nm, which was much smaller than primary ZnO
nanorods. The enlarged TEM observation of a single branch
(Fig. 4b) shows that some nanosheets were wrapped on the
nanorod tightly. The HRTEM of the red square area in Fig.4b
was shown in Fig. 4c. Fig. 4(d-f) shows the HRTEM of
Zn0O/ZnFe,0, composites in different areas (marked by blue
square) of Fig. 4c. The lattice fringe spacing in the nanosheet
was observed to be 0.48nm and 0.25nm, corresponding to the
(111) and (311) plane of ZnFe,0,. Figure 4f gives a lattice fringe
of about 0.52 nm, corresponding to the (0001) fringes
perpendicular to the growth direction of ZnO nanorod*. Fig.
4g shows the TEM image of the two nanorods. And the TEM
elemental mapping was conducted to clearly identify the
spatial distributions of Zn and Fe in the hierarchical structure

J. Name., 2013, 00, 1-3 | 3
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(Fig. 4h and Fig.4i). In the inner region, the signals of Zn were
strongly detected, while the Fe signals were barely visible. In
contrast, the Fe signals were dominant in the outer region,
while a small amount of Zn signals were present.

0.52nm

e\

2nm
 SRET—

Zn

Fig. 4 (a) Typical TEM of the ZnO/ZnFe,0, hierarchical
nanostructures. (b) is the enlarged TEM images and (c) is
HRTEM images of the red square area in (b). (d-f) is Higher
magnification HRTEM images of several blue square areas in
(c). Fig.(g-i) is the TEM image and the corresponding elemental
mapping images.

The concentration of the FeSO, precursor plays an important
role in controlling the final morphology of the hierarchical
nanostructures. Fig. 5(a-d) shows the SEM images of the
Zn0O/ZnFe,0, hierarchical nanostructures with the
concentrations of ferrous sulfate solution ranging from 0.1 M
to 0.8 M (S1-S4). After immersing in 0.1 M FeSO, solution for
30min, the surface of initial ZnO nanorods become rough and
the sheet-like shapes could be detected (Fig. 5a). Once the
concentration of FeSO, was increased to 0.2 M, the diameter
of nanorods decreased and the product exhibited a forest-like
morphology (Fig. 5b). As the concentration of FeSO, was 0.4M,
the ZnO nanorods were further dissolved by H' produced from
FeSO, hydrolysis. Then the nanorods disappeared but
nanosheets were observed as the concentration reached 0.8M
(Fig. 5d), indicating a significant change in morphology.

(c) 0.4M

(d) 0.8M

Fig. 5 SEM images of ZnO/ZnFe,0, nanostructured films
fabricated with different FeSO, concentrations for 30min. (a)
0.1M(S1), (b) 0.2M (S2), (c) 0.4M (S3), (d) 0.8M (S4).

4| J. Name., 2012, 00, 1-3

In order to have a closer inspection of the evolution processes
of hierarchical ZnO/ZnFe,0, nanostructures, a series of time-
dependent experiments were carried out. Fig. 6(a-d) show the
SEM images of the products obtained after dipping in 0.2M
ferrous sulfate solution for different time ranging from 5min to
30min. The insets of Fig. 6 are the sample picture
corresponding to the SEM images, which clearly reveals the
gradual change of the color. For the sample having reacted for
5min, the diameter of ZnO nanorods hardly changed and small
amount of nanosheets were observed (Fig. 6a). When the
reaction proceeded to 10 min, the diameter of nanorods
greatly decreased, and plenty of nanosheets were observed
around the nanorods (Fig. 6b). As the reaction was prolonged
to 20 min, the nanosheets became smaller and covered on the
surface of ZnO nanorods (Fig. 6¢). For time closed to 30min,
high-yield and uniform nanoforest structures could be
produced (Fig. 6d).

(b) 1 0min

(c) 20min (d) 30min

Fig. 6 SEM images of ZnO/ZnFe,0, nanostructured films
fabricated after the immersion in 0.2M ferrous sulfate solution
for different time, (a) 5min (S5) (b) 10min (S6) (c) 20min (S7)
(d) 30min (S2). The inset is the photograph of the
corresponding samples.

On the basis of the results stated above, the formation process
of the hierarchical ZnO/ZnFe,0, nanostructures is proposed.
As mentioned above, the surface of ZnO nanorods is coated
with ZnFe,0, nanosheets tightly, and the diameter of ZnO
nanorods decreases from about 500 nm to 210 nm, indicating
that the nanorods were partly dissolved during the immersion
period. At the initial immersion stage, FeSO, easily hydrolyzes
to form Fe(OH), colloid and H and further oxidized to FeOOH
by oxygen in water. In the meantime, ZnO nanorods are
dissolved under the H* atmosphere.32 The consumption of
proton in turn accelerates continuous hydrolysis of FeSO, in
the immediate vicinity of ZnOnanorods. Besides, Zn** can also
hydrolyze to form hydrated Zn(OH), species. As a result, the
precipitation of FeOOH and Zn(OH), occurs preferentially on
the surface of ZnO nanorods, resulting in the formation of

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6



Page5ef6—

Zn(OH),—FeOOH nuclei. As increasing the immersion time, the
leading to
of hierarchical After further
subsequent calcination at 500°C,
hierarchical ZnO/ZnFe,0, nanoforest were finally constructed.
The proposed reaction can be illustrated as follows:

Zn(OH),—FeOOH nuclei grow into nanosheets,
construction architecture.

oxidation in air and

4Fe2* 4+ 6H,0 + 0, - 4FeOOH + 8H* (1)
Zn0 + 2H* - Zn?* + H,0 (2)
Zn2* 4+ 2H,0 — Zn(OH), + 2H* 3)

500°C
2Fe0O0H + Zn(OH), — ZnFe,0, + 2H,0 (4)

It is well known that ZnO and ZnFe,0, are two important kinds
of sensing materials. The gas-sensing performance of a hetero-
structure consisting of two metal oxides might be more
excellent compared to pure ZnO nanorods. For comparison,
two gas based on the zZnO
Zn0O/ZnFe,0,4 hierarchical nanostructure were fabricated.

sensors nanorods and
Fig.7a shows the responses of the sensor based on the
ZnO nanorods and ZnO/ZnFe,0,4. As expected, the sensor
using ZnO/ZnFe,0, hierarchical nanostructure clearly
exhibited enhanced response to ethanol compared with
ZnO nanorods. Moreover, the ZnO/ZnFe,0,
showed little responses to acetone, and

insensitive to toluene, methanol and C,H,. The highest

sensor
almost

response of the sensor based on ZnO/ZnFe,0, was about
10 to 100ppm ethanol, which is much higher than other
gases, which indicated that the sensor showed selectivity
to ethanol as opposed to other gases. Fig. 7b shows the
responses of two sensors to 100 ppm ethanol at
operating temperature from 225 °C to 325 °C. Obviously,
the responses of two sensors were both dependent on
the operating temperature. At various temperatures, the
response of sensor based on ZnO/ZnFe,0, hierarchical
nanostructure to ethanol was higher than that of ZnO
nanorods. Each optimal operating
temperature, at which the response value obtained the

sensor had an

maximum.
12
°1a [ 20O nanorods b ~®-200 nanorods
B ZnO/ZnFe0, 10 ~®-2Zn0/ZnFey04
8 100ppm test gas

s P
Acetone
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>

Response(RaIRg)
~
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2 /\'\.

220 240 260 280 300 320 340
Temperature(C )

°
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Fig. 7 (a) Responses of sensors based on the ZnO nanorods and
Zn0O/ZnFe,0, (S2) toward various gases at 275 °C. (b)
Responses of two sensors to 100 ppm ethanol as a function of
operating temperature.

The dynamic response-recovery curves of the two sensors to
100 ppm ethanol at 275°C were shown in Fig. 8. The results
showed that the response of the sensor based on ZnO/ZnFe,0,
hierarchical nanostructure was almost 4 times higher than that

This journal is © The Royal Society of Chemistry 20xx
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of sensor using ZnO nanorods. It is noteworthy that the
Zn0/ZnFe,0, sensor had a quicker response and recovery than
Zn0O sensor.

12
S———
104 : :
2s- . S i
Ew ) :
@ 64 :
2 ¢
o) -
o 44 : ZnO nanorods
[} @
] ; 1
X o] ¥ A ¢
b = ...}
0 T T T T L)
0 50 100 150 200 250 300

Time(s)

Fig. 8 Response transients of the sensors based on the ZnO
nanorods and ZnO/ZnFe,0, (S2) toward 100 ppm ethanol at 275°C

The significant improvement in gas-sensing property on
Zn0O/ZnFe,0, hierarchical composites is likely to be the result
of two factors. First, due to ZnFe,0, and ZnO are important
sensing materials, the synergetic effect of different gas sensing
materials is considered. This effect has been observed in other
hierarchical composites. 3334 Second, the heterojunction forms
at the interface between ZnFe,0, and ZnO, as shown in SEM
and TEM. Thus, electron depletion layer would be generated at
the interface of two metal oxides, which is caused by their
different band gaps and work functions.*>>® Therefore,
electrons will transfer between the conduction bands of the
two oxides to equalize the Fermi energy levels. Hence, an
electron depletion layer is formed at the interface of the two
metal oxides. When the ZnO/ZnFe,0, sensor was exposed to
the air, O, molecules can easily adsorb on the surface of
ZnFe,0, and capture electrons from the conduction bands of
ZnFe,0, to be oxygen species (O, 02'). The thickness electron
depletion layer will further decrease due to the transfer of
elections. As a result, the measured resistant of composite will
increase because of the low concentration of free elections.
When the sensor was exposed to a reductive gas such as
ethanol, surface reaction between the oxygen species and gas
molecules can occur and release a higher amount of electrons
trapped in the ionized oxygen species.36 Therefore, there is a
greater drop of resistance in the case of ZnO/ZnFe,0, sensor,
resulting in an improved sensor response.

in text of the article should appear here with headings as
appropriate.

Conclusions

In summary, hybrid ZnO/ZnFe,0, nanoforest was successfully
synthesized via a simple two-step method, which involved

J. Name., 2013, 00, 1-3 | 5
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immersing ZnO nanorod arrays in 0.2 M aqueous solution of
ferrous sulfate and subsequent calcinations at 500°C. The znO
template was partly dissolved in the immersion process and
the forest-like architecture was generated. The time-
dependent morphology evolution of ZnO/ZnFe,0, samples was
studied in detail, and a possible growth mechanism was
proposed on the basis of experiment results. The resulting
Zn0/ZnFe,0, nanoforest displayed enhanced gas-sensing
properties compared to the original ZnO nanorods. The
excellent performance of ZnO/ZnFe,0, films is attributed to
the unique architecture and the formation of the
heterojunction. Besides, this work suggests a simple method of
making hetero-junctions for gas sensors.
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