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Abstract: Ce-doped ZnO microspheres were solvothermally prepared, and their microstructure, morphology, photoluminescence,
and gas sensing were investigated by X-ray diffractometer, field emission scanning electron microscopy, transmission electron
microscopy, fluorescence spectrometer and gas sensing analysis system. The results showed that the Ce-doped ZnO microspheres
were composed of numerous nanorods with a diameter of 70 nm and a wurtzite structure. Ce-doping could cause a morphological
transition from loose nanorods assembly to a tightly assembly in the microspheres. Compared with pure ZnO, the photoluminescence
of the Ce-doped microspheres showed red-shifted UV emission and an enhanced blue emission. Particularly, the Ce-doped ZnO
sensors exhibited much higher sensitivity and selectivity to ethanol than that of pure ZnO sensor at 320 °C. The ZnO microspheres
doped with 6% Ce (mole fraction) exhibited the highest sensitivity (about 30) with rapid response (2 s) and recovery time (16 s) to

50x10°° ethanol gas.
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1 Introduction

As a nontoxic and inexpensive n-type
semiconductor, ZnO offers a promising candidate for
various applications, due to its exceptional properties
such as wide band gap (3.37 eV) and high exciton
binding energy (60 meV) at room temperature. Many
efforts have been paid to the synthesis of ZnO
nanostructures including nanowires [1], nanotubes [2],
nanofilm [3], flower-like structure [4], and hollow
spheres [5], which have drawn intensive investigation
owing to their potential applications in various functional
devices, such as field-effect transistor [6], solar cells [7],
light emitting devices [8], and gas sensors [9,10].
Recently, interest in ZnO hierarchical micro/nanospheres
has been greatly stimulated for their large specific
surface area and porous shell, which offers greater
opportunity for diffusion, mass transportation, and
surface reactions. Therefore, ZnO with hierarchical
nanostructures is thought to be good for the gas-sensing,
catalytic, and photovoltaic applications [11]. For instance,
SONG et al [12] prepared ZnO hollow spheres to detect

acetone. Generally, the template-free solvothermal
method is considered a very simple and convenient
method for preparing ZnO hierarchical micro/
nanospheres in comparison with template method, which
accompanies the use of removable or sacrificial
templates. Doping ZnO with selective elements, e.g.,
noble metals [13], transition metal oxides [14], rare-earth
metals [15] and main-group metal oxides [16], has been
considered as effective methods to modify optical,
magnetic, electrical and gas-sensing properties of
semiconductor materials. Rare earth-doped ZnO is
technologically important, as it has potential applications
for making efficient luminescent and gas-sensing
materials. In particular, Ce as a dopant could enhance
gas-sensing properties by mending the morphology,
changing energy band structure and creating more active
adsorption sites. In order to mend optical and gas-sensing
performance, considerable efforts have been devoted to
preparing Ce-doped ZnO. YANG et al [17] reported a
sol-gel method with low annealing temperature of
500 °C for preparing Ce-doped nanorod, which shows
good optical properties at room temperature. WAN
et al [18] fabricated Ce-doped ZnO nanofibers by
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electrospinning method, and the fibers-based sensor
exhibits better sensing properties than pure ZnO
nanofibers sensor. Also, SIN et al [19] investigated the
enhanced photocatalytic activity of rare earth-doped ZnO
hierarchical micro/nanospheres under visible light
irradiation. These relevant studies with an objective to
determine the influence of controllable doping were
mainly focused on the promoting effect of Ce doping.
However, up to date, a considerable amount of research
has proved that the size and morphology of ZnO nano-

materials have great influence on their performances [20].

Therefore, the morphology modification induced by
Ce-doping may also play a vital role in their properties,
which is necessary for further study.

In this work, the pure and Ce-doped ZnO
microspheres were synthesized by a simple solvothermal
route without any templates. The effects of Ce doping on
the morphological modification, photoluminescence and
gas-sensing of ZnO microspheres were investigated.
Additionally, the sensing mechanism was also discussed.

2 Experimental

Ce-doped ZnO hierarchical microspheres were
prepared as follows. 1.0 g zinc acetate dihydrate was
dissolved in 8 mL of deionized water and then mixed
with 60 mL glycerol under intense mechanical stirring
for 1 h. The resulting mixture was transferred into a
Teflon lined autoclave, sealed and maintained at 200 °C
for 5 h. Afterwards, the autoclave was cooled to room
temperature. Finally, the white precipitate was separated
by centrifugation, washed with deionized water and
ethanol several times, and dried at 60 °C for 10 h. Ce
(2%—10%, mole fraction)-doped ZnO microphones were
prepared by taking the same procedure except
appropriate amount of cerium acetate was dissolved in
zinc acetate dihydrate solution at the beginning of the
reaction process. All the reagents used in the experiments
were of analytical grade without further purification.

The morphological analysis of ZnO microspheres
was performed by field emission scanning electron
microscopy (X—650, Hitachi, Japan). X-ray diffraction
(XRD) patterns of the products were obtained using a
DX-2000 X-ray diffractometer with Cu K, radiation
(4=0.154184 nm), operated at 40 kV and 25 mA in the 26
range from 20° to 70°. Photoluminescence (PL) emission
spectra were conducted on a spectrophotometer (F—7000,
Hitachi, Japan) at room temperature using 325 nm as the
excitation wavelength. The gas-sensing properties were
measured on a CGS-8 intelligent gas sensing analysis
system.

The fabrication and testing procedure of gas sensor
are similar to that described in Ref. [21]. Firstly, the
as-prepared samples were dispersed in deionized water to

form a paste, which was then coated onto the surface of
an alumina tube. A Ni—Cr wire was inserted into the tube
as a heater to control operating temperature and welded
on the sensor pedestal. In order to ensure the stability and
reliability, the gas sensors were heat-treated at 500 °C for
3 h. The gas-sensing measurement was performed on the
CGS-8 intelligent gas sensing analysis system (Beijing
Elite Tech Co., Ltd., China). The gas sensitivity (S) was
defined as S=R./R,, where R, and R, are sensor
resistances in the air and target gas, respectively.

3 Results and discussion

The XRD patterns of the Ce-doped ZnO
microspheres are presented in Fig. 1. All the diffraction
peaks in the XRD spectra match well with those given by
JCPDS card No. 36—1451, which indicated that all the
samples had typical hexagonal wurtzite structures. No
diffraction peaks of Ce or other impurity phases were
detected, thus we assume that the Ce ions have uniformly
substituted into the Zn®" sites or interstitial sites in the
ZnO lattice. In comparison, the intensity of the XRD
peaks was reduced after introducing Ce into ZnO
microspheres. In order to prove the existence of
Ce-dopant in ZnO structure, EDS analysis was carried
out for all samples, and the results show that all
Ce-doped ZnO is composed of Ce, Zn and O elements,
except the pure ZnO containing Zn and O elements.
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Fig. 1 XRD patterns of Ce-doped ZnO microspheres with
different dopant contents: (a) 0; (b) 2%; (c) 4%; (d) 6%;
(e) 10%

Figure 2 shows the surface morphologies of the
pure and Ce-doped ZnO microspheres. The prepared
products exhibit spherical shape with diameters ranging
from 3 to 7 pum, which are assembled with radially
aligned nanorods beyond several micrometers in length.
As shown in Figs. 2(a;) and (a;), the nanorods with
hexangular cross sections imply that the pure ZnO
microspheres possess a high degree of crystallinity.
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Fig. 2 Surface and overview SEM images of Ce-doped ZnO microspheres with different Ce contents: (a;,a,) 0; (by,by) 2%; (c,¢,) 4%;

(d1,d2) 6%; (e1,¢2) 10%

However, the diameter of nanorods greatly decreases to
about 70 nm after introducing Ce into ZnO, as shown in
Figs. 2(by), (c1), (dy) and (e;). Moreover, the size of the
microspheres also shows an obvious decrease after Ce
doping, as shown in Figs. 2(b,), (c,), (d>) and (ey). It can
be mainly assumed to the formation of Ce—O—Zn on the
surface of Ce-doped microspheres, which restrained the
growth of crystalline [22]. Obviously, the SEM images
show a transition from loosely aligned nanorods of pure
ZnO microspheres to tightly aligned nanorods after the
Ce-doping. Furthermore, compared with the pure ZnO,
the crystallinity for Ce-doped ZnO decreases according
to the surface morphologies of nanorods in Figs. 2(b)),
(c1), (dy) and (e;). Apparently, the lateral and polar
growth of ZnO is remarkably restricted by doping 2% Ce
into ZnO, and this trend does not develop with further
increasing Ce-doping content. Figure 3 reveals that these
microspheres have a hollow and radial structure that is
composed of numerous nanorods, which have a perfect
lath-shaped appearance (Fig. 3(c)) and a monocrystal
structure (Fig. 3(d)).

Figure 4 shows the PL spectra of pure and Ce-doped
samples excited by 325 nm at room temperature. All the
samples exhibit UV and blue emission. The strong UV
peak corresponds to the near-band-edge emission
originating from the recombination of free excitons. The

Fig. 3 TEM images of Ce-doped ZnO microspheres (a,b),
single nano-rod (c) as component of microsphere and its
electron diffraction pattern (d)

enhanced blue emission peaks at 452 nm and 470 nm are
commonly attributed to the defects such as the transitions
involved in zinc interstitials and oxygen vacancies in
ZnO crystal [23]. Compared with the PL spectra of
pure ZnO microspheres, the UV emission peaks for
the Ce-doped ZnO exhibit obvious red shift while the
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Fig. 4 PL spectra of pure ZnO (a) and Ce-doped ZnO

microspheres with Ce contents of 2% (b), 4% (c), 6% (d) and

10% (e)

intensities are severely suppressed. This shift is due to
the band gap narrowing caused by the downshift of the
conduction band edge after merging with Ce-related
impurity band formed below the conduction band [24].
Decreased UV emission peaks can be attributed to the
increase of the defects and decrease of ZnO crystallite
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size [25]. Moreover, the intensities of visible emission
are enhanced when the Ce content increases from 0 to
6%. It can be ascribed to the existence of Ce impurities
in ZnO microspheres that might result in the formation of
new defects such as Ce vacancies [26]. However, the
intensities of visible emission decrease after further
increasing Ce content to 10%.

Figure 5(a) exhibits the sensitivity of pure and
Ce-doped ZnO microspheres to 50x10°° ethanol at
operating temperatures from 180 to 360 °C. Evidently,
the sensitivities of all the samples to 50x10° ethanol
increase with increasing operating temperature until the
maximum value at 320 °C, and then begin to decrease
with increasing temperature. Therefore, 320 °C was
taken as the optimum operating temperature to proceed
with the subsequent gas-sensing tests. It is well known
that ZnO-based gas sensors are surface resistance control
sensors, whose gas-sensing mechanism can be attributed
to the changes of electrical conductivity resulting from
the adsorption and desorption of oxygen molecules from
the surface of nanocrystals. In air atmosphere, oxygen
molecules are chemisorbed on the surface of ZnO
microspheres and capture free electrons from the
conduction band to form oxygen species (O, O, and
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Fig. 5 Sensitivity of pure and Ce-doped ZnO microspheres to 50x10°° ethanol at different operating temperatures (a), sensitivity of

prepared samples versus ethanol content (b), sensitivity of Ce—~ZnO microspheres doped with 6% Ce exposed to 50x107® gases (c),

and response—recovery curve of Ce—~ZnO microspheres doped with 6% Ce exposed to 50x10°® ethanol at 320 °C (d)
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0O,). Such process gives rise to surface depletion layers,
which eventually decreases the electrical conductivity of
ZnO microspheres. When ZnO microspheres are exposed
to reducing gases, they can react with adsorbed oxygen
species and release electrons to the conduction band,
resulting in an increase in electrical conductivity. The
surface reactions can be written as

O,(gas) + e == O, (ads) €))
O,(gas) +2e == 20 (ads) 2)
O (ads) +e == 0% (ads) 3)

The content of chemically adsorbed oxygen species
gradually increases with the increase of operating
temperature, which results in the increasing variation of
electrical conductivity. Therefore, the sensitivities are
improved with the increasing temperature. However, the
decrease in sensitivity above 320 °C is owing to the fact
that the chemisorption is an exothermic reaction. If the
temperature is further enhanced above 320 °C, the
balance will move from adsorption to desorption, which
leads to a decreased sensitivity [27]. Evidently,
sensitivity of ZnO microspheres is improved with the
addition of Ce and reaches a maximum value with
6% Ce. Further increase in Ce content results in a
decreased sensitivity. For the pure ZnO, oxygen
molecules are adsorbed on the surfaces and capture
electrons from the conduction band, forming
chemisorbed oxygen species O,, O~ and O* as shown in
Egs. (1)—(3). When being exposed to ethanol, the ethanol
molecules can react with adsorbed oxygen species in the
following manner:

C,HsOH(gas)+60 (ads)—>2C0,+3H,0+6e (4)

This process releases electrons to the conduction
band, increasing electrical conductivity. Doping of ZnO
with Ce will produce the oxygen vacancies that can
provide more active adsorption sites. In addition,
compared with pure ZnO microspheres, the Ce-doped
ZnO microspheres will get more oxygen species on the
surface owing to more oxygen vacancy related defects
introduced by Ce doping, which can enhance the surface
depletion thickness and the potential barrier height at the
contact [28]. The oxygen molecules can interact strongly
with oxygen vacancies on the surface of ZnO [29]. These
suggest that the Ce doping can absorb more oxygen on
the ZnO surface, which results in the enhanced
Moreover, as for the morphology
modification induced by Ce doping, it can play a vital
role in the enhanced sensing performance. On one hand,
the significant shrinkage in diameter of nanorods, which
may cause an enhanced length/diameter ratio, will
benefit the sensing properties [30]. On the other hand,

sensitivity.

the obvious decrease in the size of microspheres after Ce
doping could also result in a higher sensitivity [31].

Figure 5(b) shows the sensitivity of pure and
Ce-doped ZnO microspheres upon exposure to ethanol
gas with a content of (5-300)x107® at 320 °C. The
sensitivity tends to linearly increase when ethanol gas
content ranges from 5x10°° to 50x10°°. The sensitivity
increases drastically as the gas content increases to
150x107°. However, the sensitivity increases slowly
when the content surpasses 150x107°, indicating that the
sensors almost approach adsorption saturation due to the
limited adsorption sites. It seems that Ce-doped ZnO
sensors exhibit a higher sensitivity than pure ZnO sensor
and they can detect ethanol down to 5x10°°.

The sensitivity of 6%Ce-doped ZnO sensor to
carbon monoxide (CO), hydrogen (H,), benzene (C¢Hp),
formaldehyde (HCHO), acetone (CH3;COCH;) and
ethanol (CH;CH,OH) with a content of 50x10° at
320 °C is revealed in Fig. 5(c). Obviously, the sensor was
much less sensitive to acetone, formaldehyde and
benzene and almost insensitive to hydrogen and carbon
monoxide. Since ZnO can act as an acceptor for a long
pair of electrons, organic vapors such as ethanol and
acetone, which possess a long pair of electrons, have
strong adsorption attraction on ZnO-based materials [32].
All these results show that the Ce-doped ZnO
microspheres have good selectivity to ethanol.

In order to further investigate the practicability,
characteristics of Ce—ZnO
microspheres doped with 6% Ce exposure to 50x10°°
ethanol at 320 °C were also studied. The time for the
sensor to reach 90% of the full resistance change is
defined as the response time in the case of adsorption or
the recovery time in the case of desorption. The sensor

the response—recovery

shows an excellent response of about 2 s and a moderate
recovery of about 16 s (Fig. 5(d)), acceptable for
applications of ethanol detection. This can be attributed
to the enhanced active surface and accelerated gas
induced by the porous
microspheres [33]. In this work, the enhanced gas
sensing performance by Ce-doping could be explained as
follows. Firstly, the resistance of the Ce-doped ZnO will

diffusion structures  of

decrease when Ce incorporates into ZnO to act as a
donor; secondly, comparing with Zn?*, Ce*" in the higher
valence state can increase the adsorption capacity of the
surface of the Ce-doped ZnO, so that the resistance of the
Ce-doped ZnO increases when exposing to air; in
addition, the surface area of the Ce-doped ZnO increases
when doping Ce into ZnO. Thus, the resistance change of
the Ce-doped ZnO exposed to the atmosphere that from
air to target gas is amplified. This also means that its gas
sensing performance is naturally enhanced.



3662

4 Conclusions

1) The SEM images show a transition from loose
nanorods assembly of pure ZnO microspheres to tight
nanorods assembly in Ce-doped microspheres after
Ce-doping.

2) Effects of Ce-doping in the microspheres on
optical properties show suppressed and red-shifted UV
emission, and enhanced blue emission. Moreover, the
intensities of visible emission are enhanced with the Ce
content increasing from 0 to 6% and then decrease after
doping with 10% Ce.

3) The gas-sensing results show that the sensitivity
is dramatically enhanced after Ce-doping and the
Ce-doped ZnO microspheres with Ce content of 6%
exhibit the highest sensitivity to ethanol at 320 °C with
quick response (2 s) and recovery time (16 s) to 50x10°°
ethanol gas.
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