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This paper reports that CroO3 hollow nanospheres (HNs) were synthesized via a hydrothermal approach and

characterized by scanning electron microscopy, x-ray powder diffraction, transmission electron microscopy (TEM),

selective area electron diffraction and high resolution TEM, respectively. In addition, the room-temperature (RT) gas

sensing properties of CroO3 HNs and conventional powders (CPs) were investigated by means of the surface photovoltage

technique. The experimental data demonstrate that the RT gas sensor of the as-fabricated HNs reaches below 5 ppm

whereas that of the CPs is about 40 ppm, which results from there being much more adsorbed and desorbed oxygen in

HNs than in CPs at RT. The as-prepared Cr2O3 HNs could have potential applications as RT nanosensors.
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1. Introduction

As an important wide band gap semicon-
ductor, CrsO3 has many outstanding prop-
erties, such as catalysis,'!  electrochemical,l?

magnetic,34 optoelectronic,®! mechanicall® and gas
sensing!lproperties. Recently, many researchers have
reported on the gas sensing properties of doped and
un-doped CryOs5 films at high temperatures. For ex-
ample, the gas sensing properties of FesOs-activated
Cry03 thick films are dependent on temperature from
500 K to 800 K.[8] Reference [9] reported that, above
an alcohol concentration of 20 ppm, the resistance of
Cry0Og3 thin film began to change obviously at 600 K.
However, there was still a fatal problem. It is diffi-
cult for these film gas sensors to operate in practice,
because they cannot work at room temperature (RT)
and low concentrations of target gases.[10—14

Several reports devoted to semiconductor gas sen-
sors have shown the importance of enhancing the oxide
surface areal’® 17 since Kawi and co-workers demon-
strated that an increase in this parameter improved
the sensor response.' Within this context, it has
become an important issue for the synthesis of semi-

conductor oxides with mesoporous structure present-
ing uniform small sizes of stabilized crystals and large
active surface areas. Hollow nanospheres (HNs), as
typical three-dimensional curved structures with in-
ner cavities, are of much importance because of their
unique properties of low density, high specific surface
area, good permeation and their potential applications
in various areas.!'92% So far, hollow spheres of many
materials have been fabricated through various meth-
ods, including template assisted synthesis,?! direct
evacuations with Ostwald ripening and the Kirkendall
effect.22) Here, we have synthesized CroO3 HNs us-
ing carbonaceous polysaccharide microspheres as tem-
plates by a simple hydrothermal route.

As far as we know, most of the traditional resis-
tance types of sensors should run at high temperature
(about > 300 °C) and high gas concentration, because
gas adsorption-desorption is carried out very slowly
at RT.[2324 On the other hand, the surface photo-
voltage (SPV) method is a well established contact-
less and nondestructive technique for semiconductor
characterization that relies on analysing illumination-
induced changes in the surface voltage.>26] In re-
cent years, the SPV technique has been increasingly
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used to investigate the gas sensing properties mainly
due to the rapid and highly sensitive detection of gas
sensing materials at RT.(2728] In this paper, we also
study the gas sensing properties of CroO3 HNs by the
SPV technique and explain the experimental results
through the theory of energy bands. To the best of
our knowledge, this is the first report on the gas sens-
ing of CroO3 HNs by the SPV method.

2. Experimental

Cr(NO3)3-9H50 (99.9%), Cra0O3 CPs (99.99%)
and glucose (99.8%) were used without further purifi-
cation. In a standard experiment, glucose (0.8 mmol)
and Cr(NOj3)3-9H2O (0.1 mmol) were dissolved in
20 ml distilled water and 10 ml distilled water, respec-
tively. Here the carbohydrate : chromium (molar ra-
tio) was 8:1 though varying carbohydrate : chromium
(molar ratios) can be used, from 15:1 to 2:1. Then the
two solutions were mixed immediately and placed in
a 45 ml capacity Teflon-lined stainless steel autoclave,
which was heated in an oven from RT to 180 °C for
24 h. The mid-products were filtered off and washed
first with distilled water, then with
ethanol, and were finally dried in a vacuum oven at
60 °C for 5 h. After that, the metal oxide-carbon com-
posites were calcined in air at 550 °C (heating rate of

several times:

1 °C/min) for 4 h to remove the carbon core; this leads
to CroO3 HNs.

The products were characterized extensively for
morphology, phase, growth direction and chemical
composition by using scanning electron microscopy
(SEM, JEOL JSM-5600LV, Japan), x-ray powder
diffraction (XRD, X’Pert Pro), transmission electron
microscopy (TEM, JEM 100CX-II), selective area
electron diffraction (SAED) and high resolution TEM
(HRTEM, JEM-2010).

The SPV instrument was homemade. Monochro-
matic light was obtained by passing light from a
500 W xenon lamp (CHF XQ500W, Global xenon
lamp power made in China) through a double-prism
monochromator (Zolix Omni-\ 500, made in China).
The slit widths of the entrance and exit are 1 mm.
A lock-in amplifier (SR830-DSP, made in the USA)
synchronized with a light chopper (SR540, made in
the USA) was employed to amplify the photovoltage
signal. The range of modulating frequency is from 20
to 70 Hz and the spectral resolution is 1 nm. The
raw SPV data were normalized by using an illumi-

nometer (Zolix UOM-1S, made in China). The sam-
ples were studied without further treatment during
the SPV measurements, in which the contact between
samples and indium tin oxide (ITO) electrodes is not

an ohmic contact since we carried out the measure-

ment of SPV.

3. Results and discussion

Figure 1(a) displays a panoramic SEM image of
the CroO3 HNs, which shows that the obtained sam-
ple consists of large-scale hollow spheres with diam-
eters about 0.3-4 pm. The hollow nature of the
nanospheres could be clearly concluded from the bro-
ken spheres as shown in a typical high magnification
SEM (HMSEM) image (the left inset of Fig.1(a)).
Based on the HMSEM, the thickness of the broken
spheres is about 50 nm. As shown in Fig.1(b), in the
diffraction patterns of the Cr,O3 HNs we have not
found any other impurity peaks in comparison with
the standard values of CryO3 bulk crystal structure
(Card No.85-0869, JCPDS-ICDD). In addition, statis-
tics on the HNs’ size found as a function of the NHs’
numbers are presented in Fig.1(c). The HN size dis-
tribution is not very uniform, which may result from
the uneven size of the carbon spheres. Almost half the
numbers of the NHs’ size are about 0.5-1 pm.

A representative TEM image of the CroO3 HNs
sample is shown in Fig.2(a), in which sphere-like prod-
ucts with diameters of 300-600 nm can be seen and
are compatible with the SEM results. Figure 2(b) is
an emblematical SAED pattern from the products and
polycrystalline structures were found. A HRTEM im-
age of the CroO3 HNs is indicated in Fig.2(c). The
marked interplanar d-spacings of about 0.144 nm cor-
respond to the lattice constant of CryOg3, which is in
agreement with these results of XRD and SAED.

As for the HNs’ growth, we assume that the for-
mation of the carbon spheres firstly involves the de-
hydration of the carbohydrate and carbonization of
the so-formed organic compounds, whose surface is
hydrophilic and has a distribution of OH and C=0
groups. Then, during the reaction, Cr3* and its
resulting nanoparticles are predominantly positioned
near the hydrophilic shell of the carbon particles,
which yields an increase in the diameter of the carbon
spheres. After annealing, the carbon spheres are re-
moved, Cr3* is oxidated and CryO3 HNs are obtained

as shown in Fig.2(d).
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Fig.1. (a) A low-magnification SEM image and HMSEM image (left inset); (b) XRD patterns of the
collected product; (c) statistics of the HNs’ size for NHs with diameters between 0 and 4 pm.
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Fig.2. (a) A typical TEM image of CraO3z HNs; (b) A
typical SAED pattern; (¢) An HRTEM image of the HNs
exhibiting marked interplanar d-spacings (~ 1.44 A) cor-
responding to the {300} lattice fringes of the CroO3 HNs;
(d) Proposed growth model for CroO3 HNs.

The gas sensing properties were measured by SPV

technology. The construction of the photovoltaic cell
is a sandwich structure (see the inset of Fig.3(a)).
Typical RT SPV spectra of the CroO3 HNs and con-
ventional powers (CPs) in air and ethanol (5 ppm) are
respectively shown in Fig.3(a). It can be observed that
the SPV responses of the two samples are similar in air
whereas there is a huge change in ethanol. For exam-
ple, the SPV of HNs reaches about 7.8 mV at 370 nm
in ethanol whereas that of CPs is ~ 3.6 mV at the
same condition. In order to illustrate the relationship
between the sensing and the gas concentration clearly,
we defined the gas sensitivity as Sen = (W, — V,)/Va,
where V, and V}, are the SPV of the sensor in air and
ethanol, respectively. Figure 3(b) is used to indicate
the plots of sensitivity versus the vapour concentration
when HNs and CPs were exposed to ethanol. Obvi-
ously, the sensitivities of the two samples increase with
an increase of ethanol concentration; nevertheless, the
Cry03 HNs are more sensitive than CraO3 CPs.
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Fig.3. (a) SPV spectra of two samples (HNs and CPs)
in air and ethanol respectively. Inset: scheme of the SPV
experimental cell and the sample condition; (b) sensitivity
of the Cr20O3 HNs and Cra2O3 CPs in ethanol.

Since CrsQOg3 is a typical p-type semiconductor
and its Fermi level is below the Fermi level of the sur-
face states,2939 part of the electronics will transfer
from a high-energy position (surface states) to a low-
energy position (Fermi level). As a result, the surface
is positively charged whereas the bulk phase is nega-
tive, i.e. a built-in electric field is formed. Also, the
energy bands will lead to a downward bending in the
space charge region. In this case, under the effect of

the built-in electric field, the photogenerated electron—
hole pairs are separated and the corresponding SPV
responses produced. 1]

To explain the gas sensing properties, the chem-
ical potentials of CryO3, O2, O, and CoH;OH are
given in Table 1. As we know, the Fermi level is equiv-
alent to the chemical potential in the system. In this
way, according to the different Fermi levels (see Table
1), we describe the schematic diagram of CroO3 HNS’
band bending through the entire experimental process

(shown in Fig.4).

Table 1. The chemical potential of Cr203, O2, Oy
and CoHsOH.

Cra03 O2 02_
chemical potential/(kJ/mol) | -1058.13 0 —42.57

CoHs0OH
-168.57

For illumination, the photogenerated electrons
transferred to the surface whereas the holes moved to
the bulk by the built-in electric field Ej,, whose direc-
tion is from the surface to the bulk.[2:33 At the same
time, the adsorbed oxygen on the surface would com-
bine with the electrons and generate the ionosorbed
oxygen. As electrons transferred from the bulk to the
surface, weakening the self-built electric field and de-
pletion layer, the band bending should reduce. At
the equilibrium state, AF, (the variable of the energy
band bending in air) is obtained, which is equivalent to
the V, in experiment. When ethanol is exposed, the
alcohol molecule may restore the ionosorbed oxygen
and release free electrons. Therefore, the amount of
the electrons on the surface will increase in the ethanol
system (the corresponding SPV responses changed
more strongly). In contrast, the energy band bend-

ing would continue to weaken.

O~ +C2HgO —» CoH4,0+H0+e~

v

Fig.4. Schematic diagram of CraO3 HNs’ energy band bending. E., Ey and Eg are the conduction band,
valence band and Fermi level, respectively. E}, is the built-in electric field. EFpg; and Epgy are the Fermi levels
of the surface states in air and in ethanol respectively. Based on the chemical potential, Frg; > Epgo.
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In a similar manner, AF}, (the variable of the
energy band bending in ethanol) could be obtained.
Since AEy, is larger than AE,, we can successfully ex-
plain the different SPV in air and ethanol based on
the changes in energy band bending.

But why are both samples (the CPs and the NHs)
similar in air but very different in ethanol? The reason
may be that the porous architecture of the HNs pro-
vides more sufficient space and active sites enabling
both the target species and the background gas to
access all the surface of CroO3 HNs contained in the
sensing unit, thus improving the efficiency of gas diffu-
sion and the interaction between adsorbed oxygen ions
and detected gases. The high sensitivity under ambi-
ent conditions can be attributed to the intrinsic meso-

porosity and high surface-to-volume ratio associated

s.3435] Of course,

with the mesoporous hollow sphere
the corresponding mechanism still requires more sys-

tematic and extensive study.

4. Conclusions

In summary, we have synthesized CroO3 HNs in
solution phase by using novel carbon microspheres as
templates. With the nanoporous structure, it was
found that CroO3 HNs have good sensitivity in low
concentrations of alcohol at RT by SPV technology.
We believe that CroO3 HN gas sensors might have
promising applications in the future and stimulate re-

search for other kinds of nanostructure gas sensors.
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