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Hierarchical Fe3;04@Co304 core-shell microspheres were prepared through a simple two-step hydro-
thermal method. The structure, morphology and surface characteristics of the microspheres were
characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and Brunauer-Emmett-Teller (BET). The
results showed that porous architectures were assembled from Fe304 sphere core and Co304 flower-like
shells. The gas sensing investigations revealed that the Fe;0,@Co304 core-shell microspheres sensors
exhibited enhanced sensing properties to acetone compared with Fe;04 microspheres and Co304 nano-
materials, which might be attributed to the unique hierarchical structure and the synergetic effect exerted

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hierarchical oxide semiconductor core-shell nanostructure has
demonstrated great potential applications in many fields, such as
gas sensor [1-3], photocatalysis [4], lithium ion batteries [5], pseu-
docapacitive materials [6] and so on. Recently, many efforts have
been devoted to the synthesis of hierarchical oxide semiconductor
core-shell nanostructure by chemical vapor deposition [ 7], pulsed-
laser deposition [8] and the epitaxial interfaces strategies [9], which
are usually costly and complex. Besides, the above methods typi-
cally lack flexibility in structure. Solution phase route is considered
to be an efficient method to synthesize core-shell nanostructure,
which has the advantages of being economical, controllable in
structure and environmental friendly. Lots of oxide semiconductor
core-shell architectures have been assembled through a surfactant
controlled growth in a hot organic solvent [10,11].

Being one of the bases of the functional materials, metal oxides
semiconductor nanomaterials have great applications. Among
them, Co304 is a vital p-type semiconductor with a normal spinel
structure [12], and it has many commercial or potential appli-
cation in solid-state sensors [13], anode materials in lithium ion
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batteries [14], heterogeneous catalysts [15]. Due to its high cat-
alytic reactivity, Co304 is used as an oxidation agent for toxic
gases and incompletely combusted gases. Thus, Co304 is expected
to be a good candidate gas sensor. Typically, there are two ways
to improve sensing performances, as has been reported. One is
the use of nanostructured Co304 to modify or promote its intrin-
sic properties. The other is the use of cobalt oxide as an additive
to achieve functional improvement to conventional gas sensors,
due to its high effectivity as a receptor [16]. If it is made into a
composite with an n-type semiconductor (such as Zn0O), the sensi-
tivity and selectivity can be enhanced. D. Bekermann et al. reported
that Co304/Zn0O nanocomposites exhibited an enhanced gas perfor-
mance when comparing to bare Co304[17].Fe304 is a typical n-type
semiconductor, and it is widely investigated as gas sensors [18,19],
materials in lithium ion batteries [20] and so on. Although Co304
has made into composites with various n-type semiconductors,
very little work has been directed toward fabricating gas sen-
sors based on Co304/Fe304 composites, and there are few reports
on the gas-sensing properties of Fe30,@Co30,4 core-shell micro-
spheres. Thus, synthesizing hierarchical Fe30,@Co304 core-shell
nanostructure has vitally scientific and practical significance.

In this work, we successfully synthesized hierarchical
Fe304,@Co304 core-shell microspheres by a two-step hydro-
thermal method. Firstly, Fe304 microspheres with diameter of
about 0.6-1wm were prepared. Subsequently, Fe3;0,@Co304
core-shell nanostructure was assembled by a hydrothermal
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process. Aiming to demonstrate the potential applications, the
as-prepared materials were used to fabricate gas sensor. The
results revealed that the Fe30,@Co304 core-shell microspheres
sensor exhibited a high response to acetone at optimum oper-
ating temperature of 160°C, which was superior to bare Fe304
microspheres and bare Co304 nanomaterials.

2. Experimental
2.1. Chemical reagent

FeSO4-7H,0, urea, trisodium citrate, hydrochloric acid, butanol
and ethanol were purchased from Beijing Chemicals Co., Ltd. (Bei-
jing, China). CoCl,-6H,0 and NaOAc-3H,0 were purchased from
Xilong Chemical Reagent Co., Ltd. (Guangdong, China). All of these
chemicals were analytical grade and used as received without fur-
ther purification.

2.2. Synthesis process

2.2.1. Preparation of Fe304 microspheres and Co304
nanomaterials

FeSO4-7H,0 (0.4 mM, 0.11 g) was dissolved in ethanol (20 ml)
to form a clear solution, followed by the addition of sodium
acetate (NaOAc-3H,0) (4 mM, 1.05 g) and trisodium citrate (NasCit)
(0.8 mM, 0.21 g). The mixture was stirred vigorously for 1 h and then
transferred into a 30 ml Teflon-lined stainless-steel autoclave. The
autoclave was heated to and maintained at 160 °C for 5 h, and then
cool down to room temperature. The resulting black products were
washed several times with deionized water and ethanol, and dried
in vacuum at 60 °C for 4 h.

CoCly-6H,0 (1 mM, 0.24¢g) was dissolved in a 20 ml mixture
of deionized water, ethanol and butanol (volume rate: 20:100:1).
Then, the mixture was added trisodium citrate (Na3Cit) (0.1 g) and
urea (0.16g). The mixture was stirred vigorously for 20 min and
then transferred into a 30 ml Teflon-lined stainless-steel autoclave.
The autoclave was heated to and maintained at 130°C for 3 h, and
then cool down to room temperature. The resulting red products
were washed several times with deionized water and ethanol, and
dried in vacuum at 60 °C for 4 h. Then the precursors were calcined
at 300°C for 1 h in air, and Co304 nanomaterials were obtained.

2.2.2. Synthesis of Fe30,@Co304 core—shell nanostructures

The above obtained Fe304 microspheres were first treated in
HCI (0.1 M) solution for 10 min under ultrasonic vibration. Then
the microspheres were washed and transferred into a 30 ml Teflon-
lined stainless-steel autoclave with a mixture of 11.6 ml deionized
water, 8.3 ml ethanol and 0.1 ml butanol with CoCl,-6H,0 (1 mM,
0.24 g), Na3Cit (0.1 ¢g) and urea (0.16 g). The autoclave was heated
to and maintained at 120°C for 8 h, and then cool down to room
temperature. The collected precursors were washed with deionized
water and ethanol for many times and dried in a vacuum at 60°C
for 4 h. Then the precursors were calcined at 300°C for 1h in air,
and the Fe30,@Co304 core-shell nanostructures were obtained.

2.3. Characterization

X-ray diffraction (XRD) analysis was conducted on a Scintag
XDS-2000 X-ray diffractometer with Cu Ko radiation (A = 1.5418 A).
X-Ray photoelectron spectroscopy (XPS) data was obtained with
a VG ESCALAB MK II spectrometer with an Mg KR excita-
tion (1253.6eV). Scanning electron microscopy (SEM) images
were performed on a SHIMADZU SSX-550 (Japan) instrument.
N, adsorption-desorption isotherms were measured at 77K on
a Micromeritics ASAP2000 system. Surface area and pore size

Fig. 1. Schematic structure of the gas sensor.

distribution were evaluated using Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods, respectively.

2.4. Fabrication and measurement of gas sensor

The as-prepared sample was mixed with deionized water in a
weightratio of 100:25 and ground in a mortar for 3 h to form a paste.
The paste was then coated on a ceramic tube to form a sensing film
(with a thickness of about 300 wm) on which a pair of Au electrodes
was previously printed. Pt lead wires attaching to these electrodes
were used as electrical contacts. After the ceramic tube was calcined
at 300°C for 2 h, a Ni-Cr heating wire was inserted in the tube as a
heater for controlling the operating temperature. The structure of
the sensor is shown in Fig. 1. The details of the sensor fabrication
were similar to our previous works [21,22].

Gas sensing properties were measured by CGS-8 intelligent gas
sensing analysis system (Beijing Elite Tech Co., Ltd., China) under
room condition (25 °C,40 RH%). The test gases were injected into a
test chamber by a microinjector. The response value (R) of p-type
semiconductor (n-type semiconductor) was defined as R=Rg/Rq
(R=Rq/Rg), where Rg; and R, denoted the sensor’s resistance in the
absence and presence of the target gases (reducing gases). The time
taken by the sensor to achieve 90% of the total resistance change
was defined as the response time in the case of response (target gas
adsorption) or the recovery time in the case of recovery (target gas
desorption).

3. Results and discussion
3.1. Structural and morphological characteristics

The XRD pattern of the final product is shown in Fig. 2. It can
be observed from Fig. 2(a) that the crystal phase of the final prod-
uct was the mixture of Fe304 and Co304. Most of the diffraction
peaks can be indexed to Co304, which was well agreed with the
reported values from the Joint Committee on Powder Diffraction
Standards card (JCPDS, 78-1970). The residual peaks were indexed
to the magnetite structure of Fe30,4, which was consistent with
the standard card file 75-0449. We can observe that the peaks of
Fe304@Co304 cover those of Fe304 and Co304 from Fig. 2(b). Com-
bined with EDX element analysis and XPS of the products, we can
confirm the statement about presence of magnetite and absence of
admixtures. EDX element mapping of the product were conducted.
Fig. 3(a)-(d) showed element mapping of a single Fe30,@Co0304
core-shell microsphere. The distribution of Co was larger than
that of Fe, which indicated the Fe304-core/Co304-shell structure.
The EDX element analysis (Fig. 3(e)) revealed that the hierarchi-
cal core-shell microspheres consisted of Co, Fe and O elements.
Besides, the Si element signal in the spectrum was attributed to the
SEM grid used to support the sample. Besides, the XPS peaks of the
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Fig. 2. (a) Full- and (b) part-XRD patterns of flowerlike Fe304,@Co304 hierarchical microspheres obtained by calcining precursors at 300 °C for 1 h.

composite Fe30,@Co304 core-shell nanostructures were indexed,
which was shown in Fig. 4. As depicted in Fig. 4b, the peak cen-
tered at 781.1eV corresponded to the Co 2p3, and another one
centered at 796.4 eV was assigned to Co 2py, and the energy dif-
ference between Co 2p3; and Co 2py, splitting was 15.3 eV, which

indicated the existence of both Co%*/Co3* [23,24]. Similarly, the
peaks appearing in Fig. 4 (c) are located at 711.8 and 724.8 eV,
which are ascribed to the Fe 2p3j, and Fe 2p, of Fe in Fe304 [25].
Thus, the obtained products are deduced to be Fe304 and Co304
composites.

Fig. 3. (a) The SEM image of Fe30,@Co304 hierarchical microsphere; (b-d) EDX elemental maps and (e) EDX spectra of the Fe;0,@Co304 hierarchical microspheres.
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Fig. 4. XPS spectra of as-obtained flowerlike Fe30,@Co304 hierarchical microspheres: (a) survey scan, (b) Co 2p spectrum, (c) Fe 2p spectrum and (d) O 1s spectrum.

The morphologies of the as-prepared hierarchical micro-
spheres were investigated by SEM. Fig. 5(a) and (b) showed
the low- and high-magnification SEM images of Fe304 micro-
spheres, respectively. It could be observed from the images
that the Fe304 microspheres had a relative uniform diameter of
about 600-1000 nm. Fig. 5(c) and (d) showed the low- and high-
magnification SEM images of Co304 nanomaterials, respectively.
We can observe that the Co304 nanomaterials had flower-like
surfaces which were similar to those of Fe30,@Co304 core-shell
microspheres. Fig. 5(e) showed a low-magnification SEM image
of hierarchical Fe30,@Co304 core-shell microspheres, and (f)
showed a high-magnification SEM image of a single Fe30,@Co030,4
core-shell microsphere with a small open hole, from which we can
observe the core-shell structure. The sphere-like architectures had
an average diameter of about 800 nm.

The surface structural characteristics of the as-prepared
Fe304@Co304 core-shell structures were analyzed by nitrogen
sorption isotherm techniques. As shown in Fig. 6(a), the isotherm
profile should be categorized as type IV with a small hystere-
sis loop which indicates that mesoporous structure exists in
microspheres [26]. The N,-BET surface area of the Fe30,@Co304
core-shell nanostructures was calculated to be 113.2m2 g1, and
the total pore volume was 0.530 cm? g~!. The pore-size distribu-
tion (Fig. 6(b)) was determined by using the BJH method from the
desorption branch of the isotherm, the average pore diameter of
the sample is about 5-30 nm (mesopores and macropores), which
may be attributed to the Co304 flower-like shell (mesopores) and
interparticular space (macropores).

3.2. Gas sensing properties

It is acknowledged that the gas response of a semiconductor
sensor is usually dependent on the sensor operating tempera-
ture [27,28]. The responses of the sensor based on Fe30,@Co030,
core-shell nanostructure to 100 ppm acetone (C3HgO) and ethanol
(C,H50H) were tested to determine the optimum operating tem-
perature, which were shown in Fig. 7(a). It can be observed that
the responses of the tested sensor varied with operating tempera-
ture. According to Fig. 7(a), 160 and 140 °C were suggested to be the
optimum operating temperature for acetone and ethanol detection,
respectively, because the sensor showed the maximum response
of 102.6 and 68.9 at the corresponding temperature. The variation
in the optimum operating temperatures for acetone and ethanol
could be understood by the dynamic equilibrium state of the initial
adsorption and the subsequent desorption of the gases [29].

Fig. 8 showed the response transients of Fe304@Co304
core-shell nanostructure to various acetone concentration at
160°C. It can be observed that the response shapes was approx-
imately square, which indicated that the sensor responded rapidly
and obtained an almost steady state [30]. When the sensor was
exposed to air, the resistance returned nearly to the baseline level.
The response times and the recovery times were shown in Table 1.

Fig. 9 presented the responses of Fe30,@Co30,4 core-shell
nanostructure, Co304 nanomaterials and Fe304 microspheres to
different acetone concentrations at a working temperature of 160,
140 and 240°C, respectively. The optimum operating tempera-
ture of Co304 nanomaterials and Fe304 microspheres were 140
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Fig. 5. Low (a) and high (b) magnification SEM images of the Fe304 microspheres; low (c) and high (d) magnification SEM images of the Co304 nanomaterials; low (e)
magnification SEM image of Fe304@Co304 core-shell microspheres, and high (f) SEM image of a broken Fe30,@Co304 core—shell microspheres.

Fig. 6. (a) Typical N, adsorption-desorption isotherms and (b) pore-size distribution curve of Fe304@Co304 core-shell microspheres.
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Fig. 7. Response of sensors based on (a) the as-prepared Fe;0,@Co304 core-shell microspheres to 100 ppm acetone, ethanol, (b) the as-prepared Fe304 microspheres and

Co304 nanomaterials to 100 ppm acetone as a function of the operating temperature.

Table 1
Response and recovery time of the Fe30,@Co304 core-shell microspheres sensor to
various concentrations of acetone at 160°C.

Concentration (ppm) Response time (s) Recovery time (s)

20 5 20
40 10 30
60 4 18
80 6 16
100 5 15

and 240°C, respectively, which was shown in Fig. 7(b). With
the increasing of the concentration of acetone, the responses of
Fe304@Co304 core-shell nanostructure, Co304 nanomaterials and
Fe304 microspheres all increased. It can be easily found that the
responses increased rapidly with the increasing of acetone con-
centration (10-1000 ppm), and then gradually reached a response
plateau (1000-5000 ppm). Besides, the Fe304,@Co304 core-shell
nanostructure sensor displayed enhancement in response to ace-
tone compared to Fe304 microspheres (about 3-6 fold) and Co304
nanomaterials (about 2-4 fold). According to the inset of Fig. 9,
the increase in the responses depended near linearly on the con-
centrations (from 10 to 100 ppm) for the Fe30,@Co304 core-shell
nanostructure sensor. The process may be involved adsorption as
well as organic vapor reacting with O~ at surface. Under low ace-
tone concentration (below 100 ppm), the rate of O, gas adsorption

Fig. 8. Response transients of Fe;0,@Co3;04 core-shell microspheres to various
acetone concentration at 160°C.

is relatively faster than that of acetone gas reacting with O~ at
surface. With the acetone gas concentration increasing, the rate
of acetone gas reacting with O~ is also increasing, for there are
more acetone molecules that can participate in the reaction with
the adsorbed O~. Upon reaching the point of 100 ppm, the ace-
tone gas molecules can be comparable with the reaction activation
sites. With a further increasing of acetone concentration, the rate
of acetone gas reacting with O~ increased slower compared with
that under low acetone concentration. Thus, the response increased
slowly when compared with that below 100 ppm. Finally, when the
rate of acetone gas reacting with O~ reached a equilibrium with
rate of oxygen re-adsorption on surface, the sensor comes into a
saturation state.

A good selectivity is also a key parameter to a gas sensor. The
selectivity of the sensor based on the as-prepared Fe30,@Co30,4
core-shell nanostructure was measured on exposure to various
gases at 200, 160, and 140 °C and the results were shown in Fig. 10.
As can be seen in the figure, ethanol was less than 10% of acetone’s
response signal at the operating temperature of 200 °C, however, it
was about 40% at 160 °C and 110% at 140 °C, respectively. Thus, the
sensor had good selectivity to acetone over other gases at 200°C.

Fig. 9. Response of pure Fe304, Co304 and hierarchical Fe3;04@Co304 core-shell
microspheres versus acetone concentrations.
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Fig. 10. Response of sensor based on hierarchical Fe304@Co304 core-shell micro-
spheres to 100 ppm various gases at 200, 160, and 140 °C, respectively.

3.3. Gas sensing mechanism

In typically, Fe304 and Co304 are n-type and p-type semicon-
ductor oxides, respectively, and their sensing mechanisms could
be explained through the change in resistance of the sensor caused
by the adsorption and desorption process of oxygen molecules on
the surface of the oxides [13,19,31]. When a p-type oxide semicon-
ductor sensor is exposed to air, the oxygen in the air (carrier gas)
captures the electrons from the sensing materials and ion-adsorbed
0,~, O~ and 02~ on the surface of sensing layer, resulting in an
increase of the carrier density and the formation of a conduction
layer on the surface of the sensing materials. On exposure to ace-
tone and ethanol (reducing gases), the gases molecules will react
with pre-adsorbed oxygen (Eqgs. (1) and (2)). The reaction releases
free electrons, which neutralize the holes in the p-type oxide semi-
conductor (Eq. (3)), thereby increasing the measured resistance
[32]. The solution of the n-type oxide semiconductor sensor is the
inverse condition [33]

C3HgO(ads) + 80~ (ads) « 3CO;(gas) + 3H,0(gas) + 8e~ (1)
C;HsOH(ads) + 60~ (ads) < 2CO5(gas) + 3H,0(gas) + 6e~  (2)
e” +h* < Null 3)

The gas sensing property of the as-synthesized Fe304,@Co304
core-shell nanostructure sensor for acetone was much better
than that of Fe304 microspheres and Co304 nanomaterials. The
enhanced sensing properties are likely to be related to the follow-
ing factors. Firstly, the synergetic effect of different gas sensing
materials is considered for both Fe304 and Co304 are important
sensing materials. The effect has been observed in other hierarchi-
cal core-shell nanostructures [3,34]. Consequently, the synergetic
effect of two different gas sensing materials in composites requires
two factors. The first one is that the thickness of the shell materi-
als is close to its Debye length (Ap). Besides, the core and the shell
materials should have strong response to the target gas [a]. The
value of Ap can be calculated by the following equation,

Ao = ( i )1/27 4)

q’nc
where ¢ is the static dielectric constant, k is the Boltzmann’s con-
stant, T is an absolute temperature (K), q is the electrical charge of
the carrier, and n¢ is the carrier concentration [b]. For bulk Co304,
assuming nc is 5 x 1018 cm=3, \p is about 40 nm at the operat-
ing temperature of 160°C according to Eq. (4). In our work, the
thickness of the Co304 shell was estimated to be about 50 nm,
which could be comparable with its Ap. As to the second factor,
both the Fe304 microspheres core and Co304 nanomaterials shell
have relativity large response to acetone. Besides, the sensor based

on Fe30,4,@Co304 flower-like microspheres exhibited enhanced gas
response to acetone compared with the sensor based on Fe304
microspheres core and Co304 nanomaterials. Besides, the well-
known catalytic activity of cobalt oxide is believed to play a further
beneficial role on the functional behavior. It means that n-type
metal oxides only chemisorb as much oxygen as possible to com-
pensate their deficiencies [35]. However, the concentration of
surface oxygen on p-type materials is significantly higher [36,37].
As aresult, the co-presence of Co304 and Fe304, having an intimate
contact between them, can further contribute to the improvement
of the composite sensor performances. Judging from the evidence
above, we believe this so-called “synergetic effect” does exist.

Second, it is the unique hierarchical structure that may attribute
to enhance the gas sensing properties. The p-Co304/n-Fe304 junc-
tion, which was shown in Fig. 5(f), produce an improved charge
separation at the interface between the two oxides, generating, in
turn, an enhanced conductance modulation on interaction with
target gases. Consequently, the Fe304@Co304 core-shell nano-
structure exhibits an enhanced sensing property [17]. A further
detailed sensing mechanism of Fe30,@Co30,4 core-shell micro-
spheres is still under investigation by our group.

4. Conclusions

In conclusion, we reported the synthesis of Fe304@Co304
core-shell microspheres through hydrothermal method and inves-
tigated the acetone sensing properties. An enhanced sensing
property to acetone was observed, which was superior to bare
Fe304 microspheres and Co304 nanomaterials. The enhanced gas
sensing properties were probably attributed to the synergetic effect
of Fe304 and Co304 as well as the assembled heterojunction. The
results demonstrate that the hierarchical core-shell microspheres
sensor is a potential candidate for high performance gas sensors.
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