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ABSTRACT: The a-Fe,0; hierarchical nanostructures have
been successfully synthesized via a simple solvothermal method.
The as-prepared samples are loose and porous with flowerlike
structure, and the subunits are irregularly shaped nanosheets.
The morphology of the a-Fe,Oj structures was observed to be
tunable as a function of reaction time. To demonstrate the
potential applications, we have fabricated a gas sensor from the
as-synthesized hierarchical a-Fe,O; and investigated it for
ethanol detection. Results show that the hierarchical a-Fe,O5
sensor exhibits significantly improved sensor performances in
comparison with the compact a-Fe,O3 structures. The en-
hancement of sensing properties is attributed to the unique
porous and well-aligned nanostructure.
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1. INTRODUCTION

With the advancement in materials science, hierarchical
structures materials open a new horizon for the investigation of
high-performance sensors, and are considered as good candi-
dates for gas sensors because of their low density and large
surface-area-to-volume ratio than solid structures.' * To date,
many types of hierarchical superstructures have been successfully
fabricated by a variety of methods.’~® However, these methods
usually hold disadvantages related to high temperatures or
tedious synthetic procedures, which possibly result in the in-
creased cost and limited the potential applications. Therefore,
exploration of a simple, mild and economical approach is strongly
desirable for the fabrication of hierarchical nanostructures.'®~ "
Nevertheless, in spite of extensive research efforts, synthesis of
hierarchical structures by a simple solvothermal route still
remains a technological challenge.

Hematite (c-Fe;O3), an n-type semiconductor (E; = 2.1 eV), is
the most thermodynamically stable phase of iron oxide under
ambient conditions with low cost, high resistance to corrosion and
environment-friendly features. It has been extensively investigated
for various applications, such as catalysts, gas sensor, electronic
materials, magnetic devices, biological and medical fields.' %!
Stimulated by these intriguing properties and broad applications,
well-defined nanostructures of iron oxides with different dimen-
sionalities such as 0D (nanoparticles) ,221D (nanorods, nanowires,
nanotubes,”>** 2D /3D (nanorings, nanobelts, nanocubes, as well
as hollow and porous nanostructures)*>*® have been successfully
obtained. Until now, the simple synthesis strategy for the flower-
like a-Fe,Oj3 hierarchical structures is still rarely reported.

In this work, we report a simple strategy for the synthesis of
flowerlike a-Fe,O5 hierarchical structures through a solvothermal
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process with subsequent calcination of the obtained precursor.
The obtained a-Fe, O3 hierarchical architectures consisted of a
number of two-dimensional (2D) nanosheets. The formation
mechanism as investigated in detail. A comparative gas sensing
study between the as-synthesized a-Fe, O3 hierarchical architectures
and a-Fe,O; compact structures was performed to demonstrate the
excellent gas sensing properties of a-Fe,O; hierarchical materials.

2. EXPERIMENTAL SECTION

2.1. Materials. All the reagents were of analytical grade and
used without further purification. Ferric chloride (FeCls - 6H,0),
urea, ethylene glycol and glycerol were purchased from Sino-
pharm Chemical Reagent Co. (Shanghai, China).

2.2. Synthesis Process. Flowerlike «-Fe,O3 hierarchical
structures was prepared through a two-step process including
solvothermal synthesis of FeOOH precursor and calcination of
the obtained precursor. In a typical experiment, 0.15 g of
FeCl;-6H,0 and 0.2 g of urea were mixed with 25 mL of
ethylene glycol under magnetic stirring vigorously until a uni-
form suspension was formed. The suspension was then trans-
ferred into a 40 mL teflon-lined stainless steel autoclave. After
sealing, the autoclave was heated at 160 °C for 8 h, and then
cooled naturally. The product was collected by centrifugation,
washed with deionized water and absolute ethanol several times,
and finally dried in vacuum at 60 °C for 6 h. The dried powder of
the precursor was heated in air from room temperature to 500 °C
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Figure 1. Schematic structure of the gas sensor.
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Figure 2. XRD pattern of (a) flower-\like -Fe,Oj structures, (b) compact
a-Fe, Oy structures, and (c) standard XRD pattern of a-Fe,05 (JCPDS No.
80-2377).

at a heating rate of 5 °C min~ ' and then kept at 500 °C for
10 min. After the furnace was cooled to room temperature, and
the red a-Fe,O; hierarchical product was obtained. Detailed
synthesis procedures of the a-Fe,O; compact structures were the
same as those for making a-Fe,Oj3 hierarchical structures, except
the ethylene glycol changed to be glycerol.

2.3. Characterization. The reaction products were character-
ized by X-ray diffraction (XRD) using a Rigaku D/Max-2550
diffractometer with Cu Ka radiation (A4 = 0.154 18 nm) (40 kV,
350 mA) in the range of 20—80° (26) at a scanning rate of 10°
min~ . Field emission scanning electron microscope (FESEM:
SHIMADZU Japan, SSX-550) images of hierarchical a-Fe,O;
were also taken. TEM and HRTEM images were recorded with a
Tecnai G* 20S-Twin transmission electron microscope operat-
ing at an accelerating voltage of 120 and 200 kV, respectively.
The Brunauer—Emmett—Teller (BET) specific surface areas
(SBET) were calculated using the BET equation. Desorption
isotherm was used to determine the pore size distribution using
the Barret—Joyner—Halender (BJH) method.

2.4. Fabrication and Measurement of Gas Sensor. The
products were mixed with deionized water at a weight ratio of 4:1
to form a paste. The sensors were made by coating ceramic tube
with the paste to form a thin 10 4m sensing film. A pair of gold
electrodes was installed at each end of the ceramic tube before it
was coated with the paste; each electrode was connected with
two Pt wires. A Ni—Cr heating wire was inserted into the tube to
form an indirect-heated gas sensor. The structure of the sensor is
shown in Figure 1. The details of the sensor fabrication are
similar to those reported in the literature.””

The electrical properties of the sensor were measured by a RQ-
2 series Intelligent Test Meter (China). The response (S=R,/ Rg)

Figure 3. FESEM images of flower-like a-Fe,O; nanostructure: (a)
lower magnification; (b, c) higher magnification. (d) FESEM images of
the compact a-Fe, O3 nanostructure.
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Figure 4. (a) Low-magnification and (b) high-magnification TEM, and
(c) HRTEM images of a-Fe,O; flowerlike nanostructures; (d) the
corresponding FFT of the HRTEM image.

of the sensor was defined as the ratio of sensor resistance in dry air
(R,) to that in a target gas (R) between 210 and 350 °C. The time
taken by the resistor to range from R, to R, — 90% (R, — Ry) is
defined as the response time, 7,.,, when the sensor is exposed to
the target gas. The time taken by the resistor to change from R, to
Ry +90% (R, — Ry) is defined as the recovery time, T,ecov, when
the sensor is retrieved from the target gas.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Characteristics. The
corresponding powder XRD pattern (Figure 2) provides crystal-
line and phase information for the obtained products. Spectra a
and b in Figure 2 are the XRD patterns of the flowerlike and
compact a.-Fe, O3 products that prepared at 160 °C, where all the
diffraction peaks can be indexed to pure a-Fe,O3 (JCPDS no.
80-2377) (Figure 2c). The intense peaks of the XRD pattern
indicate that the o-Fe,O; product was well crystallized. In
addition, no impurities peaks from any other impurities were
detected by XRD, indicating the high purity of the products.

The morphologies and nanostructures of the calcined pro-
ducts were illuminated by FESEM observations. The lower
magnification of the FESEM images in Figure 3a show that a
typical sample is composed of numerous flower-like a-Fe,O;
nanostructures, which maintain well-preserved hierarchical
structures with diameters of 5-6 um. A typical flowerlike nano-
structure is shown in the magnified FESEM image in Figure 3b,
and more details can be found in Figure 3c, which demonstrate
that the exterior of each flowerlike hierarchical nanostructure is
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Figure 5. Series of SEM images of the as-prepared products at 160 °C
with different times: (a)1, (b) 4, (c) 8, and (d) 12 h. The insets are
corresponding high-magnification SEM images.
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Figure 6. N, adsorption—desorption isotherm and pore size distribu-
tion (inset) of the at-Fe,Os.

composed of abundant randomly assembled irregular-shaped
nanosheets with a thickness of about 30 nm (black arrow), as well
as loose and cross-linked interiors. In contrast, compact a-Fe,O3
nanostructures with a smooth surface were prepared from a
glycerol solution (Figure 3d).

More-detailed structural information of the a-Fe,O3 nano-
crystals was provided by TEM. Figure 4a displays a typical TEM
image of an as-prepared product at low magnification, which
illustrates that the sample is mainly made up of abundant
randomly thin nanosheets. Figure 4b shows a high-magnification
TEM image of a part of single a-Fe,O3 hierarchical nanostruc-
ture, indicating that the structures of the flowerlike a-Fe,O;
hierarchical structures are very loose, and the nanosheets are
mainly composed of irregular-shaped nanoparticles. It also can be
seen that there are some pale areas between the dark nanopar-
ticles, which indicates the existence of porous nanostructures on
the nanosheet (Figure 4b). The HRTEM image of the a-Fe,0;
hierarchical nanostructures (Figure 4c) shows the lattice image
obtained at the edge of the particle. The typical lattice fringe
spacing is determined to be 0.370 nm, corresponding to the
(012) d spacing of the a-Fe, O3, which clearly demonstrate that
the hierarchical nanostructures consist of the single crystalline
nanoparticles. The hexagonal-like spot arrays (Figure 4d) are
shown by the fast fourier transform spectrum further verifies the
single-crystal nature of the nanoparticles and hexagonal crystal
structure of the a-Fe,Os.

To understand the role reaction time play in controlling the
morphology of the product, we have synthesized nanostructures
at 160 °C with different times. The other experimental details are
the same as with the products in Figure 3, and the corresponding
results are shown in Figure S. At the early stage (1 h), it can be
seen that the product is composed of nanoparticles with a
diameter of about 100 nm (Figure Sa and the inset). After
reaction for 4 h, the nanoparticles nearly disappeared and the
products transformed into thin nanosheets (Figure Sb and the
inset). As the reaction time increased to 8 h, we found that
oriented aggregation happened and many nanosheets self-
assembled into form a neatly flower-like nanostructures with
loose interiors structures (Figure Sc and the inset), and the
detailed characteristics of them were described previously. Inter-
estingly, when the treatment was increased to 12 h, these loose
flowerlike nanostructures transform into the hierarchical and
dense spheres with a diameter of about 4—7 um as shown in
Figure Sd and the inset.
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Figure 7. Response of a-Fe,Oj3 hierarchical structures (black line) and
a-Fe,03 compact structures (red line) sensors to ethanol with different
concentration. The inset is response versus operating temperature of the
hierarchical a-Fe,O5 sensor exposed to 100 ppm ethanol.

The nitrogen adsorption—desorption isotherms were mea-
sured to determine the specific surface area and pore volume of
as-prepared flowerlike a-Fe,Oj; hierarchical structures, and the
corresponding results were presented in Figure 6. The pore size
distribution, derived from desorption data and calculated from
the isotherm using the BJH model, shows that the average pores
of such a sample are around 4-50 nm. The Brunauer—
Emmett—Teller (BET) specific surface area of the sample
calculated from N, adsorption is 107 m” g~ ', which is much
larger than of the compact a-Fe,Oj structures (17 m* gfl). The
large surface area and porous framework of the a-Fe,O; hier-
archical material provide efficient transport pathways to their
interior voids, which make potentially useful for application such
as gas sensor.

3.2. Ethanol Sensing Properties. It is common knowledge
that hierarchical nanostructures materials are considered as good
candidates for gas sensing applications because of their large surface
area to volume and mesoporosity.**® Therefore, we have fabricated
two different gas sensors from the prepared hierarchical a-Fe,0;
nanostructures and compact o-Fe,O5 structures, and ethanol is
tested as a probe molecule to examine the sensor properties.
Figure 7 shows the dynamic response—recovery curves of the
two sensors to different ethanol concentrations (10—200 ppm). It
can be seen that the flower-like a-Fe,O5 sensor displayed about

4691 dx.doi.org/10.1021/am201112z |ACS Appl. Mater. Interfaces 2011, 3, 4689-4694



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

16

(ﬂ)100 Treeon
13s [o] ] 13
E o 124 n
o 10
= m
Ty, 84
E “n:' 13 [
a 11 |
0 8 (u] il 3
0 )
] 2 @z
4 , {025 °® o
055 o U 1 @
- 0 o O] o ®
50 60 70 a 50 00 0 50 100
. C_H_OH conc. m
Time (s) 2 (ppm}
(¢) (d)
L - = l 50 ppm
u o 20}
& 20} = l';
x T g6t PR
= 15} ]
@ 7]
g c ) 10 ppm
G 10} 8
a > 8F
8 o 1
m 5 L m 4 L -——-\ -—,l
0 0 F L r I L N
CHOH CH, HCHO CHO CO H, 0 40 80 120 160 200 240
Time (s)

Figure 8. (a) Dynamic ethanol sensing transient of the flowerlike a-Fe,03 (O) and compact a-Fe,0; (O); (b) response time (7,,) and recover time
(Trecov); (c) selectivity of the flowerlike a-Fe, O3 and compact a-Fe, O3 sensors on successive exposure to S0 ppm of C,H;OH, C,H,, HCHO, C3H¢O,
CO, H, at 280 °C; (d) reproducibility of the flowerlike a-Fe,O3 sensor on successive exposure (3 cycles) to 10, 20, and S0 ppm of ethanol.

Table 1. Gas Responses to C;H;OH of the a-Fe,O; Sensors in the Present Study and Those Reported in the Literature

materials size ethanol (ppm)
this work S—6 um S0
a-Fe,05” nanoparallelepipeds 220 nm S0
a-Fe,05>" hierarchical architectures S um S0
a-Fe,05% nanoparticles 58 nm 30
a-Fe,05°" microcubes 1 um S0
a-Fe,05” nanobelts 400 nm 50
a-FeZO333 nanoparticles 7 nm 1000
Fe,05** nanorods 900 nm 50
a-Fe, 03 hollow sea urchin slructurcs 2—4.5 unm 100

temperature (°C) response time (s) recovery time (s)

280 1 0.5
N 6
250 S 10
20 50
320 6 2
285 10 24
270 20 100
150 3 8
350 21 14

ninefold enhancement in sensitivity compared with the compact
one. The response amplitude of the flower-like a-Fe,O5 sensor is
significantly increased with increasing ethanol concentration, while
the increase in the response of the compact one is almost negligible.
The inset of Figure 7 shows the response of two sensors at different
temperatures. It can be seen that for 100 ppm of ethanol the
maximum response values of two sensors are 37.9 and 4.7 at the
optimal temperature of 280 °C, respectively. Thus, we choose
280 °C as our working temperature to proceed with the subsequent
detections.

The response and recovery time of two sensors to 100 ppm of
ethanol at 280 °C are shown in Figure 8a, b. As can be seen in
Figure 84, the T, and T e,y Of the hierarchical nanostructures to
100 ppm of ethanol are as short as 1 and 0.5 s, respectively, while
that of compact structures are 11 and 13 s, respectively. The T,ecov
value of the compact a-Fe,O3 are much longer (6—13 s) than
that of the flower-like a-Fe, O3 hierarchical nanostructures range
from 0.5 to 3 s (Figure 8a, b). The C,H;OH responses of various

4692

a-Fe,O; nanostructures such as nanoparticles, nanowires, nano-
rods, hierarchical structures, and nanofibers in the literature were
summarized in Table 1.**73° The C,HsOH response times of
flowerlike a-Fe,Oj3 sensor in the present study were among the
fastest values reported in the literature for a-Fe,O; sensors.
Figure 8c exhibits the response of the flowerlike a-Fe,O3 and
compact a-Fe,O; sensor at 280 °C to S0 ppm of various gas
vapours, including C,H;OH, C,H,4, HCHO, C3HsO, CO, and
H,. Clearly, the responses of the flowerlike a-Fe,O5 sensor to six
gases are all improved compared with the compact one, and the
largest increase is only observed for ethanol, implying the good
selectivity of the sensor for ethanol. Stability, that is, the ability to
successively respond to a target gas without a visible decrease in
sensor response, is another important feature of chemical sensor.
Figure 8d illustrates the reproducibility of the flowerlike a-Fe,O5
sensor, revealing that the sensor maintains its initial response
amplitude without a clear decrease upon three successive sensing
tests to 10, 20, and SO ppm of ethanol.
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Figure 9. Schematic illustrations of two different sensor materials: (a) flowerlike hierarchical structures; (b) compact structures.

The improvement of the sensing performance of the a-Fe,O;
nanostructures may be attributed to the contribution of the
contact surface area between -Fe, O3 hierarchical structures and
target gases.*® ® It is believed that the response and recovery
process involves serial reactions: adsorption-oxidation-desorp-
tion. Physically, the «-Fe,O; hierarchical nanostructures
(Figure 9a) composed of numerous nanosheets possess a loose
and porous structure in comparison to the compact nanoparticles
(Figure 9b). These unique loose structures can provide a large
surface-to-volume ratio, which is of great benefit to gas diffusion
and mass transport, thus leading to numerous oxygen molecules
adsorbed onto the hierarchical a-Fe,O; surface. Adsorbed oxy-
gen can diffuse faster to surface vacancies and capture electrons
from the conduction band of a-Fe,O; to become oxygen ions
(07, 0>, 0,7) (Figure 9a). This process increases both the
quantity of adsorbed oxygen and the molecule-ion conversion
rate, resulting in the greater and faster degree of electron
depletion from the a-Fe,Oj hierarchical nanostructures. As
shown in Figure 9, the depletion layer at the a-Fe, O3 hierarchical
nanostructures interface is wider than that at the compact
a-Fe, 05 structures surface. Here, the barriers at the nanosheets
greatly block the electrons transporting, and the resistance of the
sensors is very high (Figure 8a). When two sensors are exposed
to the ethanol gas, the ethanol molecules are oxidized by the
oxygen species on the surface, and the depleted electrons are fed
back to the sample, so the resistance decreases (Figure 8a). As
illustrated in Figure 9b, for the compact structures, it is theore-
tically difficult for target gases to diffuse into the interior of the
sensing layer, thus sensing reactions can only happen on the
outer surface and result in only one electron depletion layer.
However, once the target gases diffuse into the interior of the
sensing layer, it cannot easily diffuse out in the counter diffusion
process of recovery, which may retard the recovery speed.
Hierarchical structures with well-aligned porous structures and
larger surface area have been reported previously.">**** It can be
observed (in Figure 3c) that the flowerlike Fe,O3 hierarchical
structures are very loose and the nanosheets with well-aligned
porous structures. When sample units are exposed to the target
gas, the gas is easy to spread inward by well-aligned porous
structures; the gas diffusion toward the entire sensing surface is
not hampered. Thus, the remarkably response and shorter sensor

response time can be attributed to the rapid diffusion of the target
gas toward the sensing surface via porous and well-aligned
nanostructures. These results indicate that the as-prepared
hierarchical porous a-Fe,O; nanostructures are promising can-
didates for gas sensing application.

4. CONCLUSIONS

In summary, a simple solvothermal method combined with a
subsequent annealing process was reported for the synthesis of
porous flowerlike -Fe,O; hierarchical nanostructures. This
porous flowerlike architecture is assembled by many interleaving
nanosheets, which have thickness of about 30 nm. It was found
that the reaction time plays an important role for the assembly
process. Importantly, the as-obtained flowerlike a-Fe,O; sensor
exhibited excellent ethanol sensing performances at 280 °C and
the quick response and recovery times are about 1 and 0.5 s to
100 ppm ethanol, respectively. On the basis of this solvothermal
route and the gained unique nanostructures, it is significant for
exploiting the synthesis of other semiconductors with novel
shapes and particular applications.
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