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Self-assembly biomimetic fern leaf-like «-Fe; 03 (SABFF) has been synthesized by a facile template-free
hydrothermal process. The SEM images of this sample evidently reveal that the crystal nucleus with
hexagonal structure is self-assembly sculptured and gradually grows the regular six biomimetic fern leaf-
like w-Fe,03 along six corners. Furthermore, the stem of the individual fern leaf-like «-Fe,03 with the
length of approximately 6 wm and the width of 9-12 nm was clearly demonstrated in the TEM images.

Based on it, we developed a ceramic tube gas sensor, presenting the high-performance sensitivity of
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2 ppm for inflammable 1-butanol gas. Also, this gas sensor exhibits excellent selectivity and stability.
The corresponding response and recovery times of 100 ppm 1-butanol were optimized to be about 34s
and 21 s, respectively. Therefore, this kind of SABFF will be a potential excellent gas sensing materials for
safety monitor in an explosive or inflammable atmosphere.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Due to increasingly worsening environmental pollution issues,
gas sensors based on micro/nanomaterials have gained con-
siderable interest owing to their applications in environmental
monitoring, air-quality control, and detection of inflammable,
explosives and toxic gases [1-4]. It is well known that high sen-
sitivity, rapid response, and excellent selectivity are three most
important parameters in designing gas sensors. Therefore, the
demand for both the sensors and the sensing materials to meet the
real-time monitoring requirements for a variety of applications, has
accelerated the development of new sensing materials and sensors
technology.

Hematite o-Fe,03 with a wide band gap of 2.1eV, a typical
n-type semiconductor, is the most stable iron oxide in ambient
conditions. It has been extensive applied in catalysts, gas sensors,
optical devices, water splitting, lithium-ion batteries and magnetic
devices [5-12], owing to its high resistance to corrosion, low cost,
biocompatible, environmentally friendly and non-toxic. Up to now,
various a-Fe;03 structures such as 0 D nanoparticles [13], 1 D
nanowires [14], nanorods [11], or nanotubes [7], 2D plates or sheets
[15], 3D spheres [5,16,17] and flower- or urchin-like structures
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[6,18,19], have been successfully prepared by various methods and
applied in many fields.

Previous researches about a-Fe,03-based sensors were investi-
gated on the detection of C;H50H, diethylamine, H;S, and acetone
[7,19-21]. However, the «-Fe,03-based gas sensor to detect 1-
butanol has rarely been reported. 1-butanol is a volatile and
stimulating liquid, which is wildly used as solvent, organic synthe-
sis intermediates and extracting agent. People may suffer a serious
injury, when exposed to 1-butanol environment, causing an irri-
tation to the respiratory system and skin. Moreover, as a kind of
alcohols, volatile and flammable 1-butanol can cause an explosion
in the state of gas, when mixed with air. Thus, it is imperatively nec-
essary to design high sensitivity and selectivity sensors to detect
1-butanol for the safety in production and environmental protec-
tion.

In this work, we reported a facile template-free hydrothermal
method to synthesize SBFF by adjusting the pH value. Based on it,
this developed gas sensor exhibited high-performance sensitivity
of 2 ppm inflammable 1-butanol gas, excellent stability and selec-
tivity among some gases such as alcohols, methanol, ethanol, and
1-butanol. Evidently, this kind of SABFF-based 1-butanol gas sen-
sors would open up a way for safety monitor in an explosive or
inflammable atmosphere.
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Fig. 1. The (a) schematic structure and (b) photography images of the «-Fe, 03 gas sensors.

2. Experimental section
2.1. Material

All the reagents in the experiment were of analytical grade and
used without further purification.

2.2. Synthesis process

The «-Fe;03 was prepared according to the reported method
with some modification [22]. Briefly, 0.3 gKsFe (CN) g was dis-
persed in 70ml distilled water to form a suspension solution,
adjusting the pH value to 8.0 with 0.1 M ammonia solution. The
solution was then transferred into a 100 ml Teflon-lined stainless
steel autoclave. After sealing, the autoclave was heated at 150 °C for
48 h, and then cooled naturally. The production was collected by
centrifugation, washed with deionized water and absolute ethanol
several times, and finally dried in vacuum at 60 °C. The red products
of @-Fe, 03 were obtained.

2.3. Characterization

The size and morphology of the reaction products were char-
acterized by X-ray powder diffraction, which was carried out
on an X'PertPro X-ray diffractometer (XRD, X'PertPro, Philips,
Netherlands). The main parameters are as follows: the X-ray gener-
ator was operated at 40 kV and 40 mA by applying Cu K, radiation.
Data sets were collected within the range of 20-80° with the scan-
ning rate of 0.02 ° per second. Scanning electron microscopy (SEM,
S$4800) images of «-Fe;03 were also taken. Transmission electron
microscopy (TEM, JEOL-2100-f, JEOL, Japan) and HRTEM operating
at an accelerating voltage of 120 and 200KkV, respectively. As-
prepared samples were ultrasonic dispersed by ethanol. Then the
suspension of composites were dropped on the copper grids and
dried in air.

2.4. Fabrication and measurement of gas sensor

The products were mixed with moderate amounts of deionized
water to form a paste. Then the paste were coated on a ceramic tube
form a sensing layer. A pair of Au electrodes was installed at each
end of the ceramic tube before it was coated with the paste, and
each electrode was connected with two Pt wires. Finally, a heating
wire (Ni-Cr alloy) was put in the center of the ceramic tube to form
an indirect-heated gas sensor [23]. The schematic structure and
photography images of the «-Fe; O3 gas sensor is shown in Fig. 1.

The electrical properties of the sensor were measured on a WS-
30A system (Weisheng Instruments Co., Zhengzhou, China) and
determined under laboratory conditions (32+1 RH%, 15+2°C).
During this experiment the constant measurement voltage is 5V.
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Fig.2. XRD patterns and standard card (JCPDS: 85-0599) of the fern leaf like a-Fe; Os.

The response is defined as S=Ra/Rg (Ra and Rg are the resistance for
sensors in air and in target gas, respectively). The operating tem-
perature is ranging from 220 to 300 °C. The response and recovery
times taken by the resistor reaching to 90% of finial equilibrium
value was defined as the response time (7es) in the case of adsorp-
tion or the recovery time (Trecov) in the case of desorption.

3. Results and discussion
3.1. Structural and morphological characteristics

The XRD pattern of SABFF is shown in Fig. 2. It is obvious that
all of the observed peak positions are in good consistent with the
hexagonal structure of the standard card of @-Fe, 03 (JCPDS No. 85-
0599). The «-Fe, 03 products peaks are relatively sharp in intensity,
indirectly certifying that the obtained products by hydrothermal
reaction at 150°C for 48 h have ordinary crystallinity. Further-
more, no impurities diffraction peaks from any other impurities
are observed in the XRD pattern, indicating the excellent purity of
the products.

To further reveal the self-assembly process mechanism of SBFF,
controlling the role reaction time is employed for the insight of
morphology into the evolution process of SABFF at the fixed tem-
perature of 150°C. The corresponding results are shown in Fig. 3.
At the early stage (2 h), it can be seen that the crystal nucleus with
hexagonal structure formed (Fig. 3a). After the reaction time of
4h, this crystal nucleus are self-assembly sculptured and gradu-
ally grow the regular six biomimetic fern leaf-like @-Fe, 03 along
six corners (Fig. 3b). As the reaction proceeded for 6 h, the size of
snowflake become larger and the snowflake-like product partly dis-
integrated (Fig. 3c). Further increasing the reaction time to 24 h,
the snowflake-like product nearly disintegrate and the uniform
fern leaf-like products have been obtained (Fig. 3d). The morpholo-
gies and structures of the synthesized ABSFF are illuminated by
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Fig. 3. Series of SEM images of the as-prepared products at 150 °C with different time: (a) 2 h, (b) 4 h, (c) 6, (d) 24 h (low magnification (e) and high magnification (f)) .The

inset is a picture of natural fern leaf.

Fig. 4. Schematic illustration of the evolution process of SABFF.

SEM images in Fig. 3e, showing that a typical sample is composed
of numerous uniform and independent fern leaf-like «-Fe;03. As
shown in Fig. 3f, this typical fern leaf-like structure is presented in
the magnified SEM image, obviously demonstrating that each fern
leaf-like structure is constituted of a stem with two groups of highly
symmetric and parallel branch. It is extremely similar to a natural
fern leaf as shown in inset of Fig. 3f, and the angle between the
branch and the main stem was measured to be about 64°. Further-
more, the possible schematic illustration of the evolution process
(from Fig. 3a to b) of SABFF is shown in Fig. 4.

The more detailed structural information of the «-Fe;03 crys-
tals is provided by TEM images. From Fig. 5a-d, it can be observed
that the stem is approximately 6 wm in length and 9-12 nm in the
width. In addition, HRTEM images are chosen from the stem and

branch (Fig. 5d) by a yellow square with different numbers inside
(Fig. 4e, ). Fig. 5e (spot 1, Fig. 5d) and Fig. 4f (spot 2, Fig. 5d) show
the lattice fringe spacing values of stem and branch are 0.27 and
0.25 nm, which are indexed to the (104) and (110) plane of a-Fe; 03
materials.

In Fig. 6, we can clearly see that N, adsorption/desorption
isotherms is non-porous type, and the BET (Brunauer-Emmett-
Teller) surface area of the fern leaf-like alfa-Fe,03 is 5.8245 m?/g.
Thus, the high sensitivity toward different gas species, is con-
tributed to the fern leaf-like structure in nature, which is highly
close to natural leaves. This leaf-like micro-/nanostructure (espe-
cially fern leaf-like) was revealed to possess an improved ability for
diffusion and adsorption/desorption [24].
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Fig. 5. (a-d) The low and high magnification TEM images of fern leaf-like a-Fe, 03, (e-f) HRTEM images taken from spots 1 and 2 in Figure d, respectively.

3.2. Gas sensing properties

The operating temperature is an important parameter for semi-
conductor oxide sensors due to its great influence on the contact
reactions between sensing materials and targeting gas. There-
fore, parallel experiments were implemented at the range of
220-300°C to obtain an optimum operating temperature of sen-
sor. The responses of the sensor to 100 ppm 1-butanol at a series of
operating temperature are illustrated in Fig. 6. Evidently, the sensi-
tivity of the sensor firstly increases with operating temperature and
reaches a maximum value of S=8.26 at the operating temperature
of 260 °C, but the responses then decrease with further increase at
operating temperature. This decreasing sensitivity at higher tem-
peratures may be ascribed to decreasing in the number of active
sites for 1-butanol adsorption [25]. The other possibility is that the
rate of desorption is higher than that of adsorption at such high
temperature [26-28]. Obviously, the optimum operating temper-
ature for the sensor was evidently proved to be 260°C, applied in
the following investigations.

Fig. 7a shows the dynamic 1-butanol sensing curve of sensor
based on the fern leaf-like «-Fe,03 at 260°C with the concen-
tration in the range from 2 to 50 ppm, showing reproducible and
reversible sensing behaviors. From Fig. 7a, it can be distinctively
observed that the response of the sensor presents a ladder-type
improvement as the concentration of 1-butanol increases. The cor-
responding sensitivities are about S=1.55,2.21,2.90, 3.55, and 5.24,
for the inflammable 1-butanol gas concentration of 2, 5, 10, 20,
and 50 ppm, respectively. The specific growth trend of the sen-
sor at 260°C to high concentration of 1-butanol is displayed in
Fig. 7b. The sensing response of the sensor quickly increases in the
1-butanol concentration of below 100 ppm, but its sensitivity at
the concentration of over 500 ppm is increasingly relaxed. Namely,
the sensitivity of the sensor gradually reaches to the saturation.
One possibility is that the sensing response of the sensor highly
depends on the removal of oxygen ions via reaction with the tar-
get gas. [29,30] As the concentration of the target gas increases,
the number of oxygen ions on the surface of the sensing materials
will be much less than the quantity of gases. Then, surface reaction
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Fig. 6. N, adsorption/desorption isotherms and pore size distribution plot (inset)
of fern leaf-like «-Fe;0s3.

S

Response (R, / Rg)
(7]

\

2 I N [] M 1 M 1 2 [
220 240 260 280 300

Temperature (°C)

Fig. 7. Response of gas sensor as a function of the working temperature to 100 ppm
1-butanol.

Table 1
Comparison of the response/recovery time of «-Fe,03 and «-Fe; O3 compound sen-
sors toward 100 ppm of the 1-butanol.

sample Concentration Response  Recovery
(ppm) Time(s) Time(s)

«-Fe,03 nanorods [31] 100 62 >25

ZnO-decorated a-Fe, 03 Nanorods [31] 100 55 26

«o-Fe;03-Zn0O-Au [32] 100 >40 >25

«-Fe;03-Au [32] 100 >40 30

This work 100 34 21

that occurred will be lower, resulting the slow increase speed of
the response. The inset in Fig. 7b shows a magnified response of
the sensor at the concentration of from 2 ppm to 50 ppm.

The response and the recovery time play a vital role for real-time
detection of the toxic gases in the field of gas sensors. Fig. 8a shows
that the response and (recovery) times of the sensor based on ABSFF
for the 1-butanol concentration of 10, 20, 50, and 100 ppm are 17.5
(9), 24 (16), 26 (18), and 345 (21s), respectively. It is the fastest
value reported in literature for «-Fe,03 and «-Fe,03 compound
sensors (Table 1)[31,32]. The fast response/recovery time (34s/21s
for 100 ppm 1-butanol)is attributed to the fern leaf-like structure in

Fig. 8. (a) Dynamic sensing response of the fern leaf-like «-Fe;03 to 2-50 ppm of
1-butanol. (b) The sensing response of the fern leaf-like o-Fe,03 to 2-2000 ppm of
1-butanol at 260 °C (inset was the response of the sensor to 2-50 ppm 1-butanol).

nature which highly enhance diffusion and adsorption/desorption
abilities [25]. In order to further investigate the application value
of the obtained sensor, Fig. 8b depicts the selectivity properties
of the as-fabricated sensor at the operating temperature of 260°C
for various combustible or toxic gases with the concentration of
100 ppm, such as benzene, toluene, ammonia, methanol, ethanol,
and 1-butanol. It can be obviously seen high sensing response to 1-
butanol and less sensitive to other gases, indicating that the ABSFF-
based gas sensor has a quite good selectivity toward 1-butanol.
As the results of experiment on methanol, ethanol and 1-butanol
demonstrate, the sensor response will enhancing with the length
of alkyl-chain increasing, implying that the length of alkyl-chain
has a great effect on the sensor responses [33,34].

For the practical application of the gas sensors, we further inves-
tigate the robustness of the as-fabricated sensor. Fig. 9 shows the
excellent stability of this sensor during the 1-butanol concentra-
tion of 20, 50, 100 ppm at the operating temperature of 260°C. It
can be easily seen that all of the 1-butanol-sensing sensitivity only
decreased about 5% as time increased from 1 to 15 days. Thus, the
ABSFF-based sensors display an excellent long-term stability.

3.3. Gas sensing mechanism

Combined with the above experimental results, the ABSFF-
based sensors exhibit excellent gas-sensing properties. For the
sensing mechanism of «-Fe,03 sensors, same as the traditional
semiconductor oxide gas sensors [35,36], the most widely accepted
theory is based on the change in resistance of the sensor by the
adsorption and desorption process of oxygen molecules on the sur-
face of sensing materials. When the sensor was exposed to air,
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Fig. 9. (a) Response/recovery time of the sensor to 10-100 ppm 1-butanol at 260°C and (b) dynamic sensing response of the sensors to 100 ppm various targeting gases at

260°C.

Fig. 10. Long-term stabilities of the fern leaf-like «-Fe,03 sensor to 20, 50, and
100 ppm of 1-butanol at 260°C, respectively.

oxygen molecules are absorbed onto the fern leaf-like o-Fe;03
surface, forming oxygen ions (0~, 0,~, 02-) [31,32,37].

0y(gas) — 0;(ads)
Oy(ads) + e~ — 0y (ads)
0, (ads) + e~ — 20~ (ads)

O~ (ads) + e~ — 0% (ads)(1)

Electron depletion layers are formed on the sample surface,
increasing the sensor resistance after the chemisorption process
reaches equilibrium. When the sensor was exposed to 1-butanol,
the 1-butanol gas is oxidized by the oxygen species on the sur-
face, generating water and carbon, as shown in Fig. 10. This
process decreases the oxygen ions concentration on the surface
and increases the electron concentration, ultimately decreasing the
resistance of the sensor. Then, the sample breaks away from the
surface 1-butanol gas and restores to its original state in air (Fig. 11).

4. Conclusions

In summary, the biomimetic fern leaf-like «w-Fe,03, which is
highly close to the natural leaves, has been synthesized by a
facile hydrothermal method without any template, catalyst, or
substrate. The SEM and TEM images are applied for deep insight
into the growth process of unique biomimetic fern leaf-like struc-
ture. Importantly, the as-obtained fern leaf-like o-Fe;03 sensor

Fig. 11. Schematic diagrams on the gas-sensing mechanism of the SABFF.

exhibits fast response/recovery times (34s/21s) to 100 ppm 1-
butanol compared to «-Fe;03 compound sensors. It is contributed
to the biomimetic fern leaf-like structure which is extremely sig-
nificant for gas diffusion and adsorption/desorption. Moreover,
the sensor shows good sensitivity, excellent selectivity and stabil-
ity for inflammable 1-butanol. Thus, this kind of SABFF will be a
good potential candidate for high-performance gas sensor for the
inflammable and explosive gas monitoring.
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