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The gas sensors have been widely used in various fields, to protect the safety of life and property. A novel
heterostructure of Fe—O-Ti nanoparticles is fabricated by hydrothermal and wet chemical deposition methods.
The Fe—O-Ti nanoparticles with a large number of pores possess high surface area, which is in favour of high-

iig:gfe % Zléslttr;v{]aarzl;agélnglQ performance gas sensors. Compared with pure Fe,Oz and TiO,, the Fe—O-Ti composite exhibits obviously
enhanced sensing characteristics, such as faster response—recovery time (Ties = 6 'S, Trec = 48 s), higher sensing
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response (response = 35.6) and better selectivity. The results show that the special morphology and large

rsc.li/rsc-advances specific surface area of mulberry-like Fe—O-Ti heterostructures provided a large contact area for gas reactions.
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1. Introduction

Gas sensors are used for detection of inflammable gas and toxic
chemicals, testing of air quality and environmental pollution.'”
Over the past decades, various gas sensors, for example metal
oxide gas sensors,*® graphene-based gas sensors,*’ organic
compounds gas sensors® and solid electrolyte sensors,'>'* have
been extensively explored. Among them, metal oxide semi-
conductor sensors draw special attention due to their large
specific surface area,'” flexible surface functional modifica-
tion™'* and simple preparation process. The types of charge
carriers in gas sensing materials and the properties of gas
molecules (for instance reductive or oxidative atmosphere) are
also one of the factors for the resistance change.

As self-sacrificing templates, metal-organic frameworks
(MOFs) have been extensively used in the preparation of porous
metal nanomaterials.”® Due to the large specific surface area
and high porosity, MOF-based materials have been widely used
in catalysis, energy, chemical sensors and gas storage.'®
Furthermore, sets of functional derivatives could be synthesized
controllably because of the tunable size and morphology of
MOF precursors. Porous nanorod a-Fe,O; nanostructures were
fabricated by a two steps strategy (hydrothermal method for
MOF precursors and calcination for Fe,O3), exhibiting an
enhanced volatile organic compounds (VOCs) gas sensing
property.*® In addition, some other porous materials, such as
sandwich-like heterostructure of TiO, nanosheet,"” the large-
scale NiO nano/micro materials'® and ZnO nanowires," also
have been synthesized by calcination of the MOF precursors,
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which show excellent performances in lithium batteries*>** and
gas sensors.

In spite of a series of metal oxide material with tunable sizes
and morphologies have been fabricated, the development of
metal oxide with multi-advantages is still a great challenge. To
address this drawback, a controllable synthetic strategy with
MOFs precursor is adopted. Gao' et al. prepared o-Fe,O;
nanorod by MOF-template controlled gas sensor and its
response to 100 ppm ethanol was about 6.5, and Daniel** et al.
synthesized Au/e-Fe,O; as monitoring NO, gas sensors. In view
of the shortcomings of low sensitivity of raw materials, this
paper reported a new type of heterojunction and improved the
gas sensitivity.

In this paper, an effective two-step hydrothermal method
route to synthesize Fe,O3;-TiO, (termed as Fe-O-Ti) hetero-
structures with excellent sensing performances was reported.
The ethanol sensing properties of Fe-O-Ti heterostructures and
single phase Fe,O; were investigated. The sensors based on Fe-
O-Ti heterostructures exhibit higher response value, better
selectivity to low concentration ethanol at 300 °C, compared
with pure Fe,O; sensors. Moreover, the response-time and
recovery-time for the sensors is also shorter than the pure one.
The excellent sensing performances mainly resulted from the
unique heterostructures of Fe-O-Ti nanoparticles.

2. Experimental
2.1 Synthesis of Fe-O-Ti nanoparticles

To obtain the MOF precursors, 1.06 g of FeCl;-6H,0 and 0.86 g
of 1,4-benzenedicarboxylic acid were added into 54 mL N,N-
dimethyl formamide. After stirring for 30 minutes, 5 mL 0.4 M
NaOH was added, vigorous stirred for another 10 minutes. And
then, the mixture solution was transferred into Teflon-lined
stainless autoclaves sealed and heated at 100 °C for 24 h.

This journal is © The Royal Society of Chemistry 2019
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After cooling to room temperature, the samples were centri-
fuged (12 000 rpm), washed with deionized water (DI water) and
ethanol for 5 times, and dried overnight at 50 °C.

The as-prepared MOFs precursor, 0.15 mL NH;-H,O and
0.28 mL tetrabutyl titanate were dissolved in 50 mL ethanol and
stirred vigorously. The mixed solution was stewing at 55 °C for
12 h. Then the product was vacuum filtration and washed with
DI water and ethanol several times and dried at 70 °C for 8
hours. Finally, these precursor were heated at 500 °C for 4 h in
tube furnace with N, protection and then heated at 600 °C in
muffle furnace to obtain uniform Fe-O-Ti nanoparticles.
Similarly, single component of Fe,O; were prepared by
annealing Fe-MOF precursor at 600 °C (Fig. 1).

2.2 Sensor fabrication and measurements

The material was ground uniformly with water and coated on
the alumina ceramic tube as a sensing layer, drying at room
temperature about 24 h. The nickel-chromium heating wire
passes through the ceramic tube. And the Pt wire and the
heating wire are welded on the six feet of the sensor base
respectively to form the indirect heating gas sensor. The
working temperature of the sensor is changed by controlling the
heating voltage. To get more stable performance, the sensors
was stayed at 5 V for 7 days. The circuit diagram of the sensor is
shown in Fig. 2. WS-30A is used as the sensor detection device,
and the input voltage (V;,) is 5 V. The testing process is as
follows: the sensor is placed in the glass chamber with the test
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Fig. 1 Schematic diagram of synthesis process for Fe—O-Ti hetero-
geneous nanostructure and gas sensor.

Fig. 2 (a) Sketch of the gas sensor structure and (b) the measuring
electric circuit of gas sensor.
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board, and the liquid or gas is injected into the glass chamber.
After the response value is stable, the glass cover is removed and
the sensor is recovered in the air. If the target gas is obtained
from the liquid, the following formula (eqn (1)) is used for
calculation.? Sensor response (S) was defined as the ratio of R,/
R,, where R, and R, refer to the sensor resistances in air and in
target atmosphere respectively.

c=224 xd xpx%sz x 1000 (1)

where C is the target gas concentration (ppm), d is the purity of
the liquid, p is the density of the liquid (g mL™"), V; is the
volume of the liquid (uL), V;, is the volume of the glass chamber
(L), and M is the molecular weight of the liquid (g mol *).%

2.3 Characterization

The morphology of the product was observed by scanning
electron microscopy (SEM, ZEISS GeminiSem 500, on 20.0 kV).
The elemental valence was confirmed by X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI). The sample
morphology was examined by transmission electron micros-
copy (TEM) and the images were taken by a FEI Tecnai G2 F20
transmission electron microscope. X-ray diffractometer (Rigaku
RINT-2500) was used to determine the crystal structure of iron
oxides. The specific surface area analysis was performed in
Brunauer-Emmett-Teller (BET) method, by using Tristar3020
system.

3. Results and discussion

3.1 Composition and microstructure

To demonstrate phase composition and the crystallographic
structure of the materials, the samples were measured by X-ray
diffractometer. Fig. 3 compares the XRD patterns of precursor,
FeTiO; and Fe-O-Ti. As show in Fig. 3c, a series of enhanced
diffraction peaks at 27.5°, 36.1°, 39.2°, 41.2°, 44.0°, 54.3°, 56.6°,
62.7°,64.0°, 65.5° and 69.0° are observed, which are assigned to
(110), (101), (200), (111), (210), (211), (220), (002), (310), (221)
and (301) crystal planes of TiO, (JCPDS no. 01-1292) respec-
tively. The &-Fe,O; (JCPDS no. 16-0653) exhibits three diffraction
peaks at 32.8°, 36.5°, and 60.2°, which are same as previous
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Fig. 3 XRD pattern of (a) precursor, (b) FeTiOs, and (c) Fe-O-Ti
heterostructures nanoparticles, respectively.
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report, indicating the co-existence of Fe,O; and TiO, in the Fe-
O-Ti heterostructures nanoparticles.”***

In order to observe the microstructures of the materials, SEM
tests are carried out. The SEM image (Fig. 4a) show that the
MOFs precursor have a typical morphology of octahedron with
an average size about 200-300 nm. As can be seen from Fig. 4b,
the sample obtained at 600 °C shows a regular morphology with
uniformly distributed network structure. Fig. 4c and d show
low- and high-magnification SEM images of Fe-O-Ti hetero-
structures nanoparticles. It can be observed that the Fe-O-Ti
heterostructures turned into ellipsoidal nanoparticles with
a typical length of ~100 nm and a diameter of ~50 nm after the
calculating at 600 °C, which distributed uniformly and were
independent with each other. The mulberry-like branches grew
radially to form the heterostructure on the surface of the
nanoparticles, which greatly increased the surface area of the
nanoparticles. The higher surface area is conducive to the full
contact of the air with the particle surface, which could increase
the gas sensitivity rapidly. The composition of the Fe-O-Ti
heterostructure nanoparticles were characterized by energy
dispersive X-ray spectroscopic (EDS) elemental mapping. As
shown in Fig. 4e-h, the Fe-O-Ti heterostructure nanoparticles

Fig. 4 SEM image of (a) precursor, (b) calcining precursor, (c) and (d)
Fe—O-Ti heterostructure nanoparticles. The energy dispersive X-ray
spectroscopic (EDS) elemental mapping images of Fe—O-Ti hetero-
structures nanoparticles (e—h).

Fig. 5
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are mainly composed of Fe, O, Ti, and all elements are
dispersed uniformly throughout the nanoparticles.

TEM and high resolution TEM (HRTEM) were performed to
characterize the internal structure of Fe-O-Ti heterostructure
nanoparticles. The Fe-O-Ti heterostructure nanoparticles
(Fig. 5a) have a clear ellipsoidal internal structure with a typical
length of around 100 nm and in a diameter of about 50 nm,
which is in accordance with the SEM results. As shown in
Fig. 5b, the measured lattice fringe with interplanar spacing of
0.403 nm and 0.331 nm can be attributed to the (220) plane of
the rhombohedral Fe,0; and the (110) planes of TiO,, respec-
tively, indicating that the Fe-O-Ti are composed of Fe,0; and
TiO, heterostructure. Furthermore, the lattice fringe line is
painted by the black imaginary line, which show that there are
good connection between TiO, and Fe,O; in the nanoparticles,
confirming that the Fe-O-Ti heterostructures are not a simple
mixture of phases.

The chemical composition and surface structure of Fe-O-Ti
heterostructure nanoparticles was further measured by the XPS.
The XPS spectrum of Fe-O-Ti heterostructure nanoparticles in
Fig. 6a suggests that the elements O, Fe and Ti were existed in
Fe-O-Ti heterostructure nanoparticles.”**” The binding ener-
gies at 710.45 and 724.10 eV respectively correspond to Fe 2p;,,
and Fe 2p;, (Fig. 5b).?**° XPS spectrum of O 1s spectrum can be
divided into peaks situated at 529.74 eV and 531.27 eV (Fig. 6¢),
which are largely caused by oxygen in the crystal lattice, that is
oxygen atoms that are bound to titanium (Ti-O) and iron (Fe-
0)* and also attributed to the bulk oxygen (0*>") and surface
adsorbed oxygen.** The high-resolution XPS of Ti 2p spectrum
shows that the binding energies of Ti 2ps/, and Ti 2p4,, (Fig. 6d)
were located at 458.66 and 463.8 eV, which fitted well with the
binding energy of TiO,.**** The result of XPS analysis further
demonstrates that preparation of the Fe-O-Ti nanoparticles is
the success.

The pore size dispersion and specific surface areas were
measured by N, adsorption/desorption isotherms. Fig. 7a
showed that the Brunauer-Emmett-Teller (BET) surface area of
Fe-O-Ti heterostructures nanoparticles was 122.46 m> g~ ". The
isotherm of Fe-O-Ti heterostructures showed a typical type IV
isotherm.***® Mesopores and micropores structures can be
analyzed in Fig. 7a. Due to the previous period relatively flat and
rise faster at the relative pressure was 0.45, so it could make for
gas diffusion and gas transport in applications of sensor. The
pore size distribution curve of Fe-O-Ti nanoparticles was

: gl@)\\\\\i;%i{\\\\\
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(a) TEM image of Fe—O-Ti heterostructure nanoparticles (b) HRTEM image of Fe—O-Ti heterostructure nanoparticles.
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Fig. 6 XPS spectra of Fe—O-Ti heterostructure nanoparticle: (a) full
spectrum; (b) Fe 2p; (c) O 1s; (d) Ti 2p.

revealed in the inset of Fig. 7a. As the pore aperture is relatively
wide in the range of 5-10 nm, it suggested that the proportion of
mesoporous volume to the total aperture is in greater propor-
tion, mesopore structure is one of the most reasons for large
surface area.”” In contrast, the BET and pore-size distribution of
the nonporous nanoparticles is displayed in Fig. 7b. The
specific surface areas of Fe-O-Ti heterostructures nanoparticles
(122.46 m”> g7') is larger than that of the solid Fe,O; nano-
particles (19.50 m* g ), which could allow them to absorb more
gas molecules and improve sensing capability.

3.2 Gas-sensing properties

Gas sensor conduction was evaluated by the variation of the
conductance of the sensing material (humidity of 20-24%). Gas
sensing was greatly influenced by the operating temperature, in
other words, with the variation of the operating temperature,
not only the redox reaction rate but also the adsorption-
desorption process would be greatly changed. In different
temperature from 240 to 340 °C, the relationship between
working temperature and gas response of the sensor to 100 ppm
ethanol was investigated (Fig. 8a). The maximum response of
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Fe-O-Ti nanoparticles and pure Fe,O; at 300 °C appearing is
27.0, 8.4, respectively. However, the reduction of response value
is due to nano-size effect of the introduction of new energy
levels with the increasing of temperature.®® The result demon-
strated that 300 °C was the optimal operating temperature,
which is lower than most of previous reports reported.*® At the
optimal operating temperature, the response-recovery perfor-
mance curve for the sample was tested (Fig. 8b). Compared to
previous reports, Fe-O-Ti heterostructures exhibit a lower
reaction temperature and higher response value.*

Fig. 9 draws the response-recovery characteristic curves of
the Fe-O-Ti heterostructures gas sensing to different concen-
trations of ethanol gas (5, 10, 30, 70, 100, and 200 ppm). It is
clear to see that the gas sensor based on Fe-O-Ti hetero-
structures presents excellent response-recovery performances
to different concentrations. When exposed to 5, 10, 30, 70, 100
and 200 ppm, the corresponding responses are 2.9, 4.7, 8.7,
19.7, 27.0 and 35.6, respectively (inset Fig. 9a). At the optimal
operating temperature, Fe-O-Ti heterostructures exhibits 5
times higher response value compared to previous reports.*

To explore the response sensitivity of materials, Fig. 10
displays the sensors response-time and recovery-time of the Fe-
O-Ti heterostructures gas sensor. The response raises the
reductive ethanol vapor concentration and then decreases and
recovered to the initial states after that the vapor is released.
The time interval when the resistance attains a fixed percentage
of 90% of the final value was defined as the response time (Thes)-
The time consumed for the resistance recovery to 90% of the
initial value after removing the test gas was defined as the
recovery time (Tyec). The Tres and Ty of Fe-O-Ti nanoparticles
sensor toward 200 ppm of ethanol at 300 °C is determined to be
6 s and 48 s, respectively. The nanoscale porous structure of the
Fe—-O-Ti heterostructures can accelerate the reaction rate of gas
sensing reaction, which lead to faster response and recovery
time of the gas sensor.”**' Gas sensing performance of Fe,O3- or
TiO,-based nanomaterials to ethanol were listed in Table 1. It
suggested that mulberry-like heterostructure Fe-O-Ti has
a good sensing performance.

The presence of this unique heterostructures may play an
important role in adjusting the properties of the multiple
oxides, which obviously improved the gas-sensing behavior. The
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Fig. 9 Response-recovery characteristics of Fe-O-Ti hetero-
structure nanoparticles and Fe,Osz at 300 °C, to different concentra-
tion of ethanol gas.

gas response values to the VOCs of several species under a gas
concentration of 100 ppm at 300 °C were tested. The values of
Fe-O-Ti heterostructures gas sensor under formaldehyde,
benzene, acetone, methanol and ethanol were 10.0, 7.1, 15.2,
13.8, 27.3, respectively, which were much higher than that of
pure Fe,O; (Fig. 11a). Moreover, the response recovery curves of
other organic gases are shown in Fig. S1 (please refer to ESIT).
Fe-O-Ti sensor with heterostructure has better gas sensing
performance than pure Fe,O; sensor. To explore the long term

stability, the data was gathered every day (Fig. 11b). Obviously,
the sensor with Fe-O-Ti heterostructures shows better stability.
After 15 days, the Fe-O-Ti nanoparticles sensor showed an
average response value of 26.83 to 100 ppm ethanol at 300 °C,
demonstrating that Fe-O-Ti heterostructures may be a prom-
ising practical sensing material to detect ethanol gas.

3.3 Gas sensing mechanism

The good selectivity of the Fe-O-Ti sensor to ethanol explained
as follows. First, bond energy of organic gases plays a very
important role in the activity of compound. That is to say, the
lower the bond energy of organic gases, the easier the bond
breaks. The bond energies of different compounds are listed in
Table 2.%

It is obvious that the bond strength of O-H in ethanol is the
lowest, indicating the high response of Fe-O-Ti sensors.
Therefore, the reducing ability of ethanol is higher than those
reducing gases. This fact is matched well with some previous
reports.’**® Second, the electron cloud density around O atom is
far higher than that around C atom, so it's easier to get elec-
trons. Thus, the attractive force between O atom in ethanol and
Ti*" on a-Fe,0; surfaces can significantly facilitate the adsorp-
tion of ethanol.* During the whole processes (eqn (2) and (3)),
six electrons will be released from one ethanol molecule. But for
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Fig. 10 Responses-recovery time of the Fe—O—-Ti nanoparticles sensor to 200 ppm ethanol at 300 °C.
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Table 1 Gas sensing performance of Fe,Oz- or TiO,-based nanomaterials with heterostructure to ethanol

Composition Meas. temp. (°C) Response Concentration (ppm) Tres/ Trec (S) Ref.
Fe,03/TiO, tube-like nanostructures 320 19.4 500 — 40
Brookite TiO, decorated o-Fe,O5 370 14.2 100 — 39
nanoheterostructures

Core-shell a-Fe,O3 nanospindles@ZnO 280 17.8 100 ~60/~60 42
v-Fe,0,/In,0; 300 68 100 50-60/50-60 43
Core-shell a-Fe,O; nanowires@ZnO 220 22.1 500 20/20 44

SnO, nanospheres functionalized TiO, 320 27.5 400 — 45
TiO,/SnO, core-shell nanocomposites 200 12.7 1000 =50/50 46
Mulberry-like heterostructure Fe-O-Ti 300 35.6 200 6/48 This work
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Fig. 11
O-Ti nanoparticles to 100 ppm ethanol at 300 °C.

methanol, only three electrons can be released under the same
conditions.”” For the above reasons, our obtained sensor has
a better selectivity to ethanol.

CH;CH,OH + 60~ — CO, + H,0 + 6e~ )

(3)

Due to the different of the energy levels of Fe,O; and tita-
nium dioxide, the one-way electron flowing from Fe,O; to tita-
nium dioxide makes the Fermi energy level reach equilibrium
state, which leads to the improvement of the separation effi-
ciency of hole-electron pairs at the interface between two pha-
ses. Subsequently, interface reaction is going on, causing the
increase in amount of free electrons involved in the reaction.
The oxygen molecules (O~ and O®) are easily absorbed on the
surface, generating electron depletion layers on the surface of
oxide material. It give rise to the increasing resistance of the
sensing material and the reduced conductivity. When the
sensor with Fe-O-Ti heterostructure exposed to the ethanol

CH;0H + 30~ — CO; + H,O + 3¢~

Table 2 Bond energy of different compounds

Chemical Representative Bond energy
bond Compounds (kJ mol ™)
O-H Ethanol, methanol 458.8

C=C Benzene 610.3

C=0 Formaldehyde, acetone 798.9

This journal is © The Royal Society of Chemistry 2019

(a) Responses of the sensors based on Fe—O—-Ti nanoparticles to various different gases at 300 °C (b) stability of the sensor based on Fe—

vapor, the reducing gas could react with the absorbed O°~ in the
surfaces of semiconductor material, and the captured free
electrons could be released back to the conduction bands of
Fe,0; and TiO,, resulting in reducing the height of the potential
barrier and the width of the electron depletion layer at the
interfaces of the Fe-O-Ti heterostructure sensor (Fig. 12). So,
there is a significant variation in the conductivity of the Fe-O-Ti
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0, o] 7 cuon 100

1,01

0, 0, 0,co, HO
o 2 s \;01/ 0:0‘ v

“Depletion rcgicb.

Intrinsic region

of TiO,

o O-
OZ 0, chon HO O

Fig. 12 Surface processes associated with the reaction with ambient
oxygen and testing ethanol of Fe,O5 (a) and Fe—O-Ti heterostructure (b).
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heterostructure. In consequence, the change in the height of the
heterojunction barriers in the reducing gas helps to the
improved performance of the Fe-O-Ti heterostructures.

O,+e — O (4)
0> +e — 20~ (5)
O +e” - 0~ (6)

The specie and number of the chemisorbed oxygen on the
compound surface play a crucial role in the performance of
sensor. In general, large surface area of sensing materials could
provide more adsorption sites for the tested gases and different
types of oxygen, and is favorable for oxidation and target gas
reaction.®® Thus, higher significant degree of electron transfer
and more significant output of electric signal are found, which
is detected by the electric circuit. In this respect, Fe-O-Ti can
benefit for the enhancement of gas-sensing performance.

4. Conclusions

In summary, Fe-O-Ti heterostructures were successfully
prepared by hydrothermal process and wet chemical deposi-
tion. The nanoparticles were ellipsoidal nanoparticles with
a typical length of ~100 nm and a diameter of ~50 nm. The
ethanol sensing behavior of Fe-O-Ti nanoparticles has been
tested within the scope of 240-340 °C. The response value to
200 ppm ethanol vapor was 35.6, and the response time and
recovery time were 6 and 48 s at 300 °C, respectively. The
significant enhancement of gas sensitivity properties for these
VOCs can be attributed to the large surface area and excellently
porous structure. Finally, these results also demonstrated that
Fe-O-Ti nanostructures were a great potential option as the gas
sensing material. This material is expected to exploit the new
sensing application in the future.
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