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Excellent Methanol Sensing Performance of
Gas Sensor Based on Ag-LaFeO, Modified
with Graphene

Abstract

Ag-LaFeO, (ALFO) was prepared using a sol-gel method combined with the
microwave chemical synthesis. The ALFO were further modified by graphene (G-
ALFO) with different weight ratio (0.50%, 0.75% and 1.00%). The composite material
of G-ALFO was characterized using X-ray powder diffraction (XRD), transmission
electron microscopy (TEM), Brunauer-Emmett-Teller (BET), Fourier transform
infrared spectroscopy (FT-IR) and Raman spectrum to examine the morphology,
microstructure and surface area. The 0.75% G-ALFO (0.75% are the weight ratio
of G to ALFO) shows excellent selectivity and good response to methanol. The
responses to 5 ppm methanol and the optimal operating temperature of 0.75%
G-ALFO are 51 and 102°C, and a lower response (< 15) to other test gases including
formaldehyde, acetone, ethanol, ammonia, gasoline and benzene was measured,
respectively. The results showed that the 0.75% G-ALFO composite possesses high
response, low operating temperature and good selectivity to methanol.
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Introduction

Methanol is a common feed stock for several important chemicals
and a potential alternative energy carrier, e.g. hydrogen. It is also
a very useful organic solvent with widespread applications in
the manufacturing industries of colors, dyes, drugs, perfumes,
formaldehyde, etc., [1-3]. Methanol is toxic and fatal to human
beings even in modest concentrations [4]. The wide range of
applications of methanol, its toxicity, and the desirability to be
able to fine tune its synthesis under demanding conditions
strongly suggest the need of development of reliable and
selective methanol detection device. Compared with the
various traditional analytical systems, gas sensors have been
acknowledged as simple and inexpensive tools for detection
and quantification of toxic, harmful, flammable, and explosive
gases. It is well known that gas sensors are the devices composed
of active sensing materials coupled with a signal transducer.
Therefore, the selection and development of a potential sensing
material play an important role in designing high performance of
gas sensors. In the past few decades, metal oxide semiconductor
based gas sensors have been extensively investigated for various
daily and industrial applications due to their outstanding sensing
performance, even in harsh environments [5-7]. Therefore, p-type
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semiconductor (Ag-LaFeO,) has been proved to be promising for
gas sensing by virtue of its large surface area, rich active oxygen
lattice, good thermostability, controllable structure and strong
reducibility with an abundance of functionalities [8-10]. But the
current Ag-LaFeO, (ALFO) gas sensors have the problems of high
working temperature, lower response to the low concentration
of methanol gas. The operating temperature and response are
related to the conductivity and the electron mobility of the gas
sensitive materials.

Graphene, a single two-dimensional (2D) carbon sheet with
a hexagonal lattice structure, has larger specific surface area,
excellent electron mobility and electric conductivity. The larger
specific surface area, better conductivity and electron mobility
is beneficial to improving the gas sensing properties [11,12].
However, to our knowledge, there is rarely literature that reports
the gas sensing properties of the composites of graphene (G) and
metal semiconductor oxides. In this work, ALFO was prepared
using a sol-gel method combined with the microwave chemical
synthesis. The ALFO further modified by G (G-ALFO) with different
weight ratio (0.50%, 0.75% and 1.00%). The effect of the amount
of G in the composites on the gas sensing responses of the sensors
was investigated.
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Experimental

Reagents and materials

G was purchased from Shanghai carbon Valley. Other chemicals
are analytically pure and used as received without further
purification. Water was purified by employing a Milli-Q water
(resistivity of 18 MQ cm at 25°C) and used throughout the work.

Preparation of G-ALFO

ALFO was prepared using sol-gel method combining with
microwave chemical synthesis. In a typical procedure, 20 mmol
of citric acid, 9.9 mmol of La(NO,),*6H,0 and 10 mmol of
Fe(NO,),*9H,0 were dissolved in 90 mL of deionized water as
solution A. 0.1 mmol AgNO, were dissolved in 10 mL distilled
water added to solution A, and then polyethylene glycol was
added. The final mixed solution was kept under stirring at 80°C
for 8 h, the mixture turned into a transparent and homogeneous
yellow sol. And then the sol was put in @ microwave chemical
device (CEM, USA) at 75°C for 2 h as sol B. 1.0 mmol methanol
mixed with 4 mmol MAA was treated by ultrasonic concussion
for 30 min and stand for 8 h, called solution C. Then, 1.0 mmol
AIBN was dissolved in 20 mL methanol and mixed with solution C
and sol B. The final mixture was treated by ultrasonic concussion
for 30 min. Finally, stirred at 50°C for 12 h with the protection of
nitrogen and circulating water and then dried, Finally, the xerogel
was heated at 800°C for 2 h, the ALFO was prepared. After ALFO
was mixed with G according different weight ratio (0.50%, 0.75%
and 1.00%), the mixtures were added into 50 mL deionized water,
respectively, and decentralized under ultrasonic concussion for
15 h and then dried. The G-ALFO composite were prepared.

Preparation of sensors

The gas sensing performances of the samples were measured
in an intelligent gas sensor analysis system (WS-30A system,
Weisheng Instruments Co, Zhengzhou, China) as shown in Figure
1a, which was commonly used to test the gas sensing behaviors
[8]. The as-synthesized samples (G-ALFO) were mixed with
methanol at a suitable ratio to form a paste. Then the paste was
coated onto the outside of an alumina tube (4 mm in length, 1.2
mm in external diameter, and 0.8 mm in internal diameter) with
a pair of Au electrodes at each end and corresponding platinum
wires. The tube with a thickness of about 0.6-0.8 mm samples was
dried, the tube with samples layer was connected to a Bakelite
base through platinum wires to conduct electrical measurement.
A Ni-Cr alloy wire was inserted into the tube to control the
operating temperature by adjusting the heating voltage (V,).
Before measuring the gas sensing properties, the gas sensors
were aged at 150°C to improve their stability and repeatability by
the Ni-Cr wire heating for 170 h in air. For the purpose of clarity,
a completed sensor as well as the basic working principle of the
gas sensor test is depicted in Figure 1b. The exported signal of
the sensor was measured by a conventional circuit in which the
element was connected with an external constant load resistor
(R) in series at a circuit voltage of 5 V. It is well known that the
sensor response (B) was defined as the ratio (Rg/Ra) of the sensor
resistance in target gases (Rg) to that of in dry air (Ra) for a typical
p-type gas sensor. The operating temperature of the sensors was
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varied in the range of 50-220°C. Meanwhile, the response and
recovery times are defined as the time taken by the sensor to
achieve 90% of the initial equilibrium resistance change in the
adsorption and desorption processes, respectively.

Characterization

The morphological features and crystallinity of the sample were
analyzed by using transmission electron microscopy (TEM; JEM-
2100, Hitachi, Japan). X-ray diffraction (XRD) data were collected
from 10 to 90°(28) on a Japan AXS D/MAX-3BX advance device
using Cu-Ka radiation (A = 1.5406 A) at a scanning rate of 26 =
0.02°per step. The Brunauer-Emmett-Teller (BET) of the powders
was analyzed by nitrogen adsorption isotherm (Quadrasorb-evo
instrument). The pore size distributions were determined using
the Barrett-Joyner-Halenda (BJH) method. Fourier transform
infrared spectra (FT-IR; FTS-40) were recorded in KBr pellets with
scanned from 4000 cm™ to 400 cm™.

Results and Discussion

Characterization of G-ALFO composite

Figure 2 shows the XRD pattern analysis of the G-ALFO composite.
It is clear that the composite is pure perovskite oxide LaFeO, with
an orthorhombic structure (JCPDS no: 37-1493) [13]. The amount
of graphene added in the sample is very small and not detected,
AIBN are removed from ALFO by sintering and only parts of the
groups of functional monomer are maintained. No impure peaks
were observed in the XRD patterns, indicating high purity of the
samples.

To further confirm the composition of the nanostructures formed
from the corresponding G-ALFO compound, FT-IR spectroscopy
was adopted. Figure 3 shows the FT-IR spectroscopy of ALFO cross-
linker, G-ALFO, MAA in the broad absorption band 400-4000 cm™.
In the ALFO cross-linker curve, the broad peak occurring at 3442
cm™ is assigned to the vibrational absorption band of O-H in H,0O
in air [14,15], and the other peaks at 565 cm™ are corresponding
to Fe-O vibrations. The peaks at 1632 cm™ represent the La-O
vibrations. In the curve of MAA, peaks at 1210 cm™ and 1709
cm™ are from the bending vibrations of C-O and C=0 in carboxylic
acid. In the G-ALFO curve, the bands at 1505 cm™ attributes to
the stretching C=0 in COOH, the disappearance of the peaks at
1709 cm™ compared with MAA curve suggested the successful
interaction between ALFO and MAA. The interaction should be
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Figure 3 FT-IR spectroscopy of (a) ALFO cross-linker, (b) G-ALFO
K and (c) MAA.

ascribed to the coordination between carbonyl groups in MAA
and La in ALFO cross-linker, which results in the formation of
metal carbonyl complexes [16,17].

Figure 4 represents Raman spectra measured from the G-ALFO.
The G-ALFO has three typical bands D, G, and 2D that correspond
to ~1346 cm?, ~1583 cm?, and ~2688 cm™, respectively. The D
band indicates the breathing mode of the rings of sp?- hybridized
carbon [18]. Its intensity reflects graphene quality because it is
activated by the presence of plane defects and disorders [19].
The G band is related to the in plane vibration of sp? C atoms
in single layer grapheme [20] and the 2D band is very sensitive
to the stacking order along graphene’s c-axis [21]. As shown in
Figure 4, the relatively low intensity of the D band in graphene
indicates the low density of defects. The peaks at 299 and 456
cm? corresponds to A, and B, assigned modes. Two photons
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scattering and impurity related scattering are observed at 629
cm™. The peak positions are in good agreement with the values
reported for LaFeO, [22]. No other peaks corresponding to
lanthanum oxide and iron oxide were found in accordance with
XRD.

Further insights into the morphology and crystal structure of
the prepared nanostructures were provided by TEM and HRTEM
images as shown in Figure 5. The distribution of ALFO particles on
the surface of graphene, the particles are generally irregular and
agglomerated, with average size ~50 nm, as in Figure 5a. HRTEM
image Figure 5b clearly shows that ALFO nanoparticles are in
crystalline state with lattice space of 0.33 nm corresponding to
(101) plane. ALFO has better crystalline properties.

The specific surface area and pore size distribution of the
G-ALFO hierarchical composite were further characterized by N,
adsorption-desorption measurements. The isotherm illustrated
in Figure 6 reveals a typical IV adsorption branches with a H3
hysteresis loop according to IUPAC classification [23], implying
that there are abundant mesopores resulted from the G-ALFO.
The BET surface area of G-ALFO is calculated to be 17.7 m? g?,
with diameter of hole is 32 nm. The results indicate that the
hierarchical G-ALFO have a higher sensing area than the pure
ALFO [22]. The high surface area may be attributed to the pure
ALFO aggregation on the surface of graphene as shown in the
TEM image.

Figure 7a depicts the relationship between response and
operating temperature of G-ALFO (0.50%-1.00%) sensors to 5 ppm
methanol gas. Sensors with 0.75% G-ALFO exhibit higher response
to methanol gas at the operating temperature between 50°C and
220°C. To investigate the selectivity of 0.75% G-ALFO sensor,
the response of formaldehyde, methanol, toluene, acetone and
gasoline were respectively tested for 5 ppm at different operating
temperature as shown Figure 7b. It can be found that the sensors
behave well in selectivity to methanol. It can be seen that 0.75%
G-ALFO exhibit higher response (51) to methanol than the other
test gases (< 15) at 102°C, respectively. The time taken by the
resistance to change from Ra to Ra-90% (Ra-Rg) was defined as the
response time (t_ ), when the sensor was exposed to the test gas.
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On the contrary, when the sensor was retrieved from the test gas,
the time taken by the resistance to range from Rg to Rg+90% (Ra-
Rg) was defined as the recovery time (t___ ) [24]. It can be found in
Figure 7c that the responses increased linearly with the methanol
concentration from 1 to 5 ppm, the linear relationship between
the response and the concentration of methanol is f=13.1 C-2.5,
in which B is a response of methanol, C is a concentration, and
13.1 and 2.5 are the regression coefficients. It can be proved
that this device can be used for real time detection. To confirm
the practical application, air samples from a liquor store and a
hospital were collected as sample-1 and sample-2, respectively.
Sample-1 and sample-2 were tested through the device in this
paper. Then two response value were achieved. According to the
linear relationship from Figure 7c, corresponding concentration
of methanol can be calculated. During the test, the responses to
sample-1 and sample-2 were found to be different, the response to
sample-1 was about 500, and the corresponding concentration was
calculated to be 40 ppm. The response to sample-2 was about 55,
and the corresponding concentration was calculated to be 3.8 ppm.
According to this test method, we can also collect gas samples form
factories or laboratories to test the corresponding concentration to
evaluate if it exceeds the national regulations (50.05 mg/m?3). Figure
7d shows the dynamic response of the 0.75% G-ALFO composite
at 102°C working temperatures and different concentrations of
methanol from 1 ppm to 5 ppm. The G-ALFO exhibit a repeatable,
fast response and recovery towards methanol at 102°C. The response
times (30 s) and recovery times (28 s) for 5 ppm concentration of
methanol at 102°C working temperatures.
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A proposed sensing mechanism is illustrated in Figure 8. Firstly,
when the sensor was exposed to air, the adsorbed O, molecules
will be transformed into oxygen ions (O,, 07, 0*) by combining
with electrons in the ALFO conduction band [25]. Thus, a thin
space-charge layer and a relative low potential barrier are formed
leading to a lower resistance (Ra). In the target methanol gas, the
target gases can react with oxygen species on the G-ALFO from
the discretional direction. The space-charge layer on the surface
of ALFO becomes thick and the electrical resistance (Rg) of sensor
increases. In addition, the sensor based on G-ALFO composite
exhibit higher response to methanol than that of ALFO, the reason
maybe contributed to the following, the high specific surface area
distributed can facilitate the diffusion of methanol vapor and
improve the reaction of methanol vapor with oxygen adsorbed
on the surface of material. G possess outstanding electrical
conductivity, which can improve conductivity of composites and
result in electrons quickly spreading to surface of the materials,
leading to quick response and recovery time [26]. Therefore, the
gas sensing properties have been greatly improved by loading G
with ALFO.
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Conclusions

In summary, ALFO is prepared via sol-gel method combined with
the microwave chemical synthesis. The experimental results
indicate that the amount of G in the composites have a significant
influence on the gas sensing responses of G-ALFO composites.
The responses of the sensor based on 0.75% G-ALFO composite
to 5 ppm methanol attain 51 at 102°C. The response and recovery
times for 5 ppm methanol vapor are only 30 s, 28 s when operate
at 102°C. Loading G with ALFO enhanced the gas sensing response
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