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ABSTRACT: The chemisorption phenomenon is widely used in the
explanation of catalysis, gas—solid reactions, and gas sensing

MR iade s i

mechanisms. Generally, some properties of adsorbents, such as oM W
adsorption sites and dispersion, can be predicted by traditional :C ECO o \7
H ot ‘*}

methods through the variation of the chemisorption capacity with the
temperature, pressure, and gas—solid interaction potential. However,
these methods could not capture the information of the interaction
between adsorbents, the adsorption rate, and the competitive
adsorption relationship between adsorbents. In this paper, metal
oxide semiconductors (MOSs) are employed to study the adsorption
behavior. The gas sensing responses (GSRs) of MOSs caused by the
gas adsorption process are measured as a new method to capture
some adsorption behaviors, which are impossible for the traditional
methods to obtain. The following adsorption behaviors characterized by this new method are presented for the first time: (1)
distinguishing the adsorption type using an example of two reducing gases: the adsorption type of the two gases is single-molecular
layer adsorption in this work; (2) detecting the interaction between different gases: this will be a promising method to provide
original characterization data in the fields of gas—solid reaction mechanisms and heterogeneous catalysis; and (3) measuring the
adsorption rate based on the GSR.
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1. INTRODUCTION

MOS-based materials have been extensively used for gas sensor
application.'™ Their operating mechanism can be simply
formulated as follows. Oxidizing gases such as O, adsorbed on
the surface of SnO, can capture free electrons from its
conductivity band, which increases the electrical conductivity.
Oppositely, reducing gases such as H, and CO adsorbed on
the surface of SnO, can produce free electrons, which increases
the electrical conductivity so as to achieve the purpose of gas
detection.”™'? It is commonly accepted that the essence of the
sensing behavior is the process of adsorption.

Otherwise, polyphase (gas—solid) catalysis converts reactant
molecules into reaction products through a cycle of elementary
steps. The catalytic process includes at least five steps:
diffusion, adsorption, surface reaction, desorption, and reverse
diffusion. Among them, adsorption is the most important link
in the process of polyphase catalysis.'"'” Furthermore, the
adsorption of reactant molecules on the catalyst surface
determines the extent to which the reactant molecules are
activated and the properties of the catalytic process, such as
activity and selectivity. Also, adsorption can also be important
evidence to analyze the gas—solid reaction mechanism."
Therefore, it is of great significance to study the adsorption
using a new method.

© 2022 The Authors. Published by
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Over the years, researchers have used a variety of modern
spectroscopy technologies including various spectroscopic
techniques and surface morphology detection techniques to
obtain the adsorption behavior.'"*”'® Among them, the in situ
experimental method mainly adopts the programmed temper-
ature analysis technique (TPAT) to study the chemical
adsorption behavior. Programmed temperature-rise technology
mainly includes programmed temperature-rise desorption
(TPD), reduction (TPR), oxidation (TPO), and surface
reaction (TPSR). This technique characterizes the adsorption
behavior by the change of the gas adsorption quantity during
the adsorption or desorption process. However, there is
another important characteristic in the process of adsorption:
the exchange or coexistence of electrons between the gas
adsorbent and solid surface; due to the existence of an uneven
field on the solid surface, atoms on the surface often have the
remaining bonding capacity. Thus, the adsorption of gas on the
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Figure 1. Schematic diagram of the measurement apparatus for the gas adsorption sensing response.

semiconductor can cause some physical properties to change.
For example, adsorption of gas on the semiconductor can
cause the surface conductivity to change, which makes MOSs
widely applicable as gas sensors.'”~"? However, thus far, there
is no report characterizing the adsorption behavior by
employing the GSR.

In this paper, GSRs caused by the adsorption process are
employed as a new method to capture some adsorption
behaviors, which are impossible for the traditional methods to
obtain. Based on the new method, three adsorption data
mentioned above cannot be captured using traditional
chemisorption instruments or other methods. Above all, the
device in this work measures the change of the GSR during the
adsorption process to capture adsorption information, which is
reported for the first time.

2. EXPERIMENTAL SECTION

First, S g of tin tetrachloride pentahydrate (SnCl,-SH,0) was
dissolved in 100 mL of deionizing water, 0.5 g of citric acid
(C¢HgO7-H,0) was added as a dispersant, and 0.5 mol/L
ammonia water was used as a precipitant to prepare the tin
hydroxide precipitate. The precipitate was aged for 12 h, and
the chloride ions were removed by washing several times. The
precipitate was heated to 60 °C and dissolved in saturated
oxalic acid (H,C,0,2H,0) until the precipitate was
completely dissolved, and transparent SnO, sol was obtained.
The transparent SnO, sol obtained by adding saturated
polyethylene glycol as a surfactant was placed in a drying
box and dried at 80 °C for 72 h to obtain the SnO, gel
precursor. The obtained dry gel was incubated at 600 °C for 2
h to obtain SnO, nanopowder. The working conditions of the
sensor are as follows: The sensing adsorption materials are
tested in dry air at 400 °C. The gas concentration is presented
in all figures. The test instrument and process can be seen in
our previous work,” as shown in Figure 1. The test system
consists of two gas distribution devices, a test chamber, and an
electrochemical workstation. The electrochemical workstation
and the sensor element are connected with platinum wire
electrodes, and the outlet of the secondary gas distribution
device is connected with the test chamber. The system can
achieve continuous and accurate gas distribution and testing of
a wide range of target gases.The maximum flow rate of target
gas such as H, and CO controlled by MFC2 and MFC3 is 20
mL/min. The maximum flow rate of background gas such as
Air, N, and O, controlled by MFC1 and MFC4 is 1000 mL/

min. Thus, based on the test instrument, different concen-
tration of target gas can be obtained accurately.

3. RESULTS AND DISCUSSION

Figure 2 represents the GSR after different gases are passed
onto the surface of SnO, in different orders. First, 10 ppm H,
is injected into the test furnace in which the SnO, materials are
present. After the H, is absorbed onto the SnO, surface and
reaches adsorption equilibrium, 420 ppm CO is injected into
the test furnace. After the two gases reach adsorption
equilibrium, the SnO, current can be indexed as C;. Then,
the two gases are removed at the same time, and the SnO,
current returns to the ground state. Second, the ventilation
sequence is reversed, that is, first, 420 ppm CO is injected into
the test furnace, followed by 10 ppm H,; after the two gases
reach adsorption equilibrium, the SnO, current now can be
indexed as C,. Interestingly, the two currents C, and C, under
these two situations are the same. This indicates that the final
state of CO and H, coadsorption is independent of the
adsorption order. It also indicates that the adsorption of CO
and H, is single-molecular layer adsorption, which can also be
inferred further as follows. If the adsorption process belongs to
multimolecular layer adsorption, CO and H, adsorbed on the
SnO, surface will have different adsorption layer structures due
to the different adsorption sequences, so the SnO, current C,
and C, should be totally different. Therefore, the single-
adsorption layer of gas adsorption can be inferred by GSR
(here, SnO, current). To verify the conclusion, other two cases
such as 100 ppm H, and 300 ppm CO and 50 ppm H, and 150
ppm CO are passed onto the surface of SnO, in different
orders, as presented in Figure 1b,c. The same conclusion as in
Figure 1la is obtained. This adsorption information cannot be
captured using traditional chemisorption instrument.

Figure 3 represents the GSR caused by H, and CO after they
are passed onto the surface of SnO, in different orders. First,
10 ppm H, is injected into the test furnace in which the SnO,
materials are present. After the H, is absorbed on the SnO,
surface and reaches adsorption equilibrium, the SnO, current
can be indexed as D,. Then, another 30 ppm H, is injected
into the test furnace. After the above-mentioned 40 ppm H,
gases reach adsorption equilibrium, the SnO, current can be
indexed as D,. Then, the 40 ppm H, is removed, and the SnO,
current returns to the ground state. Second, 440 ppm CO is
injected into the test furnace to make the current same as the
current caused by 10 ppm H,, indexed as D;, and then, 30 ppm
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Figure 2. Gas sensing response caused by (a) 10 ppm H, and 420
ppm CO, (b) 100 ppm H, and 300 ppm CO, and (c) 50 ppm H, and
150 ppm CO adsorption after they are passed onto the surface of
SnO, in different orders in the air background.

H, is injected into the test furnace; after the mixture of 440
ppm CO and 30 ppm H, reaches adsorption equilibrium, the
SnO, current now can be indexed as D,. Interestingly, the
response change caused by 30 ppm H, under the condition
that the same current caused by 10 ppm H, or 440 ppm CO
previously is not the same can be indexed as AA and AB,
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Figure 3. Gas sensing response caused by H, and CO adsorption after

they are passed onto the surface of SnO, in different orders in the air
background.

respectively, as shown in Figure 3. There is a slight difference
between AA and AB, which may indicate that there are small
interactions between CO and H,. Therefore, the interaction
between multicomponent gases during coadsorption can be
inferred from the gas sensing behavior. This adsorption
information cannot be captured using traditional chemisorp-
tion instruments or other methods.

Figure 4a represents the GSR caused by the adsorption of
100, 200, 300, 400, and 500 ppm H, on the SnO, sample
surface under different carrier gas conditions. The curve in
Figure 4a is fitted with the empirical formula R = 1 + KC" to
obtain the quantitative relationship equation between the
response value and the gas concentration, as shown in Figure
4b, where R represents the response of SnO,, that is, the air-
divided resistance in H,, C is the gas concentration, and 7 is
the exponent of the gas concentration. Taking the logarithm of
both sides of R = 1 + KC", the n values are obtained. It can be
found that the n value has a small relationship with the oxygen
concentration in different carrier gases, which may indicate
that the adsorption site of O, is totally different from that of
H,. Thus, the adsorption site and the adsorption behavior
between two homogeneous gases can be obtained by
evaluating the n value."*"*?

Figure S shows the adsorption sensing response kinetic
curve of H, on the SnO, surface obtained by the GSR. The
adsorption sensing response kinetic curve is obtained from
Figure 4a as follows: taking the derivative of resistance with
respect to time (dR/dt) versus time. From the figure, we can
obtain the adsorption sensing response kinetic behavior of the
H, gas in different oxygen concentrations. From the curves, we
can see that with the increase of oxygen concentrations, the
adsorption sensing response kinetics of H, decreases obviously.
This is a new method to analyze the adsorption sensing
response kinetic behavior in different gas concentrations.
Above all, all the methods reported in this work may be
promising to be employed in the explanation of catalysis, gas—
solid reactions, and gas sensing mechanisms.
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Figure 4. (a) Gas sensing electronic signal caused by H, adsorption in different oxygen concentrations. (b) n values obtained by taking the
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Figure 5. Adsorption sensing response velocity curve of H, on the SnO, surface obtained by the GSR.

4. CONCLUSIONS

In this paper, GSRs caused by the adsorption process are
employed as a new method to capture some adsorption
behaviors, which are impossible for the traditional methods to
obtain. The following adsorption behaviors characterized by
this new method are presented for the first time: (1)
distinguishing the adsorption type using the examples of H,
and CO: the single-adsorption layer of gas adsorption can be
inferred by the GSR; (2) detecting the interaction between
different gases: the interaction between multicomponent gases
during coadsorption can be inferred from the gas sensing
behavior; and (3) measuring the adsorption sensing response
velocity based on the GSR. These three adsorption data
mentioned above cannot be captured using traditional
chemisorption instruments or other methods. Above all, the
device in this work measures the change of the GSR during the
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adsorption process to capture adsorption information, which is
reported for the first time. These methods will be promising to
provide original characterization data in the research fields
such as heterogeneous catalysis, gas—solid reactions, and gas
sensing mechanisms.
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