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H.S Properties and Temperature Effects
on the Response of Pristine and Al-Doped ZnO Gas Sensor

H2S is a poisonous gas that needs to be censored to protect humans from its exposure. H2S gas sensitivity and
interaction with pristine and Al-doped ZnO clusters were studied using the transition state theory method.
The reaction of ZnO with H2S gas is usually weak and can be enhanced by doping. Elements or their oxides,
such as platinum group elements, are traditionally used as doping substances. However, the use of other
cheaper elements or oxides such as Al or Mn also increases the reaction rate. The mechanism of increasing
the reaction rate and sensitivity by Al doping is the subject of present work. The calculation results show that
Al-doped ZnO increases the sensitivity towards H2S by growing the resistance of Al-doped ZnO due to lattice
distortion. The Gibbs activation energy remains almost the same as calculated by the present model. In con-
clusion, it should be noted that good agreement between theory and experiment was achieved in terms of
temperature-dependent reaction rate, gas response, recovery and response time for different doping ratios. For
the first time, the autoignition reaction and temperature of H2S were considered in sensors. Further improve-
ment in transition state theory is needed to include further gas sensor features.

Keywords: Al doping, ZnO cluster, pristine, H2S gas sensor, DFT, transition state, autoignition temperature,
activation energy

Introduction

Zinc oxide is one of the most studied materials in the scientific literature due to its unique properties
and wide application [1], such as paints, cosmetics, rubber, composites, etc. One of its applications is as a
gas sensor [2]. ZnO is used to monitor gases such as ethanol [3], CO: [4], NO: [5], H2S [6] etc. The response
of pure ZnO or other pure compounds can be enhanced by doping. Platinum group elements such as rutheni-
um, rhodium, and palladium are usually most effective in addition to other transition elements [7, 8]. The
response enhancement is generally explained by the reduction of activation energy needed for the reaction
between the gas and sensitive material to proceed [9, 10]. However, cheaper doping with non-transition ele-
ments enhances the sensor’s response to the targeted gas [6, 11]. Optimized ZnO small molecules, which
resemble the wurtzite lattice structure, can be used to study the behavior of ZnO properties and reactions [12,
13]. The most appropriate molecule in terms of size and computation time is Zn13013, called ZnO wurt-
zoid2c [14].

Hydrogen sulfide is a poisonous gas that reacts with the human body or materials, so it must be moni-
tored [15]. H2S can be explosive when its concentration exceeds certain limits in air [16]. The electronic
structure and shape of the H,S molecule are similar to the structure and shape of the water molecule, in
which oxygen is replaced by sulfur. H,S can be ignited by an external ignition source if its temperature ex-
ceeds its flash point temperature at —82 °C [17]. However, H,S can explode at temperatures above its au-
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toignition temperature of 232 °C without an external ignition source [17]. H>S can be removed from fuel us-
ing ZnO [18, 19], so it is natural to expect that ZnO will be used as a H2S gas detector [20, 21].

Despite the substantial experimental literature on gas sensors, including thousands of scientific pa-
pers [22, 23], theoretical studies related to gas sensors are limited to a few gases and gas-sensitive materials.
A common theoretical approach involves density functional theory (DFT) for gas sensing analysis [22, 23].
Theoretical modeling of the reaction is carried out using either the Arrhenius equation or the more modern
transition state theory [10].

This study uses transition state theory and DFT to investigate pure or Al-doped ZnO as an H,S gas sen-
sor. The H.S reaction rate and response temperature dependence are compared with existing experiment. Re-
sponse and recovery time trends are also compared to available experiment.

Computational Details and Theoretical Background

Gaussian 09 software was used to perform present calculations [24]. The calculation used B3LYD theo-
ry level of DFT and 6-311G** basis set. Gas reaction with solids usually contains long-range forces that en-
force dispersion corrections. Dispersion corrections at the GD3BJ level are used successfully in previous and
present calculations [10].

The removal of H,S from fuel or biological materials using ZnO is a well-known process [18, 19]
which can be represented by the following reaction:

Zn0O + H,S — ZnS + H,0. (1)
In the above reaction, sulfur replaces oxygen in the ZnO lattice. Figure 1a shows the adsorption of the

H.S molecule on the Zn130:3 molecule (denoted [Zn130:15—H>S]?). It should be noted that the H.S molecule
loses one of its hydrogen atoms simultaneously with adsorption.

B

Figure 1. a— optimized geometry of Zn;3013 cluster with adsorbed H.S molecule ([Zn13013—H2S]?);
b — optimized geometry HAIZn1,013 cluster with adsorbed H.,S gas ([HAIZn12,013—H,S]?)

Figure 1b shows the effect of H,S adsorption when one Zn atom is replaced by aluminum in Zn;3013
(denoted HAIZn1,015—H,S]?). A hydrogen atom was added to the Al-doped molecule to compensate the
difference in oxidation state of Al(+3) and Zn(+2).

The transition state is the state of the highest potential energy along the reaction coordinates. A double
dagger is added to this state to differentiate it from other states (denoted [Zni3015—H,S]%). The slight
movement of atoms in the transition state decreases its molecular Gibbs free energy (AG*) by 0.0617 eV for
the pure and 0.0581 eV for the Al-doped ZnO molecule in normal temperature and pressure, as shown in
Figure 2.

In transition state theory, the reaction rate of H,S gas with ZnO can be determined by the formula [25-27]:

d[zno
[d? ]z—[ZnO] [H,S], k(T), @)
k(T)=AT" exp[kBT J . (3)
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In the above equations, [ZnO] and [H.S]e are the ZnO and H.S gas concentrations, respectively. The
subscript (e) in [H2S]e concentration indicates the effective available concentration due to H2S burning in
high temperatures as it approaches the autoignition temperature. k(T) is the temperature-dependent term in
the rate equation. ks is the Boltzmann constant. A in Eq. (3) is a scaling constant corresponding to the sensi-
tive material’s area in the experiment. The value of the temperature exponent (m) in (T™) can be fit to exper-
imental results and depends on the type of interacting materials and diffusion of reaction gases. The Gibbs
free energy of transition (AG?) is related to the enthalpy of transition (AH*) and entropy of transition (AS*) by
the equation:

AG* = AH* —TAS*. (4)

The Gibbs free energy of the transition is usually impossible to obtain with the required ratio of ingredi-

ents due to computational size problems. This problem can be solved using the modified Evans—Polanyi
principle [10]:

AG* = AG} +BAG/ . (5)

In Eq. (5), AG; and AG; there are two known values of the Gibbs free energy of activation for specific

concentrations of the dopants. These points can be used to obtain AG* through the interpolation parameter B.
The above equation is a modification of the Evans—Polanyi principle with the inclusion of entropy in the
formalism [10, 28].

A logistic function can be used to account for the decrease in H.S gas content as it approaches the au-
toignition temperature of 232 °C:

1
T 14T ©)

In Eq. (6), ks is the steepness of the decrease in H,S concentration, while Ty is the temperature at which
H.S reaches half of its concentration.

The experimental sensitivity of a gas sensor is obtained by dividing the resistance of the sensor in the
air (Ra) by the resistance when the detected gas (H-S) is added (Rg). This ratio (Ra/Rg) is proportional to the
calculated reaction rate:

f(T)

Response (theoretical) =1+ C M

: (7)

C in the above equation is the proportionality constant, and a value of one (1) is added to account for
the response value in the absence of the detected gas.

The most important parts of any theory are the results that can be compared to experiments. In gas sen-
sors, 90 % of the response and recovery time corresponds to the moment when the resistivity changes to
90 % of its original resistance.

By integrating Eq. (2), the 90 % of response time can be determined by the formula:

In(10
tres(90 %) = ( ) —Gt] ' (8)

[H,S], AT" exp[kﬂT
On the other hand, the 90 % of recovery time is the time that corresponds to the return of the resistivity

to 90 % of its original value. This time corresponds to the oxygen retrieval of the oxygen-reduced Zn0O, as in
the reaction:

Zn13012 + 502 — ZN13013 . (9)
In this case, the recovery time corresponding to the above reaction can be estimated using the equation:
In(10)
trec(QO %) ~ [i] (10)
[0,], AT™ exp'®’
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Figure 2. a — optimized geometry of transition state of adsorbed H2S on Zn13013 ([Zn13013—H2S]%);
b — optimized geometry of transition state of HAIZn 1,013 with H,S gas ([HAIZNn12013—H,S]%)

Results and Discussion

Figure 3 shows the variation of Gibbs energy of transition as a function of temperature for pure ZnO

doped with 2 % and 4 % Al (molar) upon absorption of H>S gas.
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Figure 3. Gibbs free energy of transition for pure, 2 %, and 4 %Al doped ZnO
as a function of temperatures upon interaction with H,S gas

As can be seen in Figure 3, the Gibbs energies are very close and intersect at low temperatures from 50
to 100 °C. The reason for the intersection is the increase in activation entropy of the doped ZnO [29]. This
shows that the reaction rate is nearly equal in the pure and Al-doped ZnO. The increase in response in the Al-
doped ZnO is mainly due to an increase in resistance due to doping. The imperfections in the lattice structure
interact with electrons and increase resistivity. This increase has been proven for other binary systems as

well [30].
Figure 4 shows the response of pure ZnO to H,S.
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Figure 4. The experimental [6] and theoretically calculated responses of the pure ZnO sensor to 600 ppm H2S gas
at different temperatures. The autoignition temperature of H,S gas [17] is indicated by the dotted line

As can be seen in Figure 4, pure ZnO responds poorly to H,S gas due to difficulty in oxygen pick-up
from its tight structure by H.S gas. The theoretical temperature-dependent exponent part (T™) in Eq. (3) is T%.
The temperature dependence is higher than the usual exponent (0 to 1) in different reaction theories. This
temperature dependence is the hydrogen (in H.S) fast diffusion into the ZnO structure. The autoignition tem-
perature of H,S gas is indicated in Figure 4, which shows the usual trend of optimum response temperature
just before the autoignition temperature [11].

Figure 5 shows the response of 2 % Al (molar) doped ZnO.
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Figure 5. The experimental [6] and calculated theoretical responses of the 2 % Al (molar) doped ZnO sensor
to 600 ppm HzS gas at a range of temperatures. The autoignition temperature of H,S gas [17]
is indicated by the dotted line

As can be seen in Figure 5, the response of the 2 % Al doped ZnO is more than twice that of pure ZnO.
The increase in response is because doping with 2 % Al destroys the periodic lattice structure of pure ZnO.
The imperfections in the lattice structure interact with electrons and increase resistivity. The theoretical tem-
perature exponent dependence (T™) is also high with m = 10.
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Figure 6 shows the response of 4 % Al (molar) doped ZnO.
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Figure 6. The experimental [6] and calculated theoretical responses of the 4 % Al (molar) doped ZnO sensor
to 600 ppm HS gas at a range of temperatures. The autoignition temperature of H,S gas [17]
is indicated by the dotted line

As can be seen in Figure 6, the response of the 4 % Al doped ZnO is higher than pure and 2 % Al-
doped ZnO. The 4 % Al-doped ZnO is near the highest possible response in Al-doped ZnO. As in the case of
2 % Al, the imperfections in the lattice structure interact with electrons and increase resistivity. The theoreti-
cal temperature exponent dependence (T™) is also high with m = 12.

The three theoretical parts of Figures (4-6) show good agreement with experiments except for one point
in Figure 5, that violets even the trend of the original experimental results [6].

The experimental response time data for the present system is scarce [6]. However, Figure 7 compares
theoretical results and the experimental data available in reference [6] for the 4 % Al-doped ZnO. As shown
in Figure 7, the 90 % response time is high except for a small range of temperatures. Theoretical results were

obtained using Eq. (8).
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Figure 7. Response time of 4 % Al-doped ZnO at a range of temperatures for 600 ppm H5S.
Experimental data are taken from the reference [6]
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At the recovery stage in the gas sensor in which atmospheric air (with no detected gas) passes over the
sensitive material, the sulfurized surface of pure or Al-doped ZnO is desulfurized and re-oxidized as in the

equations:

ZnS + 0, — Zn + SO,
Zn + %50, — ZnO.

(11)
(12)

The desulfurization occurs in the response and recovery phase as well; however, at the end of the re-
sponse phase, an oxygen-deficient ZnO surface occurs that will be oxidized in the recovery phase. Figure 8
shows the Gibbs free energy of the transition of oxygen-deficient pure and 4 % Al-doped ZnO as they inter-

act with oxygen in the recovery phase.

0.2

o e e e
o = = = =
- N & o 0

Gibbs energy of transition (eV)

e
=]
[

0.06

Oxygen deficient ZnO interaction with 02

-»-- Oxygen deficient ZnO+4%Al interaction with 02

100

150 200
Temperature”C

250 300 350

Figure 8. Gibbs free energy of the transition for pure oxygen-deficient and 4 % Al doped ZnO
as a function of temperatures as they interact with O

Figure 9 shows the recovery time of 4 % Al-doped ZnO to 600 ppm H.S gas. The theoretical 90 % re-
covery time increases with temperature due to the increase in Gibbs free energy of transition as in Figure 8.
The temperature exponent (T™) in Eq. (10) is (m = 0). The negligible temperature exponent is due to the lack

of oxygen diffusion into the ZnO structure.
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Figure 9. Recovery time of 4 % Al-doped ZnO as a function of temperature for 600 ppm H>S.
Experimental data are taken from reference [6]
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Table summarizes the Gibbs energy of transition and the five parameters used in each reaction corre-
sponding to the several doping percentages and O, retrieval. The Gibbs free energy of transition is taken at
25T temperature and normal pressure. Gibbs energy of transitions for other temperatures is given in Figures
3and 8.

Table

Parameters used to simulate H2S gas sensing and Oz recovery reaction model of pure and Al-doped ZnO

No. Reaction AG* (eV)* A m ks(K1) | To(°C) | C(s)
1 [ZNnO—H.S]?
l 0.0617 1.4 108 s.K* 4 0.025 260 40
[ZnO—H,S]
2 [2 %AI/ZNO—H,S]?
l 0.0608 42108 s1.K10 10 0.06 230 47
[2 %AI/ZnO—H,S]*
3 [4 %AI/ZnO—H,S]?
l 0.0599 4.4 10 s1.K12 12 0.08 220 53
[4 %AI/ZnO—H,S]*
4 [4 %AI/ZnO—O0,]°
0.0836 2151 0 - — -

l
[4 %AlI/Zn0—0;]
*Note: AG* values are at 25 °C temperature and normal pressure. An underscore is added to the oxygen in the
fourth reaction to indicate an oxygen-deficient cluster of ZnO.

It can be seen in Table that as the doping percentage increases, the Gibbs free energy of transition de-
creases. However, this is reversed as the temperature increases (as shown in Fig. 8) because of entropy, as
explained previously. The parameter (A) has different units due to different temperature dependence and
concentrations of each doping percentage. This is reflected by the exponent (m) that increases as the doping
percentage increases. The parameter (A) for the fourth reaction differs from the first three reactions due to
the difference in oxygen concentration (20 % of air) compared to ppm values of H.S. The reason for the
temperature exponent (m) increase in the reaction of H,S gas with Al-doped ZnO is the distortion of the ZnO
lattice due to doping. The distortion of the ZnO periodic lattice allows the H,S gas to enter deeper (diffuse)
and react with deep Al/ZnO layers, which makes the reaction more vigorous with the increase in tempera-
ture. In addition, since the Al oxidation state (3) is higher than Zn (2), several vacancies are created. Some
vacancies are filled with atmospheric oxygen, and others remain unfilled. In both cases, the reaction increas-
es. The filled vacancies (with oxygen atoms) will add additional oxygen sites so that H,S will collide with
more oxygen atoms and react as in Eq. (1). The remaining unfilled vacancies with Al dangling bonds trap
H>S molecules, making an increase in the reaction rate that finally increases the sensor response. All these
reactions are governed by the rise in diffusion that depends itself (diffusion) on temperature. The steepness
of the decrease in H,S concentration (ks) increases as the doping percentage increases. This is the reverse
behavior of (To), which is the temperature at which the density of HS reaches half of its original density due
to autoignition. Finally, the parameter (C) that correlates the resistance with the reaction rate increases as the
doping percentage rises due to imperfections in the ZnO lattice caused by doping. The last reaction does not
include autoignition parameters because the O, gas does not have autoignition temperature, and the percent-
age of Oy in the air is nearly constant.

Conclusions

Theoretical simulation of gas sensors rarely deals with calculating response or recovery reaction kinet-
ics of gas sensing. The present model uses transition state, including its DFT tool, to calculate reaction rate,
response, response time, and recovery time. The results as a function of temperature are in good agreement
with the experiment. The present model describes the sensing mechanism as interplay between the reaction
of the detected gas (H2S) with the sensitive material (pure or Al-doped ZnO) or the reaction of the oxygen-
deficient detection material with O- in air. As the temperature approaches the autoignition temperature, the
detected gas prefers the reaction with O in the air before reaching the sensitive material. The maximum re-
sponse value is at a temperature just below the autoignition temperature. The temperature dependence of the
reaction of H,S is more robust as the Al doping increases to reach the optimum doping percentage at 4 %.

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 47



Abdulsattar, M.A., & Almaroof, S.M.

The temperature dependence of the reaction of H.S with O; in the air becomes more robust as the optimum
doping percentage at 4 % Al is reached. This indicates that Al doping increases H,S reaction with the sensi-
tive material and also increases the reaction of H,S with O in the air due to lattice distortion.
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