New Materials, Compounds and Applications Jom ard
Vol.6, No.3, 2022, pp.230-242 Publishing

EFFECT OF Au DOPING ON ZnO NANOPARTICLES SENSITIVITY
TO ETHANOL: A THERMODYNAMIC AND DENSITY FUNCTIONAL
THEORY STUDY

Mudar Ahmed Abdulsattar®?*, Hayder M. Abduljalil®, Hussein Hakim Abed?

!Department of Pharmacy, Al-Rasheed University College, Baghdad, Iraq
2Ministry of Science and Technology, Baghdad, Iraq
$Department of Physics, College of Science, University of Babylon, Iraq

Abstract. The effect of gold doping on zinc oxide nanoparticles' sensitivity to ethanol (C2HsO) and other
gases is discussed using density functional theory. Bell-Evans—Polanyi principle is used to calculate the
activation energy of the considered reactions. Gibbs free energy, enthalpy, and activation energy of the
reacting gases with ZnO or Au/ZnO show that C2HsO has a higher reaction rate than the other calculated
gases. Arrhenius equation parameters for one gas are used to calculate the reaction rate between all other
gases and both pristine and Au-doped ZnO. Calculations included the effect of the ethanol burning with
oxygen in the air before reaching the sensor surface. The highest reaction rate and optimum sensitivity
temperature are between the flash point and autoignition temperatures of ethanol. The theory also shows
that response time is inversely proportional to gas concentration, while recovery time is approximately
linearly proportional to gas concentration.
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1. Introduction

ZnO doping with Au is permanently used for numerous applications such as a gas
sensor, optical modulation, piezoelectricity, water splitting (Wang et al., 2022; Hoang et
al., 2022; Mackova et al., 2022; Chen et al., 2022). ZnO alone or with other materials
has been practically used for sensing many industrial or environmental gases such as
C2H60, CO, Hz, CHa4, CH40, NO, H>S, H20 (Eyvaraghi et al., 2022; Kim et al., 2018;
Yahya et al., 2019; Zhou et al., 2022; Yu et al., 2019). In many of these gases, the
addition of noble metals, such as Pt, Au, Ag, Pd, etc., increases the sensitivity to the
detected gas. ZnO molecules or particles at the nanoscale are called wurtzoids
(Abdulsattar 2017; Abdulsattar, 2015). These molecules have been used frequently in
gas sensing calculations (Abdulsattar 2017; Abdulsattar et al., 2021).

Au is used as a gas sensor enhancer with many semiconductors, such as SnO2 and
Si (Guo et al., 2022; Efeoglu & Turut, 2022). The use of Au enhances the sensitivity
and reduces response time appreciably. Au is added as a dopant or surface decoration or
hybridization depending on the sensing material manufacturing method.
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Ethanol is a material with a variety of uses that span medical, pharmaceutical,
fuel, wine, industrial, etc. (Gundogan et al., 2020; Liu et al., 2022a; 2022b; Gonzalez et
al., 2021). As a result, the sensing of ethanol becomes of great importance. Ethanol
sensors are made of a variety of materials; however, to gain high sensitivity and
selectivity, certain sensors attracted wide attention with several experimental research to
facilitate such applications.

Experimental results that illustrate the system of Au-doped ZnO and its sensitivity
to ethanol are available (Eyvaraghi et al., 2022; Zou et al., 2019). Theoretical results
about the upper-mentioned subject are less available (Eyvaraghi et al., 2022). Since
temperature is an important factor in gas sensing optimum conditions, thermodynamics
are unavoidable in gas sensing, which was not addressed before. The present work
addresses this deficiency.

In the present work, the Density functional theory is used to simulate the
interaction of ethanol and other gases with ZnO and Au/ZnO. Evaluation of interaction
energies such as Gibbs free energy, enthalpy, and activation energy between ethanol
and sensing material is performed. Formulas for the response and recovery times that
explain the trend of experimental data are given. Calculations included the effect of
ethanol burning with oxygen in the air before reaching the sensor surface. Gibbs free
energy and enthalpy are obtained without any experimental parametrization, while the
activation energy is obtained from the limited experimental response time of one gas
and applied to all the other gases. The limitation of available experimental results is the
main obstacle to applying the present method.

2. Theory

The chemo-resistive sensors are discussed in the present work. The resistivity of
the sensor material changes as it is exposed to the detected gas. The resistivity of the
sensor is measured by a circuit that contains a heater to find the best working
temperature of the sensor. The sensor material is exposed to the detected gas and normal
air alternatively to register resistance changes.

All molecules in the present work are geometrically optimized using Gaussian 09
program (Frisch et al., 2013) Dispersion corrections are added at the GD3BJ level
because of the importance of this correction in gas sensing calculations (Rajput et al.,
2022). The B3LYP method in density functional theory has been used repeatedly with
success for the simulation of ZnO molecules (Xu & Nezhad, 2022; Ahmed &
Senthilkumar, 2022). The basis functions used in any ZnO molecular or nanoparticle
calculations depend on the size of simulated molecules. 6-311G** basis functions are
frequently used in ZnO calculations (Al-Rawi & Aljanabi, 2021; Fahmy et al., 2021).
B3LYP/6-311G** method and basis are found appropriate in ZnO wurtzoids
calculations (Abdulsattar, 2017; Abdulsattar & Almaroof, 2017).

As we mentioned in the introduction, ZnO wurtzoids are used to represent ZnO
particles at the nanoscale. The molecule (ZnO wurtzoid2c) is chosen for this purpose
(Abdulsattar, 2015). Wurtzoids are the nearest molecules to ZnO nanoparticles having
the wurtzite structure, as shown in Fig. 1(a). Adding a gold atom to ZnO wurtzoid2c
also requires the addition of an oxygen atom to the molecule to gain stability, as in the
equation:

AU/ZNn13013+%02— Au/Zn13014 (AG=-0.87 eV). 1)

In the above equation AG is the change in Gibbs free energy of the reaction. When
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the value of AG is negative, this means that the reaction will proceed in the forward
direction. As we reach the Au/Zn13014 molecule (Fig. 1b), adding or removing oxygen
atoms from this molecule has a positive free energy which means that it is a stable
molecule in an oxygen environment.

a b

Fig. 1. (a) Zn130413 cluster molecule (pristine Zn0O), (b) AuZn13014 cluster molecule with approximately
20% wt. Au (Au decorated ZnO), (c) two molecules AuZn13014+ Zn13013 (One pristine and one Au
decorated ZnO) with approximately 10% wt. Au

The reaction of ethanol with oxygen in the air can be given by the reaction:
302+C2Hs0—3H20+2C02 (AG=-12.284 eV). (2)

This reaction starts at 14°C if the ignition is given by a suitable source. This
temperature is called the flash point temperature (Do Nascimento et al., 2021). At
autoignition temperature, ethanol will ignite without the need for an external source in a
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normal atmosphere. This temperature for ethanol is 450 C (Li et al., 2017). The reaction
rate of ethanol in air in Eq. (2) can be given by:

dICH:01 _ _10,][C,HO]K(T). (3)

In the above equation, [C2HeO] and [O:] are the concentration of ethanol and

oxygen in the air, respectively. k(T) is the temperature-dependent part of the reaction
rate that can be given by the Arrhenius equation:

k(T) =A exp<‘:BL%). 4)

In the above equation, A is a preexponential constant, E, is the activation energy,
and kg is the Boltzmann constant. The reaction of ethanol with the ZnO molecule in Fig.
(1a) can be given by the equation:

6Zn13013+C2Hs0—6Zn13012+3H20+2C0, (AG=-5.364¢V). (5)

As we can see from the above equation that the Gibbs free energy of the reaction
is negative so that the reaction will proceed forward. However, the absolute value of
free energy of this reaction is much less than that in Eqg. (2), so it is much slower than
that in Eq. (2). The reaction rate of ethanol with ZnO molecules can be given by:

d[o]
dt

In the above equation, [O] is the concentration of oxygen in ZnO molecules,
[C2HeO]Je is the effective concentration of ethanol near the surface of ZnO molecules
due to the reaction of ethanol with oxygen in the air before it reaches the surface of the
molecules as in Eq. (2). Solving Eq. (6), we have:

[0] = [0] exp[C2He0le k(D (7)

In the above equation, [O]o is the initial concentration of oxygen in ZnO
molecules. From the above equation, we can determine the (response time) needed for
the ethanol to reach 90% of its final value:

= —[O][C,HeO0]ek(T). (6)

In(10) _ D

&t (8)
[CZHGO]eAexp(kBL'EI“> [C2HeO]e

tres(90%) =

As we can see from the above equation that the response time is inversely
proportional to the effective ethanol concentration. As suggested by Eqg. (2), the use of
effective concentration is not limited to ethanol but also applies to oxygen in the
recovery phase. The effective concentration of oxygen near the ZnO molecule's surface
IS given by:

[02]e = [02]o — 0[C2HO] 9)

Some of the oxygen in the air near the ZnO surface is replaced by the reaction

product of Eq. (2), namely H20 and CO., which are proportional to the reacting ethanol

concentration as in Eq. (9). In the recovery phase, oxygen reacts with oxygen-deficient
ZnO molecules (Zn13012in Eq. (5)) by the equation:

Zn13012t%02— Zn13013 (AG=-1.153 eV). (10)
Repeating the same steps of response time for the 90% recovery time we have:
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In(10) _ E

[02] Aexp(_kiléfa) "~ [03]0-0[C2HgO]
2le

trec(o0%) = (11)

3. Results and discussion

In Fig. (1a), the weight percentage of gold is 0%, while in Fig. 1(b), the weight
percentage of gold is approximately 20% by weight. In Fig. 1(c), the weight percentage
of gold is 10% by weight. In all three cases, a, b, or ¢, we must perform DFT
calculations of Zn13013, AuZn13014, Or both separately. Usually, van der Waals forces
between nanoclusters (as in Fig. 1(c)) are too weak to change the structure of either
cluster appreciably. The effect of increasing the weight percentage of gold can be
handled by the Arrhenius equation parameters of Eq. (4), as we shall see shortly. The
optimum weight percentage of Au in experiments can be anywhere between 0.5 to 15
wt% (Gu,et al., 2021). The Arrhenius equation parameters of a certain structure can be
applied to the reaction of all gases as predicted by Bell-Evans—Polanyi principle (Chen
etal., 2021).

Fig. (2) shows the Gibbs free energy of the reaction of several gases (C2HsO,
CH40O, CHas, CO, Hz, NO, and H,S) with both the ZnO molecule (Zn13013) and the
Au/ZnO molecule (AuZn13014) at room temperature. Note that free energy and enthalpy
values are obtained from DFT calculations without the use of experimental parameters.
A negative value of Gibbs free energy of a reaction is an indicator that the reaction is
spontaneous and is called an exergonic reaction. On the other hand, the positive value of
Gibbs free energy of a reaction is an indicator that the reaction is nonspontaneous and is
called an endergonic reaction. As we can see from Fig. (2), that the reactions with
AU/ZnO are always more spontaneous than with ZnO alone. Ethanol reaction has the
most negative values in both ZnO and Au/ZnO, followed by methanol and methane. H>
and CO also have negative free energies and can be detected by ZnO or Au/ZnO. For
NO gas, the free energy is positive in both ZnO and Au/ZnO. A weak sensitivity is
driven by weak van der Waals forces or the reaction (a4 + B — pR) equilibrium
constant as in the equation:

[R]° =

Kea = faeap = ¢ (12)

As we can see from the above equation that positive values of free energy will
produce a limited number of the reaction product [R] with respect to reactants [A] and
[B]. To increase the sensitivity of ZnO or Au/ZnO to NO gas, we must either change the
structure and the temperature or add another material. The same is true for H2S gas in
ZnO only.

The sensitivity to gas is affected by the enthalpy or the heat produced or absorbed
in the reaction, as stated by Bell-Evans—Polanyi principle (Chen et al., 2021):

E, = Eo + aAH. (13)

In the above equation, E, is the activation energy, AH is the enthalpy of the
reaction, Eo and a are parameters to be adjusted with other reaction data to obtain the
activation energy. The enthalpy of reactions of gases with ZnO (Zn13013) or Au/ZnO
(AuZn13014) is shown in Fig. 3. We can see from Fig. 3 that the same results that are
obtained from Gibbs free energy of Fig. (2) apply to Fig. 3 for the enthalpy. We can use
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the fitting parameters Eq=0.3 ¢V and 0=0.05 (in Eq. (13)) to obtain the experimental
response time of pristine ZnO or with 4 wt.% Au for the optimum operating conditions
of reference (Eyvaraghi et al., 2022). From these parameters, we can obtain Fig. (4) for
the activation energy. Unlike Gibbs free energy and enthalpy, the lower the value of
activation energy, the higher rate of reaction. The lowest activation energies are for
C2HsO in its reactions with ZnO and Au/ZnO. The highest activation energies are for
NO and H>S, which are the same gases with positive or small negative values of free
energy and enthalpy.
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Gibbs free energy of reaction with ZnO or Au/ZnO clusters (eV)
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Gas selectivity

Fig 2. Gibbs free energy of reaction of several gases (C2HsO, CH4O, CH4, CO, Hz, NO, and H;S) with
both ZnO molecule (Zn13013 in Fig 1(a)) and the Au/ZnO molecules (AuZni3014 in Fig 1(b))
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Fig 3. Enthalpy of reaction of several gases (C2HsO, CH1O, CH4, CO, Hz, NO, and H,S) with
both ZnO molecule (Zn,3013 in Fig 1(a)) and the Au/ZnO molecules (AuZni13014 in Fig 1(b))
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Fig 4. Activation energy of reaction of several gases (C2HsO, CH40, CH4, CO, Hz, NO, and H,S)

with both pristine ZnO molecule and the Au 4% wt./ZnO molecules. Eq. (13) is used to evaluate the
activation energy
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Fig 5. Theoretical reaction rate of C;HsO with both ZnO molecules and the Au/ZnO molecules
(Au 2, 4, 7 wt.%). Flash point and autoignition temperature of ethanol are shown

Fig. 5 shows the reaction rate of ethanol with both ZnO and Au/ZnO with various
Au weight content. Flash point (Do Nascimento et al., 2021) and autoignition
temperatures (Li et al., 2017) of ethanol are shown. For ZnO, Fig. (5) is obtained by
solving two Arrhenius equations for the reactions in Eg. (2) and (5). The same is
performed for Au/ZnO. The preexponential factor and activation energy of Eq. (2), (5),
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and other needed reactions are all given in Table 1 for ZnO and Au/ZnO. A quantity of
ethanol is burnt in the air before it reaches ZnO or Au/ZnO surface. Ethanol burning in
the air is the dominant reaction in both ZnO and Au/ZnO when they reach autoignition
temperature. Logically, the temperature with the highest reaction rate with ZnO or
Au/ZnO is the temperature with the highest sensitivity. This temperature in Fig. (5) is
approximately 400 and 300 C for ZnO and Au 4% wt./ZnO, respectively. The Au 2 and
7% weight only differ by activation energy (0.12 and 0.0639 eV, respectively) and not a
preexponential factor. Experimental highest sensitivity temperature values range
between 225 to 450 C for ZnO and Auw/ZnO (do Nascimento et al., 2021; Zhang et al.,
2016; Kang et al., 2021). Both references (Zhang et al., 2016; Kang et al., 2021) agree
with our calculations that Au/ZnO highest sensitivity temperature is lower than that of
Zn0.

Fig. (6) Shows the response time as a function of ethanol concentration for ZnO
and Au 4% wt./ZnO. Unfortunately, the experimental data in reference (Eyvaraghi et
al., 2022) only gives values at the optimized operating temperature of 400°C and for
ethanol concentration 100 ppm. However, other references such as reference (Subha &
Jayaraj, 2019) gives the same trend in our calculations but for ZnO and CuO/ZnQ. Our
theoretical results are based on Eq. (8).

Fig. (7) shows the recovery time as a function of ethanol concentration for ZnO
and Au 4% wt./ZnO. Experimental values are from reference (Zou et al., 2016). Our
theoretical results are based on Eg. (11). The same trend can be found for ZnO and
CuO/Zn0O in reference (Subha & Jayaraj, 2019).

Fig. (8) shows the reaction rates of ZnO, Au 2, 4, and 7% wt./ZnO as a function of
ethanol concentration at 400 C. As we mentioned above, the reaction rate represents the
resistivity or response of the sensor to a specific concentration of ethanol. The linear
relation of reaction rate to concentration can be seen in Eq. (6). The present results are
in agreement with the results of references (Eyvaraghi et al., 2022; Zou et al., 2016;
Subha & Jayaraj, 2019).

Table 1. Arrhenius equations parameters fitted to response and recovery
times of ZnO and Au 4% wt

No. | Reaction A(sY) E.(eV) |o

1 30,+C,Hs0—3H,0+2C0O; 48 0.3000

2 62n13013+C2Hs0—6Zn13012+3H,0+2CO0O, 9000 0.1421

3 6AU/ZN13014+CoHs0—6 Au/Zni3013+3H,0+2CO0O; 9000 0.0378

4 ZNn13012+%02— Zn13013 5000 0.2267 1400
5 AU/ZNn13013+%02— Au/Zni3014 30000 0.2441 1000

The gas sensing mechanism is mainly affected by the surface structure and surface
reconstruction more than the bulk lattice structure. As a result, nanoparticles usually are
more effective in detecting gases than larger particles because of their higher surface
area. The effect of surface area and lattice structure is considered by the (A) parameter
in Eg. (4) in the Arrhenius equation. The unit of this parameter (as can be seen from
Table 1 is s, which represents the frequency of collisions of the detected gas with the
sensor surface. For different crystalline surfaces or amorphous sensor surfaces, the
differences lie in the area available for collisions between the gas and surface. For well-
prepared surfaces, the number of collisions is high enough to increase the reaction rate
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and sensitivity ((Eq. (3) and Eg. (4)) and reduce the response time (Eg. (8)) and/or
recovery time (Eq. (11)). For poorly prepared surfaces the value of (A) is relatively low
with lower sensitivity and higher response and recovery times. This parameter is fitted
to the experimental results as in Table 1. The value of the (A) parameter can be a
measure of the quality of the sensor surface for different structures or surfaces.

Many sensor mechanisms depend on the adsorption and desorption of the gas on
the sensor surface without reactions. However, the reaction of the gas with the sensor
material (if possible, with a negative Gibbs free energy) gives a higher sensor response
since the reaction transforms the sensor (which is usually a metal oxide) gradually to
metal by censored gas reaction as in Eq. (5) by reducing the metal oxide to metal. The
formed oxygen-deficient metal oxide has a resistance that is lower relative to the
oxygen-saturated metal oxide. The Gibbs free energy of adsorption is in the order of 1
eV or less compared to the 5.3 eV for reaction energy as in Eq. (5). Obviously, the
activation energy of a reaction is much less than the adsorption energy as in Eq. (13),
and hence higher response is obtained by reaction than that of adsorption. Also, some
gases discussed in the present work, such as methane, are used to reduce ZnO to pure
Zn (Chuayboon & Abanades, 2022), which proves the reaction of these gases with ZnO
IS unavoidable.

There is no doubt that the use of a larger number of atoms can give more correct
results than using a small cluster of atoms (such as the cluster Zn13013 in the present
work). However, computational difficulties hamper the use of such a high number of
atoms. As a result, the use of a logical number of atoms is very desired in such
calculations. The interaction of gas molecules is mainly at the sensor surface. The
interaction potential of the gas molecules decreases with the inverse distance between
the gas molecule and the distant atoms in the sensor.

350
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N
(%)
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[y
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50

0 20 40 60 80 100 120 140
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Fig. 6. Response time as a function of ethanol concentration at 400 C for ZnO and
AU/ZnO (4 wt.% Au). Experimental values are from reference Eyvaraghi et al., (2022)
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Fig. 7. Recovery time as a function of ethanol concentration at room temperature
for ZnO and Au/ZnO. Experimental values are from reference Zou et al. (2016)
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Fig. 8. Reaction rates of ZnO, Au 2, 4, and 7% wt./ZnO as a function
of ethanol concentration at 400 C

In semiconductors, an additional exponentially damping factor exists due to
charge movement. The long-range effects are suppressed by the flow of particles in
response to electric fields. This flow reduces the effective interaction between particles
to a short-range (screened Coulomb interaction). Practically, this shows that the use of
even 2" neighbors interaction is enough to obtain acceptable results. However, the use
of 4" neighbors is more common in computational semiconductor physics (Abdulsattar
& Al-Bayati, 2007; Abdulsattar, 2009). The present work uses more neighbors beyond
the 4'" neighborhood atoms.
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4. Conclusions

Density functional theory can give good simulation to many trends in gas sensing
problems, as proven by the present work. Gibbs free energy (or enthalpy) of reaction
can be used to certify that the gas reactions are spontaneous or nonspontaneous
(exothermic or endothermic). The enthalpy of the reaction can be used to determine the
activation energy of these reactions using the Bell-Evans—Polanyi principle. Applying
this method to the sensitivity of ZnO and Au/ZnO toward ethanol gas, we can find that
ethanol gas has good selectivity over many gases such as CH4O, CHa, CO, Hz, NO, and
H>S. Using Arrhenius equations, the highest sensitivity and reaction rate is found near
the experimental results in the range of 300 to 400 °C for the ethanol gas. Response time
is found to be inversely proportional to gas concentration, while recovery time is
linearly proportional to the gas concentration. Calculations included the effect of an
ethanol burning with oxygen in the air before reaching the sensor surface. Results also
show that the highest sensitivity temperature is located between flash point and
autoignition temperatures. Theoretical results are in good agreement with available
experimental results.
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