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Effect of Acetylene Properties on its Gas Sensing by NiO Doped ZnO Clusters:
A Transition State Theory Model

The sensitivity of nickel oxide doped zinc oxide to industrial gas acetylene was calculated and compared to
available experimental data. The adsorption of C,H, on the NiO-doped ZnO surface and the activation transi-
tion states formed afterward were studied computationally. B3LYP version of density functional theory with
6-311G** basis set, including dispersion correction (GD3BJ) was performed for the calculations with the
help of Gaussian 09 software. Thermodynamic quantities of the reaction of C,H, with NiO-doped ZnO sur-
faces, such as Gibbs free energy, enthalpy, and entropy, were used to interpret the seaction atithe temperature
range 25-325 °C. Response and response time variation with different NiO doping pékcentages were calculat-
ed. The calculations took into account the combustion of acetylene as it approached itstautoignition tempera-
ture, which was not considered in previous works. The results show that the ‘epfimum response operating
temperature of the C,H, gas sensor is below the autoignition temperature ‘of acetylene at 300 °C. A good
agreement of theoretical response and response time with variation of temperature and acetylene concentra-
tion was obtained with the experiment. This study was the first to take int0 atcount the autoignition of C,H,
in gas sensor calculations and noted that gases can be easily distinguished By*their autoignition temperature.
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Introductien

ZnO is in the hexagonal wurtzite structure [1], while NiO is in the NaCl cubic structure at ambient tem-
perature [2]. When ZnO is doped with NiO, the hexagonal structure is transformed into a cubic NaCl struc-
ture as the NiO doping concentration increases [3§»ZnO in the NaCl structure occurs at high pressure [4]. On
the other hand, the NiO in the hexagonal structure is also formed [5]. ZnO is an n-type semiconductor due to
oxygen vacancies [6]. NiO is a p-type‘semieonductor since Ni can have higher oxides such as Ni,O3 (black
nickel oxide) [7]. The doping of ZnOith NiO can form a p-n junction. ZnO is a very practical choice for
gas sensors. ZnO is used to deteCt many gases, such as acetone [8], acetaldehyde [9], NO, [10], etc. NiO as
an oxide is also utilized as a gas\sensor for different gases such as H,S [11], acetone [12], H, [13], etc. Small
ZnO clusters that reflect the wurtzite structure are called wurtzoids [14, 15]. These clusters simplify gas sen-
sor calculations within existing computing power while preserving the similarity of the electronic structure
with particles of largersize, The gas-sensing process happens on the surface of the sensor. Since oxygen lay-
ers are inevitable duringgSurface preparation under atmospheric conditions, Ni atoms on the surface are oxi-
dized by the oxygen in the air or by oxygen already present in the ZnO.

Acetylene is an unsaturated hydrocarbon with the formula C,H,, widely used in industry [16]. Acety-
lene has a number of properties that differ from many other gases. C,H, is a sublimating gas at about -84 °C.
It also has an autoignition temperature of 300 °C. Autoignition temperature is the temperature at which a ma-
terial will spontaneously ignite in a normal atmosphere without the need for an external ignition source. This
temperature puts limits on the highest temperature at which the gas can be detected, since it quickly burns
out after reaching this temperature [17, 18]. The intrinsic properties of the detected gas are continuously ig-
nored when calculating gas detection in a sensor. In the present work the properties of acetylene will play an
important role in the detection of this gas, as we shall see later.

Transition state theory is one of the most used theories to simulate reactions that include gas sen-
sors [19]. The parameters of this theory can be calculated using density functional theory (DFT). These pa-
rameters include thermodynamic quantities such as Gibbs free energy of activation, enthalpy, and entropy.
These parameters usually depend on temperature.

The present work uses a NiO-doped ZnO cluster as a gas sensor to detect acetylene gas. The analysis is
carried out theoretically using transition state theory and compared with available experimental data. Gibbs
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free energy of transition or activation is calculated as a function of temperature. The calculated Gibbs energy
of transition is transformed to the values of the experimental NiO-doped ZnO ratio using the modified Ev-
ans—Polanyi principle. The change in the density of acetylene gas as acetylene approaches its autoignition
temperature is considered. Results show good agreement of theoretically calculated sensor response and re-
sponse time with available experimental data. The novelty and motivation of the present work are derived
from the fact that acetylene autoignition has never been considered in previous studies.

Computational Details

Gaussian 09 computational chemistry software was used in the present calculations [20]. B3LYP ver-
sion of density functional theory with 6-311G** basis set, including dispersion correction (GD3BJ), showed
satisfactory accuracy and execution time [21].

ZnO small clusters similar to the hexagonal wurtzite bulk structure are called wurtzoids [15, 22]. These
clusters have been used frequently to replace the time-consuming periodic representation of bulk ZnO, in-
cluding doping with different elements [14, 23]. Figure 1 shows the adsorption of C,H, on pristine and NiO-
doped ZnO clusters (Zn;3015 and NiZny,043).

a)

Figure 1. a— The adsorption of C,H, on optimized pristine ZnO clusters (Zn;3013) designed as [Zn,30:3 — CoH,]?;
b — optimized NiZn;,0,3 with adsorbed C3H,molecule designed as [NiZn;,043 — C,H,]?

The interaction between the cluster andsacetylene diminishes as the number of neighbors increases.
Typically, a fourth neighbor interaction catoff is used so that results are highly correct with negligible re-
maining interactions [24]. Adsorption‘istcharacterized by the attraction of hydrogen atoms in C,H, to oxygen
atoms on pristine or doped ZnO. Opsthe“ether hand, carbon atoms in C,H, are attracted to Zn or Ni atoms.
This van der Waals attraction is due40 the positive charges on H, Zn, and Ni atoms and negative charges on
C and O atoms. It can be noted that'the Ni atom is connected to oxygen atoms (O—Ni-O angle), forming
nearly 90- or 180-degree angles with them, which reflects the NaCl structure characterization of NiO.

After adsorptionga,transition state is formed before the interaction of C,H, with pristine and NiO-doped
ZnO clusters. The transition State is defined as the state of the highest potential energy along the reaction
path. The transition statesdeveloped from the adsorption states of Figure 1 are shown in Figure 2. The (TS)
option of Gaussian 09 program using the Berny algorithm is adopted.

Figure 2. a— The optimized transition state of adsorbed C,H, on pristine ZnO ([ZNn130:5 — C,H.]*);
b — The optimized transition state of NiZn;,013 with adsorbed C,H, molecule [NiZn;,045 — C,H,]*
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As can be seen from Fig. 2, the C,H, molecule encounters a rotation from the adsorption state of Fig. 1.
This rotation is more evident in the NiO-doped ZnO cluster in Fig. 2b.

The rate of a chemical reaction is influenced by several factors such as temperature, pressure, and con-
centration of the reacting materials. Many theories have been proposed to handle and calculate such rates,
including the Arrhenius equation, collision theory, and transition state theory and their variations. At con-
stant pressure, the general equation describing the reaction rate for the present reaction of ZnO with acety-
lene can be given as follows [25]:

d[ZnO] _

" —[ZnOI*[ C,H, L K(T), (1)

5
k(T)=AT" exp' ' (2)

In the above two equations, [ZnO] and [C,H,] are the zinc oxide and acetylene concentrations, respec-
tively. The exponents u and v in the concentrations are usually equal to 1 or %%. The subscript € in the acety-
lene concentration represents the effective concentration of acetylene due to autoignition as acetylene ap-
proaches its autoignition temperature. k(T) represents the effect of temperature on the reaction rate. The tem-
perature dependence k(T) reflects the type of gas and sensor, as well as the ability ofithe gas to diffuse into
the sensor surface and reach the inner layers. The value of m for the temperaturééxpenment in Eq. (2) is high-
er for gases that can diffuse deep in the sensor’s layers. AG* is the Gibbs energy,ofitransition, while kg is the
Boltzmann constant. The effect of material properties such as morphology, surface area, crystallinity, and
structure is inhibited in the pre-exponential parameter (A) in the k(T) equdtion(EQ. (2)).

Evaluating the Gibbs transition energy for NiO-doped ZnO canrssemetimes be difficult since the exact
doping percentage may involve many atoms, requiring a long computational time. However, a solution can
be proposed using the modified Evans—Polanyi principle as fellows{25]:

AG' = AG] + BAGN (3)
In the above equation, AG; and AG; are knowMGikbs energy of transition of two structures that are
near the required AG* value using the interpolation parameter B. The values of AGy* and AG,* are that of
pristine and NiO-doped ZnO in Fig. 2a and Fig. 2b respectively. Their values are 0.1487 and 0.1377 eV (at
standard 25 °C and 1 bar conditions) respectively. The interpolation parameter B can be found using simple
linear interpolation formulas. The original Evans--Polanyi principle concerns the interpolation of enthalpy
AH*. The addition of the activation entropy (S%) transforms the relation to a Gibbs energy relation:
AG* = AH* —TAS*, (4)
As mentioned in the descriptigh of Eq. (1), the effective concentration of acetylene is used due to the
ignition of acetylene as its autoignitionemperature of 300 °C approaches. A logistic function is used to de-
scribe the concentration of acetylenesas it approaches the autoignition temperature [18]:

F(T)=— ©)

1+e!

where ks is the steepness/of the decrease in acetylene concentration, T, is the temperature at which acetylene
reaches half of its original concentration as it approaches autoignition temperature.

Eqg. (5) is the critical equation that will shape the gas response curves that follow Eq. (1) for the reaction rate.

The detection of the acetylene gas is performed as a consequence of monitoring sensor resistance
changes due to the reaction of acetylene with the sensing material. The sensor's resistance in the air is denot-
ed R,, while the resistance in the presence of a gas is denoted R,. The ratio R./Ry is called the sensor's re-
sponse. This ratio is proportional to the reaction rate of Eq. (1), as in the following equation:

) d[ZnO]
Response(theoretical) =1+ C|——— (6)

The value (1) is added in Eq. (6) because the response is 1 in the absence of gas (R./Ry =1). C is the
correlation factor linking the resistivity to the reaction rate.

An important quantity that measures the fast response of the gas sensor is the response time (t.). This
guantity can be obtained by integrating Eq. (1) concerning time (t) with the exponent (u=1) in Eq. (1). The
response time, which corresponds to the time needed for the resistivity to reach 90 % of its final resistance, is
determined by the following formula [25]:
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In(10
tres(90 %) = ( ) _AGI] (7)

[C,H,]  AT" exp[ ke

Results and Discussion

Fig. 3 shows the variation of Gibbs free energy in the transition of pure and NiO-doped ZnO with tem-
perature.
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Figure 3. The Gibbs free energy of transition of the gptimized transition state of adsorbed C,H,
on the four cases of pristine and 3, 5, 10 % NiO#dopedyZnO as a function of temperature

As can be seen in Fig. 3, the Gibbs free energy,of transition of pure and NiO doped ZnO are close and
intersect at a temperature of 210 °C. This temperatureshas the same highest response and lowest response
time, as seen in the corresponding figures.

Fig. 4 shows the change in theoretical kesponse (R./R,) for different NiO concentrations (3, 5, 10 % mo-
lar ratio) with temperature compared,with experimental results [26] for 200 ppm C,H,. The autoignition
temperature of C,H, is indicated.

As can be seen in Fig. 4, using'the present theory, good agreement was obtained between the theoretical
and experimental results. The,maximum response is at 210 °C for all theoretical calculations in good agree-
ment with the two NiO doping percentages 3 and 5 %, while the experimental 10 % NiO percentage deviates
at 160 °C. Most available experimental data from other experiments agree with present theoretical results. As
an example, the maximum response of C,H, is at 206, 255, 200, 250, and 285 °C for the references [27-31],
respectively that are“all’'below the autoignition temperature at 300 °C in agreement with present results. The
present calculations provide a unique method to distinguish gases. As an example, the H, autoignition tem-
perature is at 536 °C that is far from that of acetylene and its maximum response can be distinguished easily.

35 35
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Figure 4. Change in theoretical response (Ra/R) for different NiO concentrations (3, 5, 10 % molar ratio)
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Table

Parameters used to simulate the C,H, gas sensing reaction model for different NiO-doped ZnO
AG* values are at 25C and normal pressure

No. Reaction AG* (eV) A m|v] k(K | To(°C) | C(s)
[3 %NiO/ZnO — C,H,]*
1 ! 0.142 3510 st K® | 5| % | 0.025 200 | 165

[3 % NiO/ZnO — C,H,]*
[5 % NiO/ZnO — C,H,]?
2 ! 0.145 510 sTK® 5|%| 0.025 200 | 190
[5 % NiO/ZnO — C,H,]*
[10 % NiO/ZnO — C,H,J?
3 ! 0.152 2910 st K® | 5|%| 0.3 195 | 150
[10 % NiO/ZnO — C,H,]*

As can be seen in Table, the value of the Gibbs free energy of the transition rises as the doping percent-
age of NiO increases. However, at temperatures above 210 °C, the opposite trend was observed, as shown in
Fig. 3. Parameter A has the highest value for the 5 % NiO doping percentage,,whichiis also typical for the
parameter C. This explains the highest sensitivity at 5 % NiO doping percentage, As the doping percentage
rises, the reaction rate and sensitivity increase because of the destruction of the¥atti€e periodicity. A further
rise in the doping percentage (more than 5 %) will not lead to an increase, in4wQ parameters, A and C, since
the lattice is already developing a new NiO cubic phase at the spots of higher ¢encentration of NiO.

The value of the temperature exponent (m = 5) is the same for all deping percentages. This exponent re-
flects the reactivity and diffusivity of the C,H; gas. In the originaltrafsition state theory, which did not take
diffusivity into account, the value of m was equal to 1. The exponentv's value is %2, which was also typical in
many doping cases [32].

The remaining parameters, ks and To, have the same valtie for 3 % and 5 % NiO doping and slightly
change for the 10 % NiO doping. These two parameters fepresent the decay in the concentration of C,H, gas
as it reaches its autoignition temperature. The almest equal values of ks and T, show that the autoignition
temperature depends only slightly on the type of sensitiVe material.

Fig. 6 shows the response time of the three different doping percentages of NiO as described by Eq. (7)
compared to the experiment. Fig. 6 showssthe, reverse to Fig. 4 trend in response time. The response time is
at its lowest value when the response isqaatiits highest value. Good agreement is obtained between theory and
experiment.

Fig. 7 explains the effect of doping ZnO by NiO. The energy gap is defined as the difference between
the Lowest Unoccupied Molecular Oriital (LUMO) and the Highest Occupied Molecular Orbital (HOMO)
energies. The experimental epergy gap of ZnO is 3.3 eV [33]. This value is close to the present calculated
value of 3.117 eV as in Fig. 7:9AS ZnO is doped with NiO (Fig. 1b), the energy gap decreases to 2.412 eV
due to the entrance of NiQ,energy levels into the energy gap of ZnO and the destruction of the original hex-
agonal structure. Thexgap value for NiO is around 3 eV [34]. As the NiO doping increases, the energy gap
increases to 3 eV when the cubic NiO structure becomes the dominant constituent.

Theoretical 3% Ni0/Zn0 Theoretical 5% NiO/ZnO
+—Experimental 3% NiO/ZnO =] #-Experimental 5% NiO/ZnO i b

Autoignition temperature -~ Autoignition temperature

Response time (s)

100 150 200 250 300 350 100 150 200 250 300 350

Temperature C Temperature'C
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Figure 6. Experimental [26] and theoretical response time for the three cases of 3, 5, and 10 % NiO doped ZnO
sensor as a function of temperature. The autoignition temperature of C,H, is shown

Zn0 LUMO level

E;=3.117 eV

Energy levels (eV)
s

é\' NiO/ZnO HOMO level
5 \ l
Q > ZnO HOMO level

Figure 7. Calculated HOMO and LUMO energy levels for ZnO and NiO/ZnO.
The NiO/ZnO corresponds to the optimized NiZn;,0,3 in Fig. 1b

Conclusions

NiO-doped ZnO gas sensor cluster was studied theoretically to detect C,H, gas as a function of temper-
ature and compared with available experimental data. The transition state theory with a modified Evans—
Polanyi principle was used to estimate the Gibbs free transition energy for three different doping cases. The
theoretical investigation was carried out using mainly two equations, namely Eq. (1) and Eg. (5). As the tem-
perature increases, the C,H, gas burns using the oxygen available in the air, and the concentration of the
C,H, gas decreases as described by Eq. (5). At the same time, C,H, gas reacts with the sensing material NiO
doped ZnO as described by Eq. (1). The result shows a maximum of sensing temperature, which is below the
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autoignition temperature of acetylene of 300 °C. The above described model is in good agreement with the
experiment presented in Figs (4-6) for the three different NiO doping concentrations. Figs (4-6) show the
theoretical and experimental response results taking into account temperature, concentration, and response
time. The motivation for the present study is that the autoignition of C,H, has never been taken into account
in gas sensor calculations, and gases can be easily distinguished by their autoignition temperature.
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