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Effect of reduced graphene oxide hybridization on
ZnO nanoparticles sensitivity to NO, gas: A DFT study
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In the present work, a density functional theory (DFT) calculation to simulate reduced
graphene oxide (rGO) hybrid with zinc oxide (ZnO) nanoparticle's sensitivity to NO, gas
is performed. In comparison with the experiment, DFT calculations give acceptable results
to available bond lengths, lattice parameters, X-ray photoelectron spectroscopy (XPS),
energy gaps, Gibbs free energy, enthalpy, entropy, etc. to ZnO, rGO, and ZnO/rGO
hybrid. ZnO and rGO show n-type and p-type semiconductor behavior, respectively. The
formed p-n heterojunction between rGO and ZnO is of the staggering gap type. Results
show that rGO increases the sensitivity of ZnO to NO, gas as they form a hybrid.
ZnO/rGO hybrid has a higher number of vacancies that can be used to attract oxygen
atoms from NO, and change the resistivity of the hybrid. The combined reduction of
oxygen from NO, and NO can give a very high value of the Gibbs free energy of reaction
that explains the ppb level sensitivity of the ZnO/rGO hybrid. The dissociation of NO, in
the air reduces the sensitivity of the ZnO/rGO hybrid at temperatures higher than 300 C.

(Received December 20, 2022; Accepted March 4, 2023)

Keywords: Reduced graphene oxide, ZnO; NO,, Gas sensor, Density functional theory

1. Introduction

Reduced graphene oxide (rGO) is a material of high interest with simple methods to
manufacture and numerous applications [1-3]. One of the contemporary applications of rGO is in
gas sensors [4—6]. RGO offers several properties to enhance gas sensing that includes a wide area
[7,8] and a high number of oxygen vacancies [9,10]. The wide area offered by rGO can increase
the area even after mixing with another material which is also the case for the number of
vacancies. The change in resistivity of rGO alone is very small when exposed to gases [11].
However, the resistivity of rGO hybrid with materials such as SnO,, ZnO, NiO, or Pt changes
rapidly with exposure to sensed gases that can reach parts-per-billion of gas concentration [11-13].

Zinc oxide (ZnO) is one of the most investigated materials with numerous applications
[14,15]. Applications of ZnO include ceramics, coatings, medical, cigarette filters, food additives,
etc. In addition to these applications, gas sensing is one of the important applications that proved
to be applicable to many gases such as H,S, H,, NO,, and CO, [16—19]. The ZnO/rGO hybrid
proved to be beneficial in many research areas, including gas sensing [20,21].

NO, gas sensing is a contemporary research direction [22,23]. The reason for this interest
in NO, gas is its health effects and wide pollution [24,25]. The NO, pollution effects are derived
from many sources such as internal combustion engines and gas stoves that increase the exposure
to NO, gas [26,27].

Density functional theory (DFT) has been a major rule in the development of a wide range
of phenomena in several areas of science that begin in mathematics and do not end in medicine
[28-30]. The use of DFT in gas sensing showed advances in understanding the gas sensing
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phenomenon [31-33]. Recent development in DFT calculations, such as dispersion corrections,
has also impacted gas sensing theories [34].

The literature of using rGO/ZnO in sensing NO, gas is limited to a few articles [12,35-
38]. All the literature is after 2018. Some articles in the literature claim the possibility of reaching
part per billion (ppb) detection limit at room temperature [37]. The reason for this precise
detection limit will be obvious as we follow the results of present work. The available DFT
calculations on rGO/ZnO detection of NO, does not rely on thermodynamic quantities described in
the present work [37,39].

In the present work, NO, gas sensing using ZnO/rGO hybrid is discussed using DFT
calculations. DFT calculations include ZnO, rGO, and ZnO/rGO hybrid. The results include bond
lengths, X-ray photoelectron spectroscopy (XPS), energy gaps, etc. Reaction thermodynamic
quantities such as Gibbs free energy, enthalpy, and entropy are also evaluated to back up the
sensing mechanism of NO, gas in comparison with other gases such as H,, CH,, CO, and NO.

2. Theory

The electronic structure and physical properties of the three materials discussed in the
present work, i.e., ZnO, rGO, and ZnO/rGO hybrid, are calculated. The sensitivity of these
materials to NO, gas is discussed through the evaluation of their reaction thermodynamic energies,
i.e., Gibbs free energy, enthalpy, and entropy. B3LYP method in DFT is frequently used in gas
sensing simulations that include ZnO particles [40,41]. Several other DFT methods were used to
evaluate ZnO electronic structure, ending by choosing B3LYP as one of the best of these methods
[42]. The same method (B3LYP) is also used frequently used in DFT calculations that include
rGO [43-45]. Choosing basis sets depends on the complexity and the number of atoms to be
handled, especially the ZnO/rGO hybrid. The total number of atoms used to simulate the ZnO/rGO
hybrid is 60 atoms. 6-311G** basis sets are our choice to perform the computational tasks. These
basis sets give good results in comparison with the computer time needed to perform these
calculations.

Small clusters of ZnO in the wurtzite structure are called wurtzoids [46—48]. These
wurtzoids vary in shape and size. However, we must choose the right size so that we can perform
our calculations without being stuck with inappropriate program execution times. The best-chosen
size is called ZnO wurtzoid2c (Zn;;0;;), shown in Fig. (la). ZnO wurtzoids have been
successfully used in solving gas sensing calculations [47,49-51].

Coronene (C,4Hyy) is used frequently to mimic rGO [52,53]. However, the edges of rGO
do not have to be passivated with hydrogen only as in coronene. As a result, we chose to passivate
the edges by a hydroxyl group (O.H.) in addition to H, as in Fig. (1b). Some edges are left without
passivation, as expected empirically due to the removal of oxygen in the oxygen reduction process
of rGO.

The interaction of ZnO with rGO is shown in Fig. (1c), as we can see from this figure that
some oxygen atoms in ZnO are pulled by rGO because of oxygen deficiency in rGO. Some carbon
atoms are also connected to zinc atoms to drag more electrons from the ZnO cluster. The effects
on the final properties of the ZnO/rGO hybrid are discussed in detail in the next section.

Gaussian 09 program [54] is used to carry out the present work calculations, including
dispersion corrections that should be important in NO, gas sensing phenomena [55,56]. This
correction at the GD3BJ level is added [57].
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Fig. 1. (a) Zn;30;; cluster molecule, (b) reduced graphene oxide (rGO) cluster molecule, (c) ZnO/rGO
hybrid side view, (d) ZnO/rGO hybrid upper view.
For a reaction in the form:
aA+ B = pR. (1)
The equilibrium constant (K) is given by [58]:
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In the above equation, [A] is the concentration of A reactant. In addition, the equilibrium
constant is connected to the change in Gibbs free energy of reaction for one molecule (AG),
Boltzmann constant (k), and temperature (T) by the relation [59]:

—-AG
eq = ekT (€))

K
The change in Gibbs free energy is connected to the change in enthalpy (AH) and entropy
energy (TAS) by the relation [60]:

AG = AH — TAS (4)

The above equations can be used to determine the number of active reaction sites for the
reaction of a gas molecule in the sensing material, as we shall see in the results section. The
reaction rate is also an important quantity that will be needed in the results section. The reaction
rate of Eq. (1) can be given by [61]:

S = k(M)A [B)". 6)



In the above equation, a and b are usually related to the o and B in Eq. (1). k(T) is the
reaction rate constant that depends on the kind of theory used to solve the reaction problem.
Generally, k(T) can be given by [62]:

k(T) = CT® exp(‘:l%). (6)

In the above equation, C is a constant, and o depends on the reaction theory. As an
example, a is equal to 0 in Arrhenius's theory. E, is the activation energy in Arrhenius's theory. It
is also called Gibbs free energy of activation in transition state theory [63].

3. Results and discussion

Table 1 shows some of the properties of ZnO, and rGO and ZnO/rGO hybrid calculated in
the present DFT calculations in comparison with available experimental findings. These include
bond lengths, lattice constants, energy gaps, and X-ray photoelectron spectroscopy (XPS). In the
present work, theoretical results have an acceptable agreement with experimental results since both
two methods (DFT and experiment) contain probable errors.

Table 1. Calculated ZnO, rGO, and ZnO/rGO hybrid properties in comparison with available experimental
values. Lattice constants and bond lengths are taken near the center of molecules.

Quantity Theoretical Experimental Experimental
(Present work) references
Zn-O bond length A 1.850to 1.918 1.82t02.01 [64—66]
ZnO lattice constant (a) A 3.194 3.25 [67]
ZnO lattice constant (c) A 5.377 5.2 [67]
ZnO energy gap eV 3.117 3.26 [68]
C-C bond length in rGO A 1.424 1.42 [69]
rGO lattice constant (a) A 2.466 2.46 [69]
rGO energy gap eV 1.248 1.00 to 1.69 [70]
Zn0O/rGO energy gap eV 1.302 - -
XPS rGO Ols eV -521.586 to -521.961 -531.19 to -533.8 [71]
XPS ZnO Ols eV -517.324 to -518.085 -532.6 [12
XPS ZnO/rGO Ols eV -517.528 to -521.948 - -

ZnO wurtzoids are the stable molecules of ZnO at the molecular scale that reflect the
wurtzite structure. However, these molecules are in an atmosphere that contains oxygen molecules
that can react with ZnO. Our model molecule Zn;301; can have one of the two following reactions
(all reactions are at standard conditions of 25°C and 1 atm unless otherwise mentioned):

Zn13013+1/202—>Zn13014, (AG: 2.209 eV) (7)
Zn13013—>‘/202+Zn13012, (AG: 1.153 eV) (8)

As we can see from the above two reactions, energetically, ZnO prefers to stay at the
stoichiometry Zn;;0;; since losing or accepting oxygen atoms is an unfavorable reaction with
positive Gibbs free energy. However, statistically, it is easier energetically (lower Gibbs free
energy (AG= 1.153 eV)) to lose oxygen and forms oxygen vacancies which is the reason that
intrinsic ZnO is an n-type semiconductor [72]. On the other hand, rGO can only accept oxygen
because of the removal of oxygen in the reduction process. As a result, rGO is a p-type
semiconductor [73]. Fig. 2 shows the energy gap of the ZnO cluster/rGO cluster before and after
forming the ZnO/rGO hybrid. The formed heterojunction is of a staggering gap.

In the present theory, the interaction of the ZnO cluster with NO, gas can be given by the
equation:
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Zn13013+N02—>Zn13014+NO, (AG: 2.625 CV) (9)

As we can see from the above reaction, the Gibbs free energy of the reaction is high and of
a positive value so that the reaction is an endergonic reaction or unfavorable reaction. On the other
hand, the reaction of ZnO cluster with hydrogen molecule is an exergonic reaction as in the
following:

Zn13013+H2—>Zn13012+H20, (AG: -0.819 CV) (10)

H, is not the only gas that has an exergonic reaction; other gases such as CH,, CO, CH,0,
NHs, etc., also behave in the same manner. Fig. 3 shows some of these gases in comparison with
NO,, as we can see from Fig. 3, the ZnO cluster is not sensitive to NO, gas due to the high energy
needed to be supplied for its endergonic reaction. Other gases such as H,, CO, or CH4 can be
sensitized due to their exergonic reactions. On the other hand, the reaction of these gases with the
ZnO/rGO cluster hybrid is totally different, as in Fig. 4.
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Fig. 2. Energy gap, HOMO, and LUMO levels of ZnO and rGO clusters before and after
the formation of ZnO/rGO hybrid.
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Fig. 3. Gibbs free energy of reaction of ZnO cluster (Zn;;0;3) with different gas molecules.
Energies are per one molecule of the gas.
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Fig. 4. Gibbs free energy of reaction of ZnO/rGO cluster hybrid (Zn;;0,5/C,,0 Hg) with different gas
molecules. Energies are per one molecule of the gas.

Most oxygen is removed from the rGO cluster so that it is in high need of oxygen. This is
also reflected in the ZnO/rGO cluster hybrid. The high number of oxygen vacancies in the
ZnO/rGO cluster makes the reaction with NO, oxidizing gas more favorable, while the reaction of
oxygen reducing gases becomes unfavorable, as can be seen in Fig. 4.

The properties of the sensed gas are of great importance in the sensing operation [74]. NO,
gas decomposes at temperatures well below room temperature as it passes over a catalyst such as
Ag [75]. This decomposition explains that most NO, sensors operate at temperatures lower than
300C [13]. In fact, many NO, sensors operate at room temperature (R.T.) [76]. The
decomposition of NO, as it approaches the sensor surface (sensor surface acts as a catalyst in this
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case) decreases the sensitivity rapidly as we go higher in temperature, making optimum
temperatures to be between R.T. and 300 C.

Table 2 shows the thermodynamic energies that include Gibbs free energy, enthalpy, and
entropy for the various reactions encountered in the present calculations. The entropy can be given
by the equation [77]:

S=kg In(Q). (11)
In the above equation, Q is the number of microstates of a given energy level. This

equation can explain the trends in Table 2.

Table 2. Gibbs free energies, enthalpies, and entropies energies of reactions at standard temperature
(298.15 Kelvin) and pressure (I atm). Energies are per one molecule of the interacting gas.

n Reaction AG (eV) AH (eV) TAS (eV)
1 Zn13013+N02—>Zn13014+NO 2.625 2.655 0.030
2 Zn13013+H2—>Zn13012+H20 -0.819 -0.643 0.175
3 4Zn13013+CH4—>4Zn13O12+C02+2H20 -2.646 -1.478 1.168
4 Zn13013+CO—>Zn13012+C02 -1.568 -1.523 0.045
5 Zn13013+NO—>Zn13012+N02 0.737 0.839 0.102
6 an3013/C24O4H6+N02—>Zn13014/C24O4H6+NO -2.607 -2.663 -0.056
7 Zn13O13/C24O4H6+H2—>Zn13012/C24O4H6+H20 0.063 0.175 0.112
8 4Zn13O13/C24O4H6+CH4—>4Zn13O 12/C2404H6+C02+2H20 0.879 1.794 0915
9 Zn13O13/C24O4H6+CO—>Zn13O12/C24O4H6+C02 -0.686 -0.704 -0.0180
10 Zn130,3/Cr404HetNO—Zn30,4/C40,He+5N, -3.915 -4.202 -0.287
11 NO,—NO+%:0, 0.416 0.626 0.209
12 NO,—2N,+0, -0.475 -0.287 0.188

The first five reactions in Table 2 correspond to the reaction of different gases with the
pure ZnO cluster that is visualized in Fig. 3. All reactions are normalized to one molecule of the
reacting gas. All enthalpies of the first five reactions are close in their values to the free energy
values except the third reaction. In the third reaction, the number of product molecules is higher
than the interacting molecules, which increases the number of microstates and hence the entropy of
reaction as in Eq. (11). The increase in the entropy of the reaction increases the difference between
free energy and enthalpy, as in Eq. (4). The third reaction (CH, reaction) is also the most favorable
reaction with the ZnO cluster since it consumes the oxygen from four ZnO clusters, as is obvious
from the third reaction equation in Table 2. The first five reactions in Table 2 show that neither
NO, nor its reaction product NO is favorable reactions with pure ZnO cluster. On the other hand,
reactions 6 to 10 in Table 2 for the reaction of different considered gases with ZnO/rGO cluster
hybrid show entirely different behavior, as visualized in Fig. 4. The most favorable reaction is with
the NO and NO, gases, followed by C.O. gas. As a result, NO gas will interfere with ZnO/rGO
cluster hybrid sensitivity to NO, gas. The combined effect of oxygen reduction from NO, and NO
has a Gibbs free energy of -6.521 eV, which explains why the sensitivity to NO, gas can reach ppb
level [12]. The other gas (in the investigated gases) that will interfere with NO, gas is C.O.
However, as we recognize from Eq. (6), the Gibbs free energy of the reaction is in the exponent
part of this equation. As a result, the interference between NO, and C.O. gases will be limited due
to the large difference between their Gibbs free energies of reaction with the ZnO/rGO cluster
hybrid.

The last two reactions in Table 2 are the dissociation of NO, to NO or N, and oxygen. The
dissociation rate in R.T. is low, as can be seen from the values of Gibbs free energies of reaction.
However, it increases with temperature, as in Eq. (6). This increase will lower the concentration of
NO, near the sensor surface and finally decreases the reaction rate and sensitivity of the sensor to
NO, gas as in Eq. (5) at temperatures higher than 300°C [13]. Due to the existence of NO and NO,
always together that accompany NO, dissociation, the term NOj is frequently used [78].



4. Conclusions

Calculations using DFT proves that ZnO/rGO cluster hybrid has high sensitivity and
selectivity to NO, gas than the pure ZnO cluster. The calculations are used first to prove that the
simulation of ZnO and rGO clusters gives good theoretical results of several experimental
properties such as bond lengths, lattice parameters, XPS, energy gaps, Gibbs free energy, enthalpy,
and entropy. A p-n heterojunction between rGO and ZnO of the staggering gap type is formed
after mixing. The mixing of ZnO and rGO increases the number of oxygen vacancies in the ZnO
cluster due to the pulling of oxygen atoms from ZnO to rGO. Oxygen deficiency in ZnO/rGO
increases its reaction and sensitivity to oxidizing gases such as NO, and reduces its reaction and
sensitivity to oxygen-reducing gases such as H,, CHy, and C.O. The combined reduction of oxygen
from NO, and NO can give a very high value of the free energy that explains the ppb level
sensitivity of the ZnO/rGO hybrid. NO, gas dissociation reduces NO, sensitivity in temperatures
greater than 300 C.
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