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University, 40100 Kırşehir, Turkey.
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Abstract

We have investigated the adsorption of CH4 and CO2 gases on zinc oxide

nanoclusters (ZnO NCs) using density functional theory (DFT). It was found that

the CH4 tends to be physically adsorbed on the surface of all the ZnO NCs with

adsorption energy in the range �11 to �14 kcal/mol. Even though, the CO2 is

favorably chemisorbed on the Zn12O12 and Zn15O15 NCs, with adsorption energy

about �38 kcal/mol at B3LYP/6-311G(d,p) level of theory. When the CH4 and

CO2 gases are adsorbed on the ZnO NCs, their electrical conductivities are

decreased, and thus the studied ZnO NCs do not generate an electrical signal in

the presence of CH4 and CO2 gases. Interestingly, both pure and gas adsorbed

Zn22O22 NC exhibited more favorable electronic and reactive properties than other

NCs. Comparison of the structural, electronic, and optical data predicted by

DFT/B3LYP and TD-DFT/CAM-B3LYP calculations with those experimentally

obtained show good agreement.
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1 | INTRODUCTION

Over the last decades, human modernization activities such as burning

fossil fuels and rapid industrial revolution have given rise to an

increase in the emission of greenhouse gases, most importantly, CO2

and CH4 in the atmosphere and thus trigger global warming, and

climate change. In this context, many efforts have been carried out

using nanomaterials to store or capture CO2 and CH4 and efficiently

mitigate the concentration of greenhouse gases.1–6 Among nanoma-

terials, different forms of ZnO nanostructures such as nanoparticles,

nanowires, nanotubes, and so forth have been of great interest in

many areas including solar cells, the light-emitting/detecting diodes,

gas sensors, and so forth.7–16 ZnO nanoparticles (NPs)/quantum dots

(QDs), more specifically, have been significant attention because of

their desirable features such as strong adsorption capability and easily

tunable surface making them possible to use in important areas such

as photosensors17 and electronics.18

The adsorption process is very simple, economical, effective

with easy regeneration, and thus provides a promising alternative19

to reduce the increasing CO2 and CH4 emissions in the environ-

ment. In the literature, for example, porous oxide materials have

been recognized as promising candidates for CO2 capture.20 Many

oxide materials including MgO and CaO are extensively studied as

CO2 adsorbents. ZnO which is among the most used metal oxide

due to its desirable properties has been investigated little in this

aspect.

This research investigates the role of ZnO nanoclusters (NCs)

with different sizes as CO2 and CH4 capture material. First, all possible

initial orientations of the CO2 and CH4 were studied on the surface of

the ZnO NCs. Then the stability was determined based on the struc-

tures with the lowest total energies. The structural parameters, the

point group, dipole moment, binding energy, HOMO–LUMO energy

gap, the density of state, vertical ionization potential, vertical electron

affinity, hardness, chemical potential, and electrophilic index of all the

NCs were also calculated. The UV–vis absorption spectra for CH4 and

CO2 adsorptions on the surface of ZnO NCs also calculated using TD-

DFT method. Finally, the effect of the size of ZnO on the adsorption

of CO2 and CH4 has been discussed in detail.
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2 | COMPUTATIONAL DETAILS

The adsorption configurations of CH4 and CO2 gases on the Zn12O12,

Zn15O15, Zn18O18, Zn20O20, Zn22O22, and Zn24O24 nanoclusters

(NCs) were evaluated under the framework of DFT calculations using

the B3LYP functional and 6-311G(d,p) level21 with the Gaussian

09 software.22 Subsequently, frequency analysis calculations were

also performed at the same level of theory to confirm that the

geometries are a true minimum. All the configurations were modeled

by varying the orientation of ZnO NCs with respect to CH4 and CO2

gases (see Figure 1) and by considering reactive sites of complexes

through the molecular electrostatic potential (ESP) which is plotted by

VMD program.23

To deeply understand the electronic properties of complexes, the

DOS for the each absorbed gas were carried out by using GaussSum

program.24 In addition, the adsorption energies (Ead) of gases on ZnO

NCs were calculated by following equation:

Ead ¼ E
Gas
ZnO

� �
�E ZnOð Þ�E Gasð Þ, ð1Þ

where, E Gas
ZnO

� �
is the total energy of the gas adsorbed upon pure ZnO

NCs, E ZnOð Þ and E Gasð Þ are the total energies of isolated adsorbate

Gas and ZnO NCs, respectively.

For the CH4 and CO2 gases adsorbed upon ZnO NCs, the quantum

molecular descriptors25 chemical hardness (η), chemical potential (μ)

and electrophilicity index (ω) were determined from Koopman's theo-

rem26 using HOMO and LUMO energies as following: η¼ I�Að Þ=2 and

ω¼ μ2=2η. VIP and VEA were evaluated using the following relation-

ships: [VIP¼ Ecation�Eneutral] and [VEA¼ Eneutral�Eanion]. These param-

eters are important to gain insight into ionization and electron

attachment, respectively, based on the comparative calculation of

anion and cation optimized structures with neutral geometry. In addi-

tion, time-dependent DFT (TD-DFT) calculations based on CAM-

B3LYP functional27 with 6-311G(d,p) basis set is applied for guessing

UV–vis spectra. It should also be noted that the CAM-B3LYP func-

tional is better than the B3LYP when it comes to excited state

energies.28–31 Hence, one way to remedy this is to calculate
F IGURE 1 The molecular electrostatic potential (ESP) patterns of
CO2, CH4, and Zn12O12

F IGURE 2 The optimized
structures of pure (A) Zn12O12,
(B) Zn15O15, (C) Zn18O18,
(D) Zn20O20, (E) Zn22O22, and
(F) Zn24O24 using B3LYP/6-311G
(d,p) level of theory
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absorption spectra of CH4 and CO2 gases adsorbed upon ZnO NCs

based on CAM-B3LYP/TD-DFT method.32–34

3 | RESULTS AND DISCUSSIONS

The adsorption of one gas of CH4 and CO2 on Zn12O12, Zn15O15,

Zn18O18, Zn20O20, Zn22O22, and Zn24O24 NCs were investigated in

this study. In order to model the adsorption of both gases on ZnO

NCs, the reactive sites of other complexes were addressed by consid-

ering molecular electrostatic potential (ESP). The ESP pertains to the

electron density and is generally used to recognize sensitive areas to

electrophilic and nucleophilic reactions.35 For example, Figure 1

shows the ESP of CO2, CH4, and Zn12O12. Here, the negative areas

(red color) and positive areas (blue color) of ESP are pertains to elec-

trophilic and nucleophilic attacks, respectively. In order to determine

the effect, the position of gases near the ZnO NCs, three to five con-

figurations were examined for each adsorption configuration, then the

most stable configurations were reported in this study.

The optimized geometries of pure Zn12O12, Zn15O15, Zn18O18,

Zn20O20, Zn22O22, and Zn24O24 NCs are presented in Figure 2. More-

over, the point group (PG), dipole moment (DM), binding energy per

atom Ebð Þ, HOMO–LUMO energy gap Egð Þ, vertical ionization poten-

tial (VIP), vertical electron affinity (VEA), hardness ηð Þ, chemical poten-

tial μð Þ, and electrophilic index ωð Þ of all the NCs are tabulated in

Table 1. Notably, the Zn12O12 NC with Th point group (PG) is found

to possess high stability in terms of small ZnO NC,36 indicating that it

is essential to use as a building block for constructing ZnO with multi-

form morphologies.37 Besides, the PG of Zn15O15, Zn18O18, Zn20O20,

Zn22O22, and Zn24O24 NCs are C3h, S6, C4h, C3, and C4, respectively.

The DM in a structure is a physical factor that is essentially used

to evaluate the intermolecular interactions, for example, higher dipole

moment means stronger interaction.38 The DM of the ZnO NCs shifts

from 0 (for Zn12O12, Zn15O15, Zn18O18, and Zn20O20) to 0.72 Debye

(Zn22O22) and 0.68 Debye (Zn24O24), depending on the increase in

the size. The Zn22O22 and Zn24O24 NCs are considerably polar, which

can indicate their solubility in aqueous medium, while the other NCs

are nonpolar. These results indicate that increase in the size of the

NCs also enhances the chemical reactivity.

The binding energy per atom Ebð Þ of pure ZnO NCs and adsorp-

tion energy Eadð Þ of calculated geometries of the CH4 and CO2 gases

adsorbed ZnO NCs are presented in Figure 3. Depending on increase

in size, the Eb of the ZnO NCs increased smoothly from 3.99 to

4.14 eV, indicating the higher stability of larger ZnO NCs.

Figures 4 and 5 show the optimized geometries of CH4 adsorp-

tion on ZnO NCs. The Ead of the ZnO NCs are calculated in the range

of �10.62 and �13.91 kcal/mol (for CH4) and �9.92 and

�38.24 kcal/mol (for CO2). Since the Ead is negative, there are an

attractive interaction between the ZnO NCs and gases. Notably, the

size of ZnO NCs has an important impact on the Ead between the

ZnO NCs and CH4 and CO2 gases. In addition, the Ead (�13.91 kcal/

mol) for interaction between Zn20O20 NC and CH4 is more desirable

than the other interactions Zn12O12 (�10.66 kcal/mol), Zn15O15

(�10.62 kcal/mol), Zn18O18 (�10.86 kcal/mol), Zn22O22 (�13.63 kcal/

TABLE 1 The calculated electronic and reactivity parameters of pure ZnO

Pure PG DM Eb HOMO LUMO Eg VIP VEA η μ ω

Zn12O12 Th 0.00 3.99 �5.96 �2.09 3.87 7.56 0.73 1.94 �4.03 4.19

Zn15O15 C3h 0.00 4.04 �5.72 �2.10 3.62 7.21 0.84 1.81 �3.91 4.22

Zn18O18 S6 0.00 4.08 �5.62 �2.10 3.52 6.90 0.93 1.76 �3.86 4.23

Zn20O20 C4h 0.00 4.10 �5.66 �2.24 3.42 7.07 1.10 1.71 �3.95 4.56

Zn22O22 C3 0.72 4.11 �5.41 �2.30 3.11 6.67 1.19 1.56 �3.86 4.78

Zn24O24 C4 0.68 4.14 �5.43 �2.21 3.22 6.62 1.15 1.61 �3.82 4.53

Note: All values are described in eV.

F IGURE 3 (A) Binding energies per atom (Eb) of pure (A) Zn12O12,
Zn15O15, Zn18O18, Zn20O20, Zn22O22, and Zn24O24 (B) adsorption
energies (Ead) after the CH4 and CO2 adsorption
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mol), and Zn24O24 (�12.90 kcal/mol), which means that the CH4 gas

can be physically adsorbed at the surface of ZnO NCs (see Figure 4

and Table 2). It is important that the increase in the size of the NCs

also enhances the CH4 adsorption. When it comes to interactions

between ZnO NCs and CO2 gas, the increase in the size of the NCs

also decreases the CO2 adsorption (Table 3). The Ead of CO2 for the

most stable formation on the Zn12O12 and Zn15O15 NCs is about

�38.24 kcal/mol (for Zn12O12) and �38.58 kcal/mol (for Zn15O15),

which is reason via the chemisorption of CO2. Moreover, the DM

values calculated for the Zn12O12 and Zn15O15 after CO2 adsorption

are higher than the others (see Table 3). This also supports the conclu-

sion that the interactions are chemisorption. However, the adsorption

capacity decreased as the size of NCs increases and hence the CO2

gas is adsorbed by physical adsorption (see Figure 5). Besides, the

interaction between Zn18O18 NC and CO2 is more powerful than the

others. Consequently, the CH4 gas can be both physically and chemi-

cally adsorbed as detected by the ZnO NCs.

On the other hand, the electronic behaviors were analyzed for

all NCs to gain more information about these interactions and

examine their sensor properties. Figures 6 and 7 show the HOMO–

LUMO energy gap Egð Þ and density of state (DOS) spectrums, which

allow us to evaluate their electrical conductivities, for adsorptions of

CH4 and CO2 gases on pure ZnO CNs. In this study, the percentage of

difference of the Eg after the CH4 and CO2 adsorptions, ΔEg values,

were also calculated. As can be seen from Figure 6, the Eg generally

decreases with the enlarging size of ZnO and lie in the range of 3.87–

3.11 eV. The HOMO and LUMO values are found to be about �5.41

and �2.30 eV, respectively, and corresponding the Eg is found as

3.11 eV for Zn22O22 NC and the CH4 and CO2 interactions which are

the smallest value among all NCs. Therefore, the ΔEg value of

Zn22O22 NC after adsorption of gases is higher than the others (see

Figure 6) Also, the Zn22O22 NC is higher chemical reactivity than the

others. When it comes to interactions between ZnO NCs and CH4

and CO2 gases, there was no change in the Eg and ΔEg orders depend-

ing on the size of the ZnO NCs after adsorption. Therefore, an

increase the size of ZnO NCs has no effect on CH4 and CO2 adsorp-

tions. However, the Eg of Zn12O12 NC decreased slightly after CO2

adsorption. Besides, the DOS results for Zn12O12 and Zn15O15 NCs

show a deeper shift both the HOMO and LUMO levels after CO2

adsorption (see Figure 7). The reason for this can be the chemical

adsorption of the CO2 gas on the Zn12O12 and Zn15O15 NCs. More-

over, the Zn12O12 and Zn15O15 NCs are not useful for sensor

F IGURE 4 Relaxed structures
of CH4 adsorption on
(A) Zn12O12, (B) Zn15O15,
(C) Zn18O18, (D) Zn20O20,
(E) Zn22O22, and (F) Zn24O24

using B3LYP/6-311G(d,p) level of
theory

1842 MUZ AND KURBAN
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F IGURE 5 Relaxed structures
of CO2 adsorption on
(A) Zn12O12, (B) Zn15O15,
(C) Zn18O18, (D) Zn20O20,
(E) Zn22O22, and (F) Zn24O24

using B3LYP/6-311G(d,p) level of
theory

TABLE 2 The calculated electronic and reactivity parameters of ZnO complexes after the CH4 adsorption (DM Debye, Ead;kcal=mol and the
others is eV)

CH4 ads. PG DM Ead HOMO LUMO Eg ΔEg VIP VEA η μ ω

Zn12O12 C1 0.48 �10.66 �5.94 �2.04 3.90 �0.77 7.41 0.72 1.95 �3.99 4.09

Zn15O15 C1 0.10 �10.62 �5.75 �2.10 3.65 �0.79 7.10 0.87 1.82 �3.93 4.22

Zn18O18 C1 0.36 �10.86 �5.63 �2.08 3.55 �0.79 6.90 0.93 1.77 �3.86 4.19

Zn20O20 C1 0.35 �13.91 �5.67 �2.20 3.47 �1.46 6.90 1.08 1.73 �3.94 4.47

Zn22O22 C1 0.63 �13.63 �5.44 �2.28 3.16 �1.66 6.72 1.19 1.58 �3.86 4.71

Zn24O24 C1 0.70 �12.90 �5.46 �2.20 3.26 �1.15 6.64 1.16 1.63 �3.83 4.50

TABLE 3 The calculated electronic and reactivity parameters of ZnO complexes after the CO2 adsorption (DM Debye, Ead;kcal=mol and the
others is eV)

CO2 ads. PG DM Ead HOMO LUMO Eg ΔEg VIP VEA η μ ω

Zn12O12 C1 4.92 �38.24 �6.07 �2.23 3.84 0.817 7.59 0.90 1.92 �4.15 4.49

Zn15O15 C1 4.74 �38.58 �5.88 �2.21 3.68 �1.54 7.32 1.01 1.84 �4.04 4.45

Zn18O18 C1 0.53 �12.20 �5.70 �2.13 3.57 �1.4 6.96 0.97 1.78 �3.91 4.29

Zn20O20 C1 0.35 �10.26 �5.68 �2.23 3.45 �0.93 6.88 1.12 1.73 �3.96 4.54

Zn22O22 C1 0.65 �9.88 �5.44 �2.28 3.16 �1.72 6.68 1.19 1.58 �3.86 4.71

Zn24O24 C1 0.50 �9.92 �5.44 �2.20 3.24 �0.51 6.62 1.16 1.62 �3.82 4.51

MUZ AND KURBAN 1843
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applications due to chemical adsorption of CO2 gas. The change in the

electrical conductivity indicates the eventual charge-transfer interac-

tions taking place within the complex39 and the ΔEg of ZnO NCs are

slightly changed (0.51%–1.72%) after CH4 and CO2. Therefore, the

studied ZnO NCs cannot pick up an electronic signal at the presence

of CH4 and CO2 gases and cannot be employed in chemical sensors.

Finally, after adsorption of CH4 and CO2 on ZnO NCs, it is almost

impossible to design a sensor for these gases due to small changes in

energy band gaps. We should also mention that the Eg values for the

ZnO NCs calculated at B3LYP/6-311G(d,p) level of theory agrees per-

fectly with the experimental values in range of 3.2–4.6 eV.40

The VIP and VEA of the ZnO NCs are sensitive indicators that

lead to theoretical insight into the electronic structure. The VIP of

the Zn12O12 NC is predicted to be 7.56 eV and has the highest

value. Moreover, VIP decreases with increasing size as seen in

Figure 8A. Similarly, it decreases from 7.41 to 6.64 eV (for CH4)

and 7.59 to 6.62 eV (for CO2) after CH4 and CO2 adsorptions.

Thus, VIP is generally found as in the following decreasing order:

Zn12O12 > Zn15O15 > Zn18O18 > Zn20O20 > Zn22O22 > Zn24O24.

However, increasing the size generally enhances the VEAs of both

pure and gas adsorbed ZnO NCs as seen in Figure 8B. The ZnO

NC with the highest electron affinity is found as Zn22O22. More-

over, VEA is found as in the following decreasing order:

Zn22O22 > Zn24O24 > Zn20O20 > Zn18O18 > Zn15O15 > Zn12O12.

These results show that as the size of ZnO NCs increases, their

F IGURE 6 The HOMO-LUMO energy gap (Eg) and the
percentage value (ΔEg) of the difference in the Eg energies for CH4

and CO2 adsorptions on pure Zn12O12, Zn15O15, Zn18O18, Zn20O20,
Zn22O22, and Zn24O24

F IGURE 7 Density of states
(DOS) of the CH4 and CO2

adsorptions on pure (A) Zn12O12,
(B) Zn15O15, (C) Zn18O18,
(D) Zn20O20, (E) Zn22O22, and
(F) Zn24O24

1844 MUZ AND KURBAN
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ability to lose electrons decreases and their affinity generally for

electrons increases. However, the CH4 and CO2 adsorptions do

not significantly affect the VIP and VEA trends for the ZnO NCs.

The adsorption of CH4 and CO2 gases on ZnO NCs do not signifi-

cantly affect the VIP and VEA trends. In addition, the VIP and VEA

values calculated by the B3LYP/6-311G(d, p) for the ZnO NCs are

in agreement with experimental data.41,42

In this study, chemical reactivity was examined in connection

with chemical hardness ηð Þ, chemical potential μð Þ and electrophilic-

ity index ωð Þ (see Tables 1–3). The η decreases significantly depending

on increase in the size of the ZnO NCs, but the ω increases (see Fig-

ure 9). Moreover, the η is found as in the following increasing order:

Zn22O22 <Zn24O24 <Zn20O20 <Zn18O18 <Zn15O15 <Zn12O12. Due to

the chemical adsorption of CO2 gas on Zn12O12 and Zn15O15 NCs,

they have a higher ω than pure and CH4 adsorbed NCs. However,

increasing the size of the NCs or adsorption did not cause a significant

change in ω. Besides, the Zn22O22 NC has the lowest η and highest ω

among ZnO NCs. Increasing the size of ZnO NCs provides lower resis-

tance to change in electronic configuration. It is worth noting that the

Zn22O22 has higher chemical reactivity than other ZnO NCs.

Figure 10 shows the UV–vis absorption spectra for CH4 and CO2

adsorptions on the surface of ZnO NCs calculated using TD-DFT

method. Depending on the increase in the size, the UV–vis absorption

spectra values are generally increased and lie in the range of 274.0–

291.6 nm but decreased after CH4 and CO2 adsorptions (see

Figure 10). The UV–vis spectra of pure Zn12O12 and Zn15O15 NCs

show one peak at 274 nm which belongs to the UV-C light (far UV).

Besides, the maximum UV–vis spectra of the Zn12O12 and Zn15O15

NCs with adsorption are calculated about 264.4 nm (for Zn12O12) and

249.2 nm (for Zn15O15), which are reason via the chemisorption of

CO2. Depending on the increase in the size, the maximum UV–vis

spectra of the Zn18O18, Zn20O20 and Zn24O24 NCs give one peak at

274.8, 278.8, and 271.6 nm, respectively. Besides, the largest shift in

the UV–vis spectra is found for Zn22O22 NC, which moves from 291.6

to 286.8 nm (for CH4) and 288.4 nm (for CO2) after adsorption. In this

study, the UV–vis spectra values calculated at B3LYP/6-311G(d,p)

level of theory agree well with the experimental values obtained for

ZnO NPs annealed at 200�C temperature in the range of 270–

380 nm.40,43,44 Besides, we note that the TD-DFT method is reliable

to estimate UV–vis absorption spectra in the gas phase.

F IGURE 8 (A) VIP and (B) VEA of the CH4 and CO2 adsorptions
on pure (A) Zn12O12, (B) Zn15O15, (C) Zn18O18, (D) Zn20O20,
(E) Zn22O22, and (F) Zn24O24

F IGURE 9 (A) η and (B) ω of the CH4 and CO2 adsorptions on
pure (A) Zn12O12, (B) Zn15O15, (C) Zn18O18, (D) Zn20O20, (E) Zn22O22,
and (F) Zn24O24
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4 | CONCLUSIONS

We have initiated a theoretical investigation into the detection of

CH4 and CO2 gases by the Zn12O12, Zn15O15, Zn18O18, Zn20O20,

Zn22O22, and Zn24O24 CNs based on the framework of DFT calcula-

tions. Adsorption energy, HOMO–LUMO energy gap, the density of

state, and UV–vis absorption spectra as well as chemical hardness and

electrophilicity index parameters were considered to further under-

stand the adsorption behavior of ZnO NCs in different sizes towards

CH4 and CO2 gases. It was found that the bandgap energies of pure

ZnO NCs were decreased from 3.87 to 3.11 eV, indicating the

enhanced electrical conductivity of pure ZnO NCs with size. However,

after adsorption, their electrical conductivity is decreased, indicating

that they cannot produce an electronic signal. Besides, the CH4 and

CO2 adsorption on studied ZnO NCs decreases the chemical reactivity

and sensitivity. Since the changes in the ΔEg and the UV–vis absorp-

tion spectra are a reliable benchmark for diagnosing the sensors of

gases, thus our results show that it is almost impossible to use pure

ZnO NCs as a sensor for CH4 and CO2 gases.

According to the results the UV–vis spectra, the maximum

absorption peaks were predicted in the near-ultraviolet. Notable, the

UV–vis spectra and band gap energies obtained from DFT calculations

were compared with experimental results, and a good agreement has

been found. It is worth noting that ZnO NCs could be one of the

important nanomaterials that can be used as pure in future research

for biomedical and sensor applications due to their bio-safe and bio-

compatible. We hope that this study will serve as a reference and a

starting point for future researchers' study on functional ZnO NCs in

gas sensing.
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