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Abstract: We investigated the detection of chloroform (CHCl3) using ZnO nanoclusters via density
functional theory calculations. The effects of various concentrations of CHCl3, as well as the deposition
of O atoms, on the adsorption over ZnO nanoclusters were analyzed via geometric optimizations.
The calculated difference between the highest occupied molecular orbital and the lowest unoccupied
molecular orbital for ZnO was 4.02 eV. The most stable adsorption characteristics were investigated
with respect to the adsorption energy, frontier orbitals, elemental positions, and charge transfer. The
results revealed that ZnO nanoclusters with a specific geometry and composition are promising
candidates for chloroform-sensing applications.
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1. Introduction

The rapid development of various important industries, such as automobiles, pharmaceuticals,
textiles, food, and agriculture, has substantially contributed to environmental pollution [1]. The release
of various toxic and harmful gases and chemicals from such industries has significantly disturbed
the ecosystem, and poses a great threat not only to humans, but to all living beings [2,3]. Among
the various toxic gases, chloroform, which is also known as tri-chloromethane or methyl-tri-chloride,
is considered to be one of the most toxic gases, and evaporates quickly when exposed to air [4]. It
is widely used by chemical companies and in paper mills. Chloroform lasts for a long time in the
environment, and its breakdown products, such as phosgene and hydrogen chloride, are as toxic
or even more toxic [5]. The exposure of humans to chloroform severely affects the central nervous
system, kidneys, liver, etc. Long-term exposure may result in vomiting, nausea, dizziness, convulsions,
depression, respiratory failure, coma, and even sudden death [6,7]. It is important to efficiently detect
the release of chloroform because of its serious health hazards. Thus, various methods have been
reported for detecting chloroform, which involve optical sensors, colorimetric sensors, fluorescent
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sensors, electrochemical sensors, resistive gas sensors, luminescent sensors, photo-responsive sensors,
etc. [8-13].

Among the various sensing techniques, gas sensors have attracted considerable attention because
of their facile manufacturing process, high sensitivity, and low detection limit [14-17]. The literature
reveals that metal-oxide materials are the most widely used scaffold to fabricate gas sensors [15-20].
In particular, metal-oxide materials are widely utilized to fabricate sensors for toxic and explosive
gases [20-24]. It has been observed that the nanocrystal interfaces can significantly influence the optical
and electrical properties and charge-trapping phenomena [22-25]. Zinc oxide (ZnO) is one of the most
important and functional materials because of its various significant properties, including its wide
bandgap; high exciton binding energy, piezoelectricity, and pyroelectricity; high conductivity and
electron mobility; good stability in chemical and thermal environments; and biocompatibility [26-28].
Therefore, to improve the gas-sensing performance of ZnO-based gas sensors, various approaches
have been employed, such as doping, surface modification, and the fabrication of composites [26,29].
Although ZnO materials are used for various gas-sensing applications [30-34], there are few reports
available on the use of ZnO materials for chloroform sensing. Ghenaatian et al. [35] investigated the
Zn1»013 nanocage as a promising adsorbent and detector for CS;. Baie et al. examined the Zn;,01;
fullerene-like cage as a potential sensor for SO, detection [36]. Ammar [37] reported that the Zn;,01»
nanocage is a potential sorbent and detector for formaldehyde molecules. Nanocrystalline ZnO
thin-film gas sensors were investigated by Mayya et al. [38] for the detection of hydrochloric acid,
ethanolamine, and chloroform. Additionally, it is important to examine various geometries and other
electronic parameters in order to obtain the optimal sensing material based on ZnO.

In this study, we investigated the detection of chloroform (CHCl3) using ZnO nanoclusters via
density functional theory (DFT) calculations implemented in a Gaussian 09 program. The effect of
various concentrations of CHCl3, as well as the deposition of O atoms, on the adsorption over ZnO
nanoclusters was analyzed via geometric optimizations. To fully exploit the ZnO nanocrystals, various
calculations related to the gas-sensing properties were performed.

2. Methods and Computational Details

A quantum cluster consisting of 24 atoms (Zn;,012) was selected to study the interaction between
the ZnO nanocage and the CHCl; molecule. DFT calculations were performed with the Gaussian
09 suite of programs [39]. The calculations were conducted using Becke’s three-parameter B3 with
the Lee, Yang, and Parr (LYP) correlation functional [40]. This B3LYP hybrid functional contains the
exchange—correlation functional, and is based on the exact form of the Vosko-Wilk—-Nusair correlation
potential [41]. Originally, the functional B included the Slater exchange along with corrections involving
the gradient of density [42]. The correlation functional LYP was that of Lee, Yang, and Parr, which
includes both local and nonlocal terms [43,44]. For the ZnO nanocage, the standard LANL2DZ basis
set [37,45] was used. For the CHCl; and the deposited O atoms, a 6-31G (d, p) basis set was used. The
adsorption energy (E,q4s) of the CHCl3 molecule on the surface of the Znj,015 nanocage is defined as
follows:

Eads = [E(CHC13)H/ZnO ~ (nEchcy, + EZnO)]/ n, )

where Eccl,, Ezno and E(chcl,), /zno represent the energies of a single CHCl3 molecule, the pristine
Zn12013 nanocage, and the (CHCl3),,/Zn;,012 complex, respectively.

The adsorption energy (E,qs) of an O atom on the surface of the Zn;,01, nanocage is defined as
follows:

Eaqs = [EOH/ZnO - (nEo + Ezno)]/n, @)

where Eg and Eg, ,zn0 represent the energies of a single O atom and the O,/Zn;;Oqp
complex, respectively.
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The adsorption energy (E;) of a CHCl3; molecule on the deposited O on the Zn;,01; nanocage is
defined as follows:

Ei = [E(CHC13)n J0n/z00 — (nEcrcy, + nEo + EZnO)]/ n, ®)

where E(cncy), /0, /zn0 Tepresents the energy of the (CHCl;),,/O,,/ZnO complex.

The positive and negative values of E; indicate the endothermic and exothermic processes,
respectively. The binding energy (Ey,) between the X and Y fragments of the XY complex is defined as
follows:

Ep = Exy — (Ex + Ey), 4)

where Exy represents the total energy of the optimized molecule, and Ex and Ey represent the energies
of the two fragments X and Y, respectively, having the same geometric structure as in the XY complex.
The GaussSum 2.2.5 program was used to calculate the densities of states (DOSs) for the Zn;>O1;
nanocage, CHCl3, and other complex systems [46]. Full natural bond orbital (NBO; NBO version 3.1)
analyses were used to estimate the charge distributions for the Zn;,01; nanocages, CHCl3, and other
complex systems [47].

3. Results and Discussion

3.1. Geometric Optimization

The geometric optimization of a pristine Zn1,015 nanocage was performed. Zn;,01, is composed
of eight (ZnO); and six (ZnO); rings, forming a cluster in which all of the Zn and O vertices are
equivalent [48], as shown in Figure 1. The examined structural properties of the Zn;,0O1, nanocage
agreed well with previous studies [37,45,49]. For example, the bond lengths Rz, of 1.91 and 1.98 A
were close to the previously reported values of 1.91 and 1.98 A, respectively [37,45], and 1.89 and 1.97
A, respectively [47]. The calculated highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) energy gap for ZnO was found to be 4.02 eV, which agrees well with a
previous work [45].
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Figure 1. Optimized structures and densities of states (DOSs) of the ZnO nanocage (Zn;,017) and
CHCI3 used in the calculations. (a,b) Optimized structure and DOS of the ZnO nanocage; (c,d)
optimized structure and DOS of CHCl3. The distances are in A, and the DOS is in arbitrary units. The
solid and dashed lines represent the occupied and virtual states, respectively.
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The DOS of the Zn;,0;, nanocage was calculated, as shown in Figure 1. A geometric optimization
was performed for the chloroform molecule (CHCls). It is a tetrahedral molecule, as shown in Figure 1.
The calculated structural properties of CHCl; indicated that bond lengths Rc.y and Rc.c) were 1.09
and 1.79 A, respectively, and angles Apy.c.c; and Acp.c.c; were 107.5° and 11.4°, respectively. The
energy gap (Eg) between the HOMO and LUMO was calculated to be 7.27 eV. The DOS for CHCl3 was
calculated, and is presented in Figure 1.

3.2. CHCl3 Interaction with the Zni;O1, Nanocage

The geometric optimizations for four probable orientations of CHCl;3 on the surface of the Zn;,01,
nanocage were investigated. Figure 2 shows the four orientations where the CHCl3; molecule may
interact via its H head or Cl head, and may be absorbed over the O site or Zn site of the Zn;,01»
nanocage. The adsorption energy was calculated using Equation (1). The electronic properties of
the CHCI; adsorption modes are presented in Table 1. For the first adsorption mode (a), the CHCl3
molecule was weakly chemically adsorbed, and for the other modes (b, ¢, and d), the CHCl3 molecule
was physically adsorbed. The boundary value between the physical and chemical adsorption was
considered to be 0.21 eV [50,51]. In mode (a), owing to the chemical interaction, the Fermi level (Epy)
for the cluster was reduced by 0.17 eV, and the dipole moment (D) was increased to 3.05 Debye. There
was no noticeable change in the HOMO-LUMO energy gap. In all of the adsorption modes, it was
found that the HOMO-LUMO energy gaps of the CHCl3/ZnO complexes were in the range of 4.00-4.03
eV. Consequently, the adsorption of CHCl; on the ZnO nanocage had no significant effect on the
HOMO-LUMO energy gap.
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Figure 2. Optimized structures and DOSs of the CHCl3 molecule adsorption on the Zn;,0;, nanocage.
(a) adsorption mode a, (b) adsorption mode b, (c¢) adsorption mode ¢, and (d) adsorption mode d. The
distances are in A, and the DOS is in arbitrary units. The solid and dashed lines represent occupied
and virtual states, respectively.
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Table 1. Electronic properties of the isomeric configurations of the CHCl3/Zn;,0¢, complexes, namely:
adsorption energy (E,gs; €V), HOMO (eV), LUMO (eV), Fermi level (Egy ; eV), HUMO-LUMO energy
gap (Eg; eV), natural bond orbital (NBO) charge (Q; au), and dipole moment (D; Debye).

System Bare Z1,012 (a) (b) (c) (d)
Eads — -0.38 0.07 -0.09 -0.04
Exiomo —6.81 —6.98 —-6.90 —6.84 —-6.71
Erumo 279 296 2,89 282 271
Exr —4.80 —-4.97 —4.90 —4.83 —4.71
Eg 4.02 4.03 4.00 4.02 4.00
QcHc - -0.02 0.00 —0.01 0.02
D 0.00 3.05 141 1.33 2.17

Additionally, to investigate the effect of the CHCl; concentration on the adsorption over the
Zn1,01; nanocage, we performed geometric optimizations for n CHCl3 molecules (n =1, 2, 3, and 4)
adsorbed simultaneously over the Znj,0O17 nanocage to form (CHCl3),/ZnO complexes. All of the
CHCl3 molecules had an orientation in which the H head of the CHCl3 molecule was directed toward
an O site of the Znj,O1, nanocage, which is the most energetic stable orientation, as presented in
Figure 2. The adsorption energies (E,4s) were calculated using Equation (1), and are presented in
Table 2.

Table 2. Electronic properties of the (CHCl3),,/Zn;,01; complexes, namely: adsorption energy (E,gs;
eV), HOMO (eV), LUMO (eV), Fermi level (Egr; V), HUMO-LUMO energy gap (Eg; eV), NBO charge
(Q; au), and dipole moment (D; Debye).

System @ (b) (V] (d)
n=1 n=2 n=3 n=4
Eois —-0.38 —-0.38 -0.60 -0.76
Enxomo —6.98 -7.14 -7.19 -7.39
Erumo -2.96 -3.10 -3.14 -3.32
Epp, -4.97 -5.12 -5.16 —-5.36
Eg 4.03 4.04 4.05 4.07
Qcucis —-0.02 —-0.02 —-0.02 —-0.01
D 3.05 0.46 1.18 1.64

The optimized structures of (CHCl3),,/ZnO and their DOSs are shown in Figure 3. As indicated
by Table 2, after the second molecule was adsorbed, the adsorption energy (E,q4s) increased as n—the
number of adsorbed CHCI3 molecules—increased. Additionally, as the number of adsorbed CHCl;
molecules increased, the Fermi level decreased. Furthermore, although there were no significant
changes in the average acquired charge (Qcnci,;) on the CHCI3 molecules, the dipole moment was
sensitive to the number of adsorbed CHCl3 molecules. The HOMO-LUMO energy gap (Eg), compared

with that of the pristine Zn;,0O1, nanocage (4.02 eV), was not affected by the number of adsorbed
CHCl3 molecules.
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Figure 3. Optimized structures and DOSs for the (CHCl3),,/Zn1,01» nanocage. (a) CHCl3/Zn1,01,,
(b) (CHCl3)2/Zn1504, (¢) (CHCl3)3/Zny2012, and (d) (CHCl3)4/Zn1,01;. The distances are in A,
and the DOS is in arbitrary units. The solid and dashed lines represent the occupied and virtual

states, respectively.

3.3. O Atom Interaction with the Zn1;O1, Nanocage

To improve the sensitivity of Zn;,0;;, to the CHCl3 molecules, an O atom was deposited onto
the cluster. To investigate the ability of the Zn;,01; nanocage to adsorb an O atom, the O atom was
added at three different sites, namely: an O site, a Zn site, and the middle of the ZnO bond. Then, a
full geometric optimization was performed for the O/Zn;,01, complexes. With the optimization, there
are only two possible O/Zn;,01, complexes, as shown in Figure 4. The E,qs were calculated using
Equation (2). As shown in Table 3, the E, 45 values of the O atom on the Zn;,0;, nanocage were —1.98
and —1.62 eV for complexes (a) and (b), respectively. This indicated that a chemical bond was formed
between the O atom and the Zn;,01; cluster. Additionally, the NBO analysis indicated that the O atom
gained negative charges (Qp) of —0.71|e| and —0.61|e| for complexes (a) and (b), respectively.

Table 3. Electronic properties of the isomeric configurations of the O/Zn1,01, complexes, namely:
adsorption energy (E,qs; €V), HOMO (eV), LUMO (eV), Fermi level (Ery; eV), HUMO-LUMO energy
gap (Eg; eV), NBO charge (Q; au), and dipole moment (D; Debye).

System 0/Zn1;01 0O/Zn1;01
(@ (b)

Eois ~1.98 ~1.62

ExoMo -6.32 -6.57

Eromo 279 279
Efp ~456 —4.68
Eg 3.53 378
Q6 ~0.71 ~0.61

D 2.03 0.72
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Figure 4. Optimized structures and DOSs of O atom adsorption on the Zn;,01, nanocage. (a) complex
a, and (b) complex b. The distances are in A, and the DOS is in arbitrary units. The solid and dashed
lines represent the occupied and virtual states, respectively.

This strong interaction is attributed to the charge transfer from the Zn;,0O;; nanocage to the
adsorbed O atom. As indicated by the DOS in Figure 4, the HOMO-LUMO energy gaps (Eg) of
O/Zn1,04; for complexes (a) and (b) were reduced (to 3.53 and 3.78 eV, respectively) compared with
that of the pristine Zn;,01, nanocage (4.02 eV; Table 1). Furthermore, for O/Zn;,01, complexes (a) and
(b), increases of 0.24 and 0.12 eV, respectively, were observed for the Fermi level (Eg; ), and the dipole
moment increased to 2.03 and 0.72, respectively. This indicated that the deposited O atom significantly
affected the electronic properties of the Zn;,0;; nanocage, and consequently may have affected its
ability to adsorb CHCl; molecules.

3.4. CHCl; Interaction with O Atoms Deposited on the Zni;O1y Nanocage

The CHCl3 molecule could interact via its H head or Cl head, and the O atom could be deposited
on the Zn or O sites of the nanocage; thus, there were four possible geometric structures for the
CHCI3/0O/Zn13012 complexes. Consequently, we performed geometric optimization for the four
aforementioned CHCl3/0/Zn;,01; complexes. During the optimization process, we found only three
stable CHCl3/0/Zn1,01, complexes, as shown in Figure 5. The properties of the interaction among the
CHCI;3 molecule, deposited O atom, and Zn;,01, nanocage are presented in Table 4.
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Figure 5. Optimized structures and DOSs for the CHCl3/O/Zn;,01, nanocage. (a) complex a, (b)
complex b, and (c) complex c. The distances are in A, and the DOS is in arbitrary units. The solid and
dashed lines represent the occupied and virtual states, respectively.

Table 4. Electronic properties of the isomeric configurations of the CHCl3/0/Zn;,01, complexes,
namely: adsorption energy (E,g4s; €V), binding energy (Ey,; eV), HOMO (eV), LUMO (eV), Fermi level
(EpL; eV), HUMO-LUMO energy gap (Eg; €V), NBO charge (Q; au).

System (a) (b) (c)
Eoue 244 ~1.98 ~0.92
E, ~0.68 ~0.15 —2.46
Enomo ~6.45 —6.13 ~6.30
Erumo 281 —2.85 ~2.98
Egp —4.63 —4.49 —4.64
Eg 3.64 3.27 3.32
Qchci 0.07 0.03 0.86
Qo ~0.63 ~0.62 ~0.76
0z:0 0.56 0.59 ~0.10

D 1.92 2.35 8.26
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The adsorption energies (E,qs) for the complexes ranged from —0.92 to —2.44 eV. These values
indicate a chemical interaction, which may have been due to a charge transfer. This can be explained
by the NBO analysis, which revealed that in complexes (a) and (b), the deposited O atom gained
negative charges of —0.63|e| and —0.62|e|, respectively. These charges were mainly transferred from
the Zn;,01, nanocage, which gained positive charges of 0.56le| and 0.59]e|, respectively. Additionally,
there was a small charge from the CHCl3 molecule, which gained positive charges of 0.07|e| and 0.03e|,
respectively. However, in complex (c), the charge was transferred from the CHCl; molecule, which
gained a positive charge of 0.86le|, to both the Zn;,0, nanocage and the deposited O atom, which
gained negative charges of —0.10le| and —0.76|e|, respectively. Clearly, the nature of the interaction
in complex (c) was significantly different from those for complexes (a) and (b). This led to different
binding energies between the CHCl; fragment and the O/Zn;,01; fragment of the CHCl3/0/Zn1,01,
complexes, which were —0.68, —0.15, and —2.46 eV for complexes (a), (b), and (c), respectively. Such
interactions between CHCl; and the O/Zn;,01; nanocage led to an increase in the Fermi level (Epy),
from —4.64 to —4.49 eV, as well as a reduction of the HOMO-LUMO energy gaps (Eg), from 3.27 to 3.64
eV for the CHCI3/O/Zn;,01, complexes, compared with 4.02 eV for the pristine Zn;,0q; nanocage.

To examine the effect of the CHCl;3 concentration on the interaction with the O/Zn;,01; nanocage,
we performed geometric optimizations for n CHCls molecules (n = 1, 2, 3, and 4), adsorbed
simultaneously over n deposited O atoms on the Zn;,0;, nanocage. Each CHCl3 molecule interacted
via its Cl head with a deposited O atom on the Zn site of the Zn;,01; nanocage. This orientation
yielded the highest binding energy between the CHCl3 molecule and O/Zn;;01;. The interaction
energies were calculated using Equation (3). The optimized structures of (CHCl3),,/O/Zn;,01; and
their DOSs are shown in Figure 6.
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Figure 6. Optimized structures and DOSs for the (CHCl3),,/O;,,/Zn1,01; nanocage. (a) CHCl3/O/Zn15,015,
(b) (CHCl3),/O2/Zn15013, (¢) (CHCl3)3/03/Zn12015, and (d) (CHCl3)4/O4/Zn15,01,. The distances are
in A, and the DOS is in arbitrary units. The solid and dashed lines represent the occupied and virtual
states, respectively.

The interaction energies are presented in Table 5. The adsorption energy remained relatively
constant (approximately —0.96 eV) for the first three CHCl3 interacting molecules, and decreased for
the fourth CHCl3 molecule (to —0.86 eV). Furthermore, as the number of adsorbed CHCl3 molecules
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increased, the average acquired positive charges on CHCl3 (Qcpcl,) decreased, and the negativity of
the average charges on the deposited O atom (Qp) decreased, while the negativity of the charges on the
Zn1,04; nanocage increased. Additionally, with the increasing number of adsorbed CHCls molecules,
the Fermi level (Ep.) increased and the HOMO-LUMO energy gap (Eg) decreased, compared with the
pristine Zn;»01, nanocages. The dipole moment of (CHCl3),,/O/Zn;,01, was sensitive to the number
of CHCl3 molecules.

Table 5. Electronic properties of the (CHCl3),,/(O);/Zn1201, complexes, namely: adsorption energy
(Eads; €V), HOMO (eV), LUMO (eV), Fermi level (Egr; eV), HUMO-LUMO energy gap (Eg; eV), NBO
charge (Q; au), and dipole moment (D; Debye).

(a) (b) () (d)

System
n=1 n=2 n=3 n=4
Eqds -0.92 —0.96 -0.96 —0.86
Exomo -6.30 -6.03 -5.65 -5.19
Erumo -2.98 -2.81 -2.57 -2.51
Egr, —4.64 —4.42 -4.11 -3.85
Eg 3.32 3.22 3.08 2.68
QcHc1z 0.86 0.77 0.74 0.74
Qo -0.76 —0.61 -0.59 —0.58
Qzno -0.10 -0.33 -0.47 -0.62
D 8.26 3.26 4.15 6.45

3.5. Zn1p01y Nanocage as a Sensor for CHCI;3

It has been observed that during the adsorption process, the change in the HOMO-LUMO energy
gap (Eg) is related to the sensitivity of the sorbent for the adsorbate. However, the reduction of Eg of
the cluster significantly affects the electrical conductivity, as indicated by the following equation [52]:

o o« e(—Eg/2KT) (5)

where o represents the electrical conductivity, K represents Boltzmann’s constant, and T represents
the temperature. According to Equation (5) and the Eg values in Tables 1 and 2, the adsorption of the
CHCl3 molecule in the gas phase did not lead to significant changes in the Eg of the Zn;,0;, nanocage.
According to Tables 4 and 5, the CHCIl3 molecule adsorption over the oxygenated ZnO significantly
reduced the Eg values.

The energy difference between the nucleophile HOMO and electrophile LUMO is one of the
important factors for HOMO-LUMO interactions. As previously mentioned, the chemical bonding
between CHCl;3 and the oxygenated ZnO cluster in the CHCl3/O/Zn1,01, complexes is due to the
charge-transfer mechanism. It can be explained as the contribution from the HOMO of the O/Zn;,01,
cluster to the vacant LUMO of the CHCl3 molecule. Figure 7 shows the surfaces of the frontier
molecular orbitals (FMOs; HOMO/LUMO) for CHCl3, Zn1,01,, O/Zn1,01,, and CHCI3/0/Zn1,015.
The HOMO and the LUMO of the Zn1,01; cluster are localized on the Zn and O sites, respectively.
Thus, the Zn sites are electrophilic centers, whereas the O sites are nucleophilic centers. This explains
why the H atom of CHCl; is attached to the O site in the most stable structure of the CHCl3/Zn,01,
complex. Additionally, the HOMO of the O/Zn;,01; cluster is localized around the deposited O atom.
This explains why CHClj; is attracted to the deposited atom of the O/Zn;,04; cluster.
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— CCI:H Zn12012 0O/Zn12012 CCI:H/O/Zn12012

LUMO

HOMO

Figure 7. Frontier molecular orbital (FMO) surfaces (HOMO-LUMO) for CHCl3, Zn;,015, O/Zn1,01,,
and CHC13/O/Zn12012.

Figure 8 shows the energy diagrams of the FMOs (HOMO/LUMO) for CHCl3, Zn1,013, O/Zn1,015,
and CHCl3/O/Zn1,01;. Our FMO studies revealed that the deposited O atom increased the HOMO of
the ZnO cluster from —6.81 to —6.32 eV. Consequently, the energy gap between the HOMO of ZnO and
the LUMO of CHCl; decreased, making the charge transfer from the O/Zn;,0;; cluster to the CHCl3
easier than that from the pristine Znj,01; cluster. Thus, the O/Zn;,04; cluster is more sensitive to the
CHCI;3 molecule than the pristine Zn1,01; cluster.

Energy (e.V)
& ® U S h ok b N R, o
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Figure 8. Energy diagram of the FMOs (HOMO/LUMO) for CHCl;, Zn;,013, O/Zn;501,, and
CHC13/O/ZI'112012.
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4. Conclusions

A DOS study of chloroform sensing, based on ZnO nanocrystals, was performed via calculations
implemented using the Gaussian 09 suite of programs. A geometric optimization was performed for
the ZnO nanocrystal. The DOS for the ZnO nanocrystal was calculated. The calculated gap between
the HOMO and the LUMO was found to be 4.02 eV. Furthermore, the effect of the concentration of
CHCI; on its adsorption over the ZnO nanocrystals was investigated. The results indicated that the
electrical properties of ZnO were not affected by the concentration of CHCl3. Additionally, the effect of
depositing O atoms on the ZnO adsorption properties was examined. The results indicated that the
adsorption of CHCl3 on the oxygenated ZnO reduced its bandgap. The findings of this study confirm
that the deposition of O on a ZnO nanocluster increases its sensitivity to CHCl3, and may facilitate
CHCl; removal or detection.
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