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Abstract

Anthropogenic air and water pollution are two of the world’s most serious public health
threats, causing around 9 million fatalities each year. Accordingly, CuO, ZnO, and CuO@
ZnO core/shell structures were optimized utilizing the time-dependent density functional
theory (TD-DFT) method to study the effect of CuO@ZnO core/shell on the sensitivity
of carboxymethyl cellulose sodium (CMC). Absorption spectra and optical band gap (E,)
have been investigated utilizing the TD-DFT method. The calculated E, values for CuO
and ZnO equal 1.23 and 3.29 eV, respectively, which agree well with those reported in the
literature. The effects of H,S gas and methylene blue dye (MB) adsorption on the elec-
tronic characteristics of dimer CMC /CuO@ZnO structures were investigated in terms of
TDM, HOMO/LUMO energy, and molecular electrostatic potential (MESP). The TDM in
dimer CMC/CuO@ZnO structure was increased to 72.152 and 67.606 Debye, while AE
was reduced by 6.42% and 82.57% due to the adsorption of H,S and MB dye, respectively.
This means that it has a faster response to MB than to H,S. Additionally, MESP confirms
the increased reactivity of dimer CMC/CuO@ZnO due to the adsorption process. As a
result, dimer CMC/CuO@ZnO structures appear to be attractive candidates for H,S and
MB dye sensing applications.
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1 Introduction

As a result of rapid industrialization, which has resulted in a growth in the quantity of
harmful and dangerous gases in the atmosphere (Manisalidis et al. 2020; Chauhan et al.
2021; Cui et al. 2020), environmental pollution has lately reached an alarming level. Most
gases are inhaled by individuals without their knowledge due to their odorless and color-
less characteristics, causing major health concerns and even death (Chen et al. 2019). As a
result, creating sensors and systems capable of detecting hazardous and dangerous pollut-
ants is crucial (Badry et al. 2021). The literature has reported metal oxide semiconductor
(MOS) sensors, electrochemical gas sensors, solid electrolyte gas sensors, catalytic com-
bustion gas sensors, and others (Wan et al. 2021; Rui-Jie et al. 2021; Tamura and Imanaka
2022; Badry et al. 2022a). Since they can be used to detect a variety of gases at lower
concentrations, MOS gas sensors are among the most explored of the numerous types of
gas sensors (Isaac et al. 2022; Dadkhah and Tulliani 2022; Gai et al. 2022; Alsheheri et al.
2023). Because of the huge number of surface sites, most target gas molecules are adsorbed
by oxygen ions that have previously been adsorbed at the metal-oxide surface. Interactions
between adsorbed target species and oxygen ions can alter the charge carrier concentration,
affecting the material’s conductivity (Wu et al. 2022; Albargi et al. 2021; ezzat et al. 2021).

Recently, MOS sensors have been created employing p-n heterojunction structures,
which use nanocomposite of both types (p- and n-type) as functional materials to enhance
the sensing properties (Rani et al. 2022; Yin et al. 2021). This has allowed researchers to
examine the properties of both n- and p-type semiconductors. As a result, various MOS
sensors based on p—n heterojunction structures such as, MoS,/ZnO (Kumar et al. 2021),
Sn0,/Co;0, (Sun et al. 2021), CuO/CuFe,0, (Wang et al. 2022a, b), NiO/ZnO (Dey et al.
2020), Ni/WO; (Karaduman et al. 2022), SnO,/CuO (Zhang et al. 2021), and others, were
created and described in the literature. Because p-n heterojunction increases the electron
depletion layer on the nanoparticles surface and the carrier’s separation increases the active
sites on the material’s surface, CuO/ZnO nanoparticles demonstrated good selectivity
towards H,S gases among heterojunction nanomaterial-based MOS sensors (Navale et al.
2021; Li et al. 2018). There have been a number of documented practical studies on this
p-n heterojunction for H,S gas sensing (Li et al. 2022a, b), but to the best of our knowl-
edge, no theoretical work on this material has been documented.

Due to their broad bandgap, piezoelectricity, high exciton binding energy, high conduc-
tivity and electron mobility, strong chemical stability, thermally stable, and biocompatibil-
ity, zinc oxide nanoparticles (ZnO) are one of the most significant and functional materials
(Wang et al. 2020a, b, 2022a, b; Sharma et al. 2020; Badry et al. 2022a; Omar et al. 2022).
Therefore, a variety of methods, including doping, surface modification, and the creation
of composites, have been used to enhance the sensing performance of gas sensors based on
ZnO (Wang et al. 2020a, b; Nemufulwi et al. 2023; Sun et al. 2023). In fact, UV radiation
accounts for only 5% of the solar spectrum. As a result, it is usually desirable to improve
ZnO in an attempt to make it active in the visible region. Coupling ZnO with semiconduc-
tors with a narrow band gap is one technique to boost its photoactivity under sunlight. The
linked material (such as CuO) should be visible light-active and limit charge recombination
(Wang et al. 2020a, b). According to the theoretical DFT study by Badry et al. (2022b),
carboxymethyl cellulose sodium (CMC)-decorated ZnO is a good adsorbent for H,S due to
its higher binding energy. CMC is a water-soluble, linear cellulose ether that attracts both
negative and positive charges (Amu-Darko et al. 2023) thus facilitating the adsorption of
H,S gas on its surface.
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Among the most widely investigated poisonous gases are ammonia (NH;), carbon mon-
oxide, carbon dioxide, sulfur dioxide, and hydrogen sulfide (H,S), which are produced by
numerous sources, such as industry. H,S gas is a highly toxic, poisonous, colorless, and
deadly gas that poses a serious health risk to humans and contaminates the environment
(Hosseini-Shokouh et al. 2023; Wang et al. 2023; Li et al. 2023). Inhaling H,S gas can
result in major health problems in people, including respiratory tract infections, eye irrita-
tion, asthma, heart damage, and cancer (Li et al. 2022a, b). As a result, an effective method
for identifying such dangerous gases is required.

NH; is a natural gas that is present in the atmosphere at ppb or sub-ppb concentrations.
Human activity has recently emitted the majority of the NH;. Combustion from chemical
plants and motor vehicles is one of the major sources of NH; emissions. Food technol-
ogy, chemical plants, medical diagnosis, and environmental protection all use NH; sensors.
NH; can be detected by a variety of methods. Penetrating scents may easily detect high
amounts. Lower NH; concentrations need the use of gas sensors.

Additionally, one of the major health concerns in recent years has been the lack of
access to clean drinking water. One of the most common compounds that render water
unsafe for drinking is industrial dyes. Methylene blue (MB), one of these dyes, poses the
greatest risk to humans and environmental security since it is poisonous, carcinogenic, and
non-biodegradable (Chahar et al. 2023; Abd-Elhamid, et al. 2020; Eltaweil et al. 2023). It
is typically released into natural water sources, endangering the health of both people and
other living creatures. Therefore, MB removal from wastewater requires the development
of an effective, ecologically friendly technology. The complete mineralization of the dye
into simple, non-toxic species has the advantage of potentially lowering the cost of pro-
cessing (Khan et al. 2020; Obayomi et al. 2023).

In this study, time—dependent density functional theory (TD-DFT) calculations were
carried out for the optimization of CuO, ZnO, and CuO@ZnO core shell structures to
study the sensitivity of dimer CMC/ CuO@ZnO core/shell to H,S gas and MB dye.

1.1 Calculation details

The Gaussian 09 package of programs (Frisch et al. 2010) was used to study the optimized
structures as well as the electronic properties of CuO@ZnO core shell, CMC/ CuO@
ZnO core shell, CMC/ CuO@ZnO core shell/ NH;, CMC/ CuO@ZnO core shell/ H,S,
and CMC/ CuO@ZnO core shell/ MB dye using density functional theory (DFT). Becke’s
three-parameter B3 with the Lee, Yang, and Parr (LYP) correlation functional was used in
the calculations (Becke 1993a, b; Lee et al. 1988). The exchange—correlation functional
is included in this B3LYP hybrid functional, which is based on the standard form of the
Vosko-Wilk-Nusair correlation potential (Foresman and Frish 1996). The Slater exchange
was originally included in functional B, as were corrections affecting the density gradi-
ent. Lee, Yang, and Parr developed a correlation functional LYP that contains both local
and nonlocal terms (Vosko et al. 1980). The standard LANL2DZ basis set was employed
for all structures. The optical absorption spectrum, total dipole moment (TDM), and the
energy difference between the highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) were used to calculate the energy gap (HOMO/
LUMO), and molecular electrostatic potentials (MESPs) were calculated for CuO, ZnO
and CuO@ZnO core shell before and after gas absorption. The optical absorption spectrum
and optical band gap energy were calculated using Time-Dependent Density Functional
Theory (TD-DFT) at the same level of theory.
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2 Results and discussion
2.1 Building model molecules

Through the coupling of optical, semiconducting, and piezoelectric properties to tune
charge carrier generation, recombination, and transportation at an interface, the piezo-
phototronic influence has been used to enhance the performance of optoelectronic devices
(Becke 1993a, b; Feng et al. 2013). Model molecules representing CuO and ZnO are
shown in Fig. 1a and b. Despite its excellent piezoelectric capabilities, the UV area is the
only place where ZnO and CuO can be used as a photo-detector. To get over this constraint,
a core/shell system was used, such as a CuO@ZnO core/shell with enough phot-absorption
in the narrow band gap of the ZnO shell layer. The construction of core/shell structures has
led to such rapid advancement in the sciences that they are referred to as magical mixtures.
The optimized structure of the CuO@ZnO core/shell is presented in Fig. lc. In earlier
research, the effect of ZnO on the electronic properties of CMC was simulated using two
units of CMC (Badry et al. 2022b). Consequently, two units of CMC were used to replicate
the CuO@ZnO core/shell effect in this study. To investigate the interaction between the
CuO@ZnO core/shell and the H,S, NH; and HBr gases and MB dye, a core/shell consist-
ing of 16 atoms (Zn,Cu,Og) was chosen.

2.2 Excited state analysis and electronic properties of CuO, ZnO and CuO@ZnO
core/shell

The optical features of the CuO@ZnO core/shell were explored before the study of sen-
sitivity to H,S gas and MB dye. As a result, molecular excitation was investigated for
CuO, ZnO, and CuO@ZnO core/shell. CuO and ZnO have sharp peaks at 675 and 324
nm, respectively as a dominant transition, which is shifted to 1262 nm for the CuO@ZnO
core/shell structure calculated utilizing the B3LYP method (Fig. 2). Almost every peak
indicated a sequence of transitions from ground to excited states. The large shift in the
absorption peak confirms that the molecular structure of CuO was changed due to the for-
mation of the ZnO shell layer. The optical band gap computed using the TD-DFT, of the
three models is presented in Fig. 3. Table 1 shows the calculated absorption wavelength
and optical bandgap energy of CuO, ZnO, and CuO@ZnO core/shell supposed models. As
indicated in the table, the optical bandgap energy of CuO@ZnO core/shell (0.650 eV) is

(@ (b) (©

Fig.1 The optimized structure of a CuO, b ZnO, and ¢ CuO@ZnO core/shell
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Fig.2 B3LYP/Lanl2dz calcu-
lated UV-Vis absorbance spectra
of a CuO; b ZnO and ¢ CuO@
ZnO core/shell
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Fig. 3 B3LYP/Lanl2dz calcu-
lated optical band gaps of a CuO;
b ZnO and ¢ CuO@ZnO core/
shell

Table 1 B3LYP/Lanl2dz
calculated maximum absorption
wavelength (A ,.) and optical
bandgap energy (E,), for CuO,
ZnO and CuO@ZnO core/shell
model molecules
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lower than that of CuO (1.230 eV) and ZnO (3.290 eV), which is in good agreement with
the experimental data due to the formation of localized states within the bandgap.

Additionally, TDM and electronic bandgap energy are calculated and presented in
Table 2. All these physical parameters are considered strong indicators in studying the
sensitivity and reactivity of different structures. CuO has a TDM of 5.284 Debye, while
ZnO and CuO@ZnO core/shell possess a TDM of 5.831 and 0.240 Debye, respectively.
It can be noticed from the table that the CuO@ZnO core/shell’s HOMO/LUMO bandgap
is higher than that of CuO. This is due to the formation of a shell layer with a wide band-
gap on the CuO surface, which acts as an absorption layer (Badry et al. 2022b). Improv-
ing the charge carrier collection favored by radial geometry, where electrons and holes are
spatially constrained in different conducting channels of hetero-structures, which results in
reduced recombination losses, is made possible by the strategy of using core/shell architec-
ture. Thus, building molecules based on polymers and core/shell structures is increasingly
gaining popularity because they are at the cutting edge of materials chemistry and sev-
eral other disciplines, including electronics, optics, biomedicine, and catalysis (Jung et al.
2017; Wu et al. 2011).

2.3 Electronic properties of CMC/CuO@ZnO core/shell

The construction of core/shell structures has led to such rapid advancement in the sciences
that they are referred to as magical mixtures. It is reported that the CMC’s electronic prop-
erties changed with changing the interaction site as a result of interaction with ZnO (Badry
et al. 2022b). Accordingly, the proposed dimer CMC structure has eight active sites based
on the acquired MESP maps of dimer CMC. They also confirmed that, due to the signifi-
cant improvement in its electronic properties, the dimer CMC/P, OZn model molecule can
be employed in a variety of applications (Badry et al. 2022b). Thus, interaction between
CMC and the CuO@ZnO core/shell was accomplished through this OH group. How-
ever, other researchers proposed that the interaction of metal oxides can be accomplished
either through the metal atom or the oxygen one (Alsheheri et al. 2023; Refaat et al. 2019).
Accordingly, there are two possibilities of CMC interaction with the CuO@ZnO core/shell.
The first interaction mechanism occurs via: the hydrogen atom of CMC’ hydroxyl group
and the oxygen atom of the shell.

The other hypothesis is that an interaction occurred between the CMC hydroxyl group’s
oxygen and the Zn atom of the CuO@ZnO core/shell. The two hypotheses where the
CuO@ZnO core/shell molecule may connect with the CMC’s hydroxyl group via its O or
Zn site are depicted in Fig. 4. The calculated energy gap between the CMC/CuO@ZnO
structure’s highest-occupied molecular orbital and the lowest-unoccupied molecular orbital
(HOMO/LUMO) was determined to be 0.212 and 0.218 eV, for the interaction proceeds
through the oxygen and Zn atoms of the CuO@ZnO core/shell, respectively (see Table 3).
The obtained values of the dimer CMC/CuO@ZnO model’s HOMO/LUMO bandgap

Table2 B3LYP/Lanl2dz

caleulated HOMO/LUMO Structure AE (eV) TDM (Debye)
bandgap (AE) as eV and total 3

dipole moment (TDM) as Debye Cuo 1.358 5284

for CuO, ZnO and CuO@ZnO Zn0 5412 5.831
core/shell model molecules CuO@ZnO 1.466 0.240
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Fig.4 Optimized structure of a dimer CMC- (Py-() core/shell, and b dimer CMC- (P_,,) core/shell

Table 3

B3LYP/Lanl2dz calculated total dipole moment (TDM) as Debye and HOMO/LUMO bandgap

energy by as (eV) for CMC, CMC/ Py CuO@ZnO core/shell. Where, P, refers to the interaction location
between CMC and CuO@ZnO core/shell (i.e. X=0-Zn and H-O)

Structure AE (eV) TDM (Debye)

2CMC 0.449 9.074 (Badry et al. 2022b)
2 CMC- P, OZn 0.265 35.171 (Badry et al. 2022b)
dimer CMC- (Py_) core/shell 0.212 64.568

dimer CMC- (Pg,_z,) core/shell 0.218 67.282

energy are less than those of both the dimer CMC structure and dimer CMC interacted
with ZnO only at the same interaction position.

To further explore how the CuO@ZnO core/shell affects the CMC electronic character-
istics, TDM was calculated. Table 3 shows the calculated values of TDM for dimer CMC-
CuO@ZnO core/shell structures for the two interaction mechanisms (i.e., dimer CMC-
(Py_o) CuO@ZnO and dimer CMC- (Py_,,) CuO@ZnO). It is clear that the formation of

@ Springer



Enhanced sensing performance of carboxymethyl cellulose sodium... Page90f23 326

0\‘:\" Nia”

8,5, 3 "; ;oo
' 4 °

:f‘-»* i. %1;1. ‘é&
V‘;\f&v ‘.:/éu

s 20899 ..’
,&a o o
@@ ; ‘.‘zﬂ"}u
(b).
o0
‘oiw” % i iy
‘e .\Q” u' Y 9.\ ; !
o /;D\ : .ﬂ)\‘.\‘ Q\"‘. ,B\‘ *%“
a2 4 . oq “.\“

Fig.5 Optimized structure of H,S gas adsorption on the dimer CMC /CuO@ZnO core/shell structure’
surface at different locations i.e. a dimer CMC- (Py_,,) core/shell—(P,, ) H,S, b dimer CMC- (Pq_,,)
core/shell—(Pg;o;; o) H,S, ¢ dimer CMC- (P(_z,) core/shell—(Pqy | efi sige) HoS, d dimer CMC- (Pg_z,)
core/shell—(Pgy gigh side) HoS, € dimer CMC- (P_z,) core/shell—(Pgy,; o-1y) NH; gas, and f dimer CMC-
(Po_z,) core/shell—(Pg;.; o) HBr gas
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Table 4 B3LYP/Lanl2dz calculated total dipole moment (TDM) as Debye and HOMO/LUMO bandgap
energy as (eV) for dimer CMC/ P, ;, CuO@ZnO interacted with H,S gas at different locations

Structure AE (eV) TDM (Debye)
H,S gas 8.194 (Badry etal. 1.939 (Badry et al. 2022b)
2022b)

dimer CMC- (Pq_,) core/shell—(P,, ) H,S 0.211 54.444

dimer CMC- (Pq_z,) core/shell—(Pgp.i o) H,S 0.229 72.152

dimer CMC- (Pg_5,) core/shell—(Poy | cfy sige) HaS 0.204 58.372

dimer CMC- (P, _,) core/shell—(Poy gigh siae) HoS 0.220 67.188

dimer CMC- (P, _z,,) core/shell—(Py;) NH; 0.227 66.644

dimer CMC- (Pq_z,) core/shell—(Pqyy) HBr 0.231 73.607

a core/shell structure has a great effect on the CMC’s physical properties. As the TDM of
dimer CMC increased from 9.074 Debye to 64.568 and 67.282 Debye, for the interaction
preceded through the O and Zn atoms of the CuO@ZnO core/shell, respectively. The high-
est values of the TDM mean the highest electronegativity. So, due to the high functionality
of core/shell structures with modified properties, it can be concluded that the dimer CMC
(Po_zn) CuO@ZnO structure is a suitable candidate for gas sensing properties as well as
dye removal.

2.4 Sensitivity of CMC/CuO@ZnO core/shell to H,S, NH;, and HBr gases

It has been noted that the shift in the HOMO/LUMO bandgap energy throughout the
adsorption process is connected to the sorbent’s sensitivity to the adsorbate. As a conse-
quence, the conductivity is considerably impacted by the decrease in the CMC/CuO @ZnO
core/shell structure’s AE and increased TDM values. There are various locations where the
H,S molecule and the dimer CMC- (Pg_,,) CuO@ZnO core/shell structure can interact, as
shown in Fig. 6. As mentioned previously, this polymer nanocomposite of CMC/CuO@
ZnO is composed of two units of CMC and one CuO@ZnO core/shell molecule, which
have various positions for H,S gas absorption. Figure 5 displays these positions. Any one
of these four sites may be occupied by gas and/or MB dye. Every possibility is simulated
in the case of H,S gas sensor. These interaction possibilities are those that occurred via the
Zn atom of the core/shell and the S atom of the H,S gas, the O atom of the shell and the
H atom of H,S gas, and the other OH groups at the terminals of the CMC structure (OH
groups at the left and right sides of CMC), respectively.

The adsorption of the H,S molecule in the gas phase results in a considerable change
in the HOMO/LUMO bandgap of the CMC - (Py_5, ) CuO@ZnO core/shell structure. As
it’s values changed to 0.211, 0.229, 0.204, and 0.220 eV, for the structures represent dimer
CMC- (Pg_y,) core/shell- H,S gas in the different four hypotheses of interaction, i.e., dimer
CMC- (Pgy_y,) core/shell—(P,,_¢) H,S, dimer CMC- (Py_5,) core/shell—(Pg;.;i o_1) H»S,
dimer CMC- (Pg_5,,) core/shell—(Pqy | ot siqe) HoS and dimer CMC- (P _5,,) core/shell
(Pon Rignt siae) HoS, respectively. Thus, the charge transfer from the CuO@ZnO core/shell
to the dimer CMC structure was simpler than that from the CMC/CuO@ZnO core/shell
to H,S gas, due to the narrowing of the energy gap between the HOMO and the LUMO of
the dimer CMC/CuO @ZnO structure. However, the reverse situation was observed for the
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Fig.6 MESP maps for the structure representing H,S gas adsorption on the dimer CMC /CuO@ZnO
core/shell structure’s surface at different locations: a dimer CMC- (Pq ) core/shell—(P, ) H,S, b
dimer CMC- (Pq_z,) core/shell—(Pg;.;; o) H,S, € dimer CMC- (P_,,) core/shell—(Poy 1 o sige) HoS, d
dimer CMC- (P_z,) core/shell—(Pqy gigh siae) HoS as contour action, e dimer CMC- (Pg_z,) core/shell—
(Pspenn o-p) NH; gas, and f dimer CMC- (Pg,_z,,) core/shell—(Pgy,.;; o_p) HBr gas
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Fig.6 (continued)
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Fig.7 Optimized structure of MB dye adsorption on the dimer CMC /CuO@ZnO core/shell structure’ sur- p
face at different locations: a MB dye, b dimer CMC- (P, ) core/shell—(P,_y) MB, ¢ dimer CMC- (P,_z,)
core/shell—(P_g) MB and d dimer CMC- (P,_,) core/shell—(Py;) MB

TDM values. Table 4 shows that the TDM values were dramatically increased as a result of
the H,S molecule adhering to the dimer CMC- (Py_y,) core/shell structure. The structure
representing dimer CMC- (Pg,_z,) core/shell—(Pg,.; o.51) H,S has a TDM of 72.152 Debye.
This value decreased slightly when the interaction position changed to OH groups located
at the left and right side terminals of the CMC’s structure.

Additionally, the sensitivity of the dimer CMC/CuO@ZnO core/shell structure to
another toxic gases such as NH; and HBr was studied at the same level of theory. Fig-
ure 5 e and f present the proposed model molecule of dimer CMC/CuO@ZnO core/shell
exposed to NH; gas and HBr gas, respectively. When the surface of the dimer CMC/CuO@
ZnO model is exposed to a single molecule of NH; gas, the TDM of dimer CMC/CuO@
ZnO changes to 66.644 Debye, while AE changes to 0.227 eV (Table 4). This confirms
that the dimer CMC/CuO@ZnO surface is sensitive to NH; gas. As a result, it has been
concluded that the dimer CMC/CuO@ZnO model molecule might be employed as a gas
sensor for NH;.

In a similar context, the sensitivity of the dimer CMC/CuO@ZnO model molecule to
HBr gas is investigated at the same theoretical level. Because of exposure to HBr gas,
the TDM of dimer CMC/CuO@ZnO changed to 73.607 Debye, while the AE changed
to 0.231 eV.

At the B3LYP/Lanl2dz level, molecular electrostatic potential (MESP) maps were
calculated. MESP is a molecular modeling parameter that successfully tests the exam-
ined structure’s compatibility and reactivity with its surroundings (gases and other
pollutants) by identifying its potential active sites. More specifically, MESP maps are
distinguished by their important capacities for depicting the distribution of electronic
charges throughout the studied structure and indicating the most likely active locations.

Figure 6 depicts the MESP maps of H,S gas adsorbed over the entire surface of the
dimer CMC-(Py_z,) CuO@ZnO structure using the MESP maps. These maps employed
various colors to depict the various values of the MESP (red, yellow, green, light blue,
and dark blue). Red and yellow colors were utilized in association with an electrophilic
attack for negative values of the MESP; blue (light and dark) colors were utilized with a
nucleophilic attack for positive MESP; and green color indicates neutral MESP (Politzer
et al. 1985; Weiner et al. 1982; Pullman and Pullman 1981).

The MESP map demonstrates that the H,S gas adsorbate confirms that nucleophilic
reactions are the most common for the interactions that proceed through the core/shell’s
oxygen and the hydrogen of the gas dimer CMC- (P _5,) core/shell—(Pg.;; o_y) H,S

Table 5 B3LYP/Lanl2dz calculated total dipole moment (TDM) as Debye and HOMO/LUMO bandgap
energy as (eV) for dimer CMC/ P,_,, CuO@ZnO core/shell interacted with MB dye at different locations

Structure AE (eV) TDM (Debye)
MB Dye 1.822 1.646
dimer CMC- (P,_z,,) core/shell—(P, ) MB 0.310 63.441
dimer CMC- (Pg_z,) core/shell—(P, ) MB 0.340 53.833
dimer CMC- (Pg,_z,,) core/shell—(Pq) MB 0.038 67.606
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Fig.8 MESP maps for the structure representing MB adsorption on the dimer CMC /CuO@ZnO core/shell p
structure’s surface at different locations: a MB dye, b dimer CMC- (P,_,) core/shell—(P,_) MB, ¢ dimer
CMC- (Pg_z,) core/shell—(P ) MB and d dimer CMC- (P,_y,) core/shell—(Py;) MB as contour action

(Fig. 6) compared to that of reference (Badry et al. 2022b). This result agrees well with
the TDM and HOMO/LUMO bandgap results. Thus, it can be concluded that the nano-
composite structures based on CMC/ CuO@ZnO core/shell can be utilized as a gas sen-
sor for H,S gas. It is obvious that the red color was focused on the O atoms of the core/
shell whereas the yellow color was localized on the Zn atoms. This elucidated that the
O atoms are electron-rich centers and the Zn atoms are electron-deficient centers. This
means that the dimer CMC becomes more sensitive and reactive due to the interaction
with the CuO@ZnO core/shell.

However, for dimer CMC/CuO@ZnO core/shell interacted with NH; and HBr gases,
the MESP maps showed significant changes. Figure 6e and f present the MESP maps
of CMC/CuO@ZnO core/shell/ NH; gas and CMC/ CuO@ZnO core/shell/ HBr gas as
a contour action calculated at the B3LYP/Lanl2DZ level of theory. These maps show
that the electronic charges are redistributed within the whole structure of dimer CMC/
CuO@ZnO core/shell which means that the whole structure becomes more reactive, not
just the interaction site as in the case of H,S gas adsorption. Additionally, the intensity
of the red color increased, and the whole structure became charged. The results con-
firmed that the sensitivity of the dimer CMC/CuO@ZnO core/shell structure to NH,
and HBr gases is higher than that of H,S.

2.5 Sensitivity of CMC/CuO@ZnO core/shell to methylene blue dye

Several research studies on the removal of methylene blue dye (MB) in aqueous environ-
ments have demonstrated that due to the electrostatic interaction, this dye can be effectively
trapped on the metal oxide surface (Karavasilis and Tsakiroglou 2022; Hosseini et al. 2022;
Mahanta et al. 2022). As a result, the oxygen atoms of the CuO@ZnO core/shell surface
most likely form negatively charged regions that are able to attract the MB molecule’s posi-
tive areas, facilitating the dye adsorption.

In this section, the essential factors that are responsible for the sensitivity and reactivity
of the investigated structures were examined to acquire more data on the adsorption of the
MB molecule on the dimer CMC/CuO@ZnO surface. HOMO/LUMO energy and TDM
are two essential properties that are widely used to define the chemical reactivity of a sys-
tem (Badry et al. 2022b; Refaat et al. 2019).

Table 5 shows the HOMO/LUMO energy and TDM of the dimer CMC/CuO@ZnO
structure after MB adsorption. Nonetheless, from the bandgap perspective, the HOMO/
LUMO bandgap energy was regarded as a crucial chemical reactivity factor. Small band-
gap energy indicates high reactivity (poor chemical stability), and large bandgap energy
indicates low reactivity (high chemical stability). According to the results shown in
Table 5, MB has a strong interaction with the dimer CMC/CuO@ZnO surface. This is due
to the large decrease in the HOMO/LUMO energy value of MB upon the interaction with
dimer CMC/CuO@ZnO. MB has a HOMO/LUMO energy of 1.822 ¢V and a TDM of
1.646 Debye.

For the adsorption of MB on the dimer CMC/CuO@ZnO surface, the HOMO/LUMO
energy, TDM, and MESP were calculated only for the interaction that proceeds through
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Table 6 Comparison between the HOMO/LUMO band gap energy as (eV) and TDM as Debye of CMC/
CuO@ZnO core/shell and other materials reported in the literature

Structure AE (eV) TDM (Debye) Refs.
CMC/CuO@ZnO core/shell 0.212 64.568 Present work

4 PVA-4PP 1.039 8.118 Badry et al. (2021a)
Cu,Zn O, 1.60 5.75 Albargi et al. (2021)
Cellulose/GO 0.360 28.524 Ezzat et al (2021)
CMC/PVP/CuO 3.185 - Alsheheri et al (2023)

Where, the abbreviations PVA, GO, and PVP are stands for polyvinyl alcohol, graphene oxide, and polyvi-
nylpyrrolidone, respectively

the dimer CMC’s oxygen atom and the core/shell’s zinc atom, i.e., the structure represent-
ing dimer CMC—(P_,,) core/shell. This structure has the highest interaction probability.
Similarly, the sensitivity of dimer CMC/CuO@ZnO surfaces to MB was studied at dif-
ferent interaction sides than that stated in the last section of H,S gas (see Fig. 7). Chang-
ing the interaction side results in changing the values of both HOMO/LUMO energy and
TDM. Where, HOMO/LUMO energy changed to 0.310, 0.340, and 0.038 eV, while TDM
changed to 63.441, 53.833, and 67.606 Debye. According to the findings of Tables 4 and
5, it can be concluded that the adsorption of H,S and MB throughout the oxygen atom of
the core/shell is more probable to occur than other interaction hypotheses since this has a
lower bandgap energy and higher TDM values.

Figure 8 shows the MESP maps as a contour action for MB adsorbed on the dimer
CMC/CuO@ZnO surface. It can be demonstrated that the S and N atoms are the nega-
tively charged adsorbent sites. Figure 7 confirms nucleophilic and electrophilic assaults on
the dimer CMC/ CuO@ZnO core/shell and MB surfaces. The appearance of a light green
color as a result of the strong electrostatic interaction between the dimer CMC/CuO@ZnO
and MB, which refers to a neutrally charged surface, indicates a strong interaction between
them.

Table 6 presents a comparison between the HOMO/LUMO band gap energy as (eV)
and TDM as Debye of the proposed structure of CMC and CMC/CuO@ZnO core/shell
with other materials reported in the literature. The table confirmed that the dimer CMC/
CuO@ZnO core/shell model molecule has the lowest HOMO/LUMO band gap energy
and highest TDM values in comparison with the other models reported in the literature.
Accordingly, the dimer CMC/CuO@ZnO structure is a promising candidate for H,S, NH;,
HBr gases, and MB dye.

3 Conclusion

Toxic gases and dyes like H,S, NH;, HBr, and MB dye are harmful to human health even
at very low concentrations. As a result, reliable detection of multiple low-concentration
gases and dyes is required for environmental monitoring, industrial facilities, automo-
tive, air quality assurance technologies, and many other applications. The B3LYP/Lan-
12dz  model has been used to conduct a theoretical investigation of the effects of the
CuO@ZnO core/ shell on the sensitivity of CMC nanocomposite. TDM, HOMO/LUMO
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energy, and MESPs are estimated for all models of CMC and CuO@ZnO core/shell nano-
composite. In this study, TD-DFT was used to determine the UV—Vis absorption spectra
of CuO, ZnO, and CuO@ZnO core/shell structures. The obtained results for CuO and
ZnO molecules are in good agreement with the experimental results. This confirms that
the Lanl2dz basis set is suitable for studying the optical properties of metal oxides. The
calculated TDM for dimer CMC/ CuO@ZnO structure reached 72.152, 66.644, 73.607,
and 67.606 Debye upon exposure to H,S, NH;, HBr, and MB, respectively, which revealed
the strong interaction between the investigated H,S, NH;, HBr, and MB and dimer CMC/
CuO@ZnO structure. The HOMO/LUMO bandgap energy of the dimer CMC/CuO@ZnO
structure was reduced due to this interaction by 6.42% and 82.57% for H,S and MB dye,
respectively. Because of this, the dimer CMC/CuO@ZnO structure was more vulnerable
to MB dye than to H,S gas. Additionally, MESP maps revealed that the reactivity of dimer
CMC improved strongly due to the interaction with the CuO@ZnO core/shell. The red
and yellow regions extended to the H,S, NH;, HBr, and MB locations, which confirmed
the increased electronegativity of the dimer CMC/CuO@ZnO structure upon the adsorp-
tion of H,S, NH;, HBr, and MB on its surface. According to our current findings about
the changes that have occurred in the electronic properties of the dimer CMC/CuO@ZnO
structure due to the adsorption of H,S, NH;, HBr, and MB, the dimer CMC/CuO@ZnO
structure may be a promising nanomaterial for the detection of H,S, NH;, HBr gases, and
MB dye.
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