Open Access Article. Published on 12 December 2023. Downloaded on 12/9/2025 12:48:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 1119

Received 14th September 2023,
Accepted 11th December 2023

DOI: 10.1039/d3ma00705g

Sensing and conversion of carbon dioxide to
methanol using Ag-decorated zinc
oxide nanocatalyst

Sheraz Ahmad,? Akbar Hussain,® Shabeer Ahmad Mian, {2 *® Gul Rahman, (2°
Shaukat Ali ©2® and Joonkyung Jang () *©

The catalytic hydrogenation of CO, to methanol, which is one of the most important byproducts, has
been studied using density functional theory simulations. The chemisorption of silver (Ag) atoms on the
ZnO nanocage surface significantly narrowed the bandgap from 4.05 to 1.27 eV and altered the overall
optoelectronic and catalytic properties of the nanocage. We introduced a successful two step activation
and conversion of carbon dioxide into methanol and water. The high performance of the Ag-decorated
ZnO catalyst activated the CO, gas owing to its chemisorbed nature. At this stage, three H, molecules
were incorporated to surround the chemisorbed CO, gas, which converted it to methanol (CHzOH) and
water molecules with an enhanced sensitivity of 70%. This demonstrates maximum sensing response up
to 54% at room temperature (300 K), which further lowered the bandgap from 123 to 0.70 eV.
07% s, indicating its
outstanding optical characteristics, strong chemical stability, and high electron mobility. The adsorption
energies of the Ag-decorated and activated CO,-adsorbed ZnO complexes were found to be —1.76, and
—0.28 respectively, indicating a thermodynamically stable configuration. This study focuses on CO,

The calculated recovery time of the Ag-decorated ZnO sensor was 5.06 x 1l

activation, advances the catalytic hydrogenation of CO, to methanol to develop high-performance catalysts

rsc.li/materials-advances

1. Introduction

Global warming and climate change are the most challenging
and serious threats to humanity in the 21st century." The
amount of carbon dioxide (CO,) in the Earth’s atmosphere
has increased by almost 75% owing to the industrial and
transportation revolutions.>* CO, gas enters the Earth’s atmo-
sphere both from natural (volcanic eruptions and respiration)
and anthropogenic activities (incomplete combustion of fossil
fuels in power plants, industries, and transportation and biomass
burning).* Environmental pollutants from different sources
pollute water, air, rivers, and the ecosystem, leaving unsafe
and poor-quality air for breathing.>® This has adverse effects
on the health of inhabitants, rainfall, and the concentration of
solar radiation.””® Excessive CO, levels above 40000 ppm can
cause diseases such as respiratory infections, pulmonary diseases,
heart diseases, and lung cancer.” ">
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with enhanced sensing responses and recovery times, and provides insight into the reaction mechanisms.

Moreover, CO, affects the climatic conditions in two
ways:"*'* It directly absorbs solar rays and heats the Earth’s
atmosphere, and it indirectly prolongs the lifespan of
clouds."'® It is a highly absorbing carbon-containing gas that
contributes to global climate change."”'® The atmospheric
effluents emerge into the Earth’s atmosphere as carbon mon-
oxide owing to the incomplete combustion of gasoline and
fossil fuels in automobiles and various industries."® These
primary effluents interact chemically with existing atmospheric
constituents, resulting in secondary environmental effluents
that lead to global warming.? In fact, in 2022, CO, emissions
from anthropogenic activities reached a new high of approxi-
mately 33.8 billion tons.>" Therefore, converting CO, into some
useful by-products via the reaction of CO, + 3H, — CH3;0H +
H,O to reduce its harmful environmental impact is crucial.?>?
In light of the aforementioned threats posed by CO, gas,
methods must be developed for sensing, monitoring, and
controlling the emission of contaminants polluting the Earth’s
atmosphere. In the last 20 years, researchers have attempted to
develop heterogeneous catalysts for CO, hydrogenation to
methanol as a byproduct.”* Methanol is widely used as a fuel
and is an essential chemical feedstock in the synthesis of
chemicals and fuels.”
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Zinc oxide (ZnO) is one of the materials that can be used as
both a gas sensor and a catalyst to produce useful byproducts.”®
ZnO is a white, water-insoluble n-type inorganic metal oxide
semiconductor with a wide bandgap (3.37 eV) and a large
exciton binding energy (60 meV) at room temperature and
belongs to groups II-VL.>” It is a chemically and thermally
stable material possessing a hexagonal structure with lattice
parameters of @ = b = 3.250 A and ¢ = 5.206 A.>® A good sensor
has good range, precision, repeatability, stability, sensitivity,
and response time.*” It is synthesized in different forms, such
as nanowires, nanotubes, nanosheets, and nanoparticles.*® In this
study, the most favorable and stable semiconductor structure in
the form of a nanocage with the formula (XY), was developed,
where X and Y represent metallic and nonmetallic elements,
respectively, and n represents the number of atoms (12 in this
case).’® Each (XY);, nanocage is a compact octahedron with eight
hexagons and six tetragons and it is one of the most investigated
nanoclusters for gas sensing and heterogeneous catalysis.*>
The (ZnO);, nanocage has attracted considerable interest owing
to its semiconducting, piezoelectric, and pyroelectric properties,
making it suitable for applications in photovoltaic cells, optical
sensitizers, sensors, hydrogen storage, and nanocarriers in
biomedicine.* Pristine nanoclusters exhibit poor interaction with
various gas molecules and are thus ineffective sensors.>* To
address these limitations, a few techniques, such as defect gen-
eration in the nanomaterial framework, impurity atom doping,
surface modification, and decoration, have been developed.**®

Decorating pristine nanocages with transition metals
significantly reduces their resistance and improves their sen-
sing, catalytic, electronic, and optical properties. (ZnO),, is a
typical nanostructure that has been extensively investigated as a
gas sensor owing to its outstanding electrical characteristics,
strong chemical stability, and high electron mobility. It can be
used in biological and environmental applications because of
its superior catalytic activity and high surface-to-volume ratio.
This study aims to investigate the effect of Ag on the electronic
and optical properties of ZnO for the detection and conversion
of CO, into useful chemicals. The bandgap of ZnO was reduced
with Ag decoration, which ultimately enhanced its electronic
conductivity compared to pristine ZnO. The results demon-
strated that silver-decorated ZnO has the potential to detect
CO, gas and can successfully convert it into value-added
methanol, which is used as a fuel in methanol fuel cells.

2. Computational details

In this study, pristine and Ag-decorated ZnO nanoclusters were
explored using DFT employed in Spanish Initiative for Electro-
nic Simulations with Thousands of Atoms (SIESTA).?” First, a
ZnO nanocage with 12 atoms of each element was designed and
optimized using a 3 x 3 x 1 k-point grid. An energy cutoff of
200 Ry and a 6 x 6 x 6 k-point grid were used for the opto-
electronic property calculations.*® For tight convergence, the self-
consistent field and atomic force of 10~° eV and 0.002 eV A%,
respectively, were considered within the conjugate-gradient
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approximation. Evidently, GGA underestimates®® and LDA over-
estimates the bandgap energy,"® whereas the hybrid DFT impro-
perly represents the Coulombic interactions in ‘d’ and certain
other high-energy states in the case of transition metals.**
Therefore, a hybrid DFT with 25% LDA and 75% GGA, along with
the Hubbard parameter (U = 11) for transition metals,>**>~**
considered for the accurate calculations. In addition, all geome-
tries were optimized using GGA with the Revised Perdew-Burke-
Ernzerhof (RPBE) exchange correlation.*> For each atom of the
ZnO nanocage, the pseudo-atomic orbital (PAO) basis set was
used, followed by the double zeta potential (DZP).*”*®

was

3. Results and discussion

3.1. Geometrical analysis of pristine and Ag-decorated ZnO
nanocages

The zinc oxide nanocage, consisting of 24 atoms and forming a
compact octahedron with eight hexagons and six tetragons, was
investigated using DFT. Two distinct Zn-O bond lengths inside
the nanoclusters were observed: a bond length of 1.901 A
between the two hexagon rings and 1.972 A between a tetragon
and a hexagon ring, which is in agreement with the experi-
mental ZnO nanocluster bonds.***” The angles of the four- and
six-membered rings of the (ZnO),, nanocage varied from
90.907° to 87.043° and 126.043° to 107.847°, respectively. At
the center of the tetragonal ring of the (ZnO),,, Ag atoms were
adsorbed, indicating the most stable (ZnO);,/Ag structure, as
shown in Fig. 1(b). The chemisorbed Ag atom formed two strong,
distinct bonds with the Zn atom with bond lengths of 2.667 and
2.650 A (Fig. (1b)), which are consistent with the literature
results.*®*® The adsorption energy of the Ag-decorated (ZnO);,
nanocage was ~—1.76 eV, indicating an exothermic process.*’
Due to the instability in the HOMO level of ZnO, Ag adsorption
significantly narrowed the bandgap energy (E,) of pristine ZnO
from 4.05 to 1.27 eV, as depicted in Table 1.

CO, is a highly stable molecule with strong C=0O bonds
(bond energy of 7.8 eV) compared to C-C (3.48 eV) and C-O
(3.38 eV); hence, its reduction is very challenging. Breaking the
C=O0 bond during photocatalytic reduction requires a signifi-
cant amount of energy. Herein, using Ag as a catalyst, CO, was
activated and efficiently converted to methanol and water. The
angle of O—C=O0 drastically changed, and one C=0 double
bond of the activated CO, converted to a single C-O bond.
Subsequently, the activated CO, was hydrogenated, resulting in
the targeted products, i.e., methanol and water (Fig. 1(c)), with
C—O0 stretched from 0.029¢ to 8.862 A in the adsorbed state.
The adsorption of CO, molecules on the Ag-decorated ZnO
surface was investigated using the parallel orientation of the
CO, molecules, and strong adsorption was observed.”””° The
CO, adsorption reduced the angle from 180° to 162.28° and one
double bond to a single bond, as shown in Fig. 1c. Further-
more, the CO, adsorption on the Ag-decorated ZnO lengthened
the bond between Ag and the surface from 2.667 and
2.65 to 2.719 and 2.694 A, respectively. This indicates that
CO, attempted to extract Ag atoms from the ZnO surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Optimized geometry of (a) pristine, (b) Ag-decorated ZnO (top
view), (c) CO,-adsorbed Ag-decorated ZnO nanoclusters, and (d) bypro-
duct (methanol + H,0).

Table 1 Bandgap energy (Eg), adsorption energy (E,q €V), and sensitivity
(S) of the pristine, Ag-decorated, and CO,-adsorbed ZnO derivatives

Material E.q Erumo  Euomo  Eg Sensitivity %
ZnO 1.92 —2.13 4.05 —
ZnO/CO, — 1.28 —2.85 4.13 —
ZnO + Ag —-1.76 1.28 0.01 1.27 —
AgZnO + CO, —0.28 1.23 —0.00 1.23 70
AgZnOCO, + 3H, —0.061 0.75 0.05 0.70 —

Additionally, the binding energy of CO, with the Ag-decorated
ZnO nanocage confirmed CO, activation. The negative adsorp-
tion energy E,q of —0.28 eV validates the thermodynamic
favorability of adsorption, which is consistent with the findings
of Sikam et al.>*>!

The conversion of CO, into methanol (CH;OH) is in high
industrial demand because it is a clean and sustainable energy
source that can meet the increasing energy demands. To
achieve this, we surrounded activated CO, with three H,
molecules and observed their interactions. The three H, mole-
cules were found to strongly interact with the activated CO, and
form CH;OH and H,O, which were successfully detached from
the catalyst (Ag-decorated ZnO) via the chemical reaction:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CO, + 6e” + 6H" — CH;0H + H,0 (Fig. 1(d)).
The desorption/formation energy®>* of the product metha-
nol (CH30H) is calculated to be —2.23 eV, which is more
negative than that of the previously reported studies,® thus
indicating an exothermic reaction and the superiority of the
ZnO nanocage for methanol production.

The iterative optimizations of both the pure and Ag-decorated
ZnO nanocages in terms of energy and cell volume are shown in
Fig. 2(a) and (b). Optimization of the complete reaction revealed
that the variation in the cell volume and energy of both compo-
sitions attained the ground state with the minimum optimized
energy and geometric stability. The volume expansion of the
(ZnO);, nanocage® caused by Ag adsorption is shown in
Fig. 2(b). The system tends to minimize its free energy to reach
the maximum possible stable state.’® The addition of further
reactants into the system resulted in a more negative value of
free energy, suggesting a stronger contact between the activated
CO, complex and the three H, molecules. This implies that the
activated CO, reacted with H, gas on the nanocage surface and
finally detached from the surface after the formation of metha-
nol and water molecules, resulting in cell volume contraction, as
shown in Fig. 2(c) and (d).

3.2. Calculation of adsorption energy of the CO, and complex

The adsorption energy for the complete reaction pathway
involving the ZnO nanocage, silver, CO,, adsorption, and H,
gas interaction with activated CO, is described by the following
equation:*®

Epd = Eznoagco,+3n, — Eznoagco, — Esn, »

Where Eznoagco,+3n, corresponds to the energy of the Ag-
decorated ZnO nanocage on which the CO, molecule was
activated in the presence of H, gas. The negative adsorption
energy indicates an exothermic reaction,”” and the catalytic role
of Ag-decorated ZnO. Therefore, AgZnO plays a catalytic role in
CO, adsorption.>® The adsorption energies for the Ag-decorated
ZnO and CO, adsorbed AgZnO were found to be —1.76, and
—0.28 eV, while the desorption energy of the CH;OH was
calculated to be —2.23 eV, respectively. Higher negative adsorp-
tion energy values (shown in Table 1) indicate stronger
stability.”®

3.3. Molecular orbitals analysis

The energy bandgap (E,) is determined by the energy difference
using eqn (2),°*®" which provides information about the kinetic
stability and chemical reactivity of the system. A molecule with
a smaller energy gap is more polarizable and typically has high
chemical reactivity and low kinetic stability.®

Eg = Erumo — Enomo (2)

where Erumo and Epomo are the energies of the HOMO
and LUMO.

The electronic band structures of all the reactants are shown
in Fig. 2(a)-(d) The E, of 4.05 eV for pure ZnO (Fig. 2(a)) agreed
well with previously reported theoretical results.*>*** CO,

Mater. Adv,, 2024, 5,1M9-1129 | 1121


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00705g

Open Access Article. Published on 12 December 2023. Downloaded on 12/9/2025 12:48:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
960 143>
[ b) ZnO-+A;
oss (a) ZnO 1430 | ®) ZnO+Ae
956 e 3
< e e 1425
T 24T g 1420
E 952 g
3 sl E 1415 |
3 o4 S 1410
946 -
1405
944
o2 [ @ 1400 [
-23300.75 (@) ZnO 242819 (b) ZnO+Ag
-23300.80 242820 |
% -23300.85 2 242821 [
%
& 23300.90 a2l
5
3 -23300.95 §-z4zsz.3 -
o =
E -23301.00 § -24282.4 -
2330105 = 2ms2s|
2330110 242826
2330115 ) \ ) | 242827 b, 1 , , n | rd
0 10 15 20 0 5 10 i5 20 25 30
Number of Iterations Number of Iterations
144z
1440 | (¢) ZnOAg+CO, 14001
~1438 L
o
5 1436 o
g 14341 (d) ZnOAgCO,+3H
L nOAg 3
Zunf 22
Zasof L
28t
1426 | [
1424 r
42| L
A L \ / A . A
-25306.8
~ -25306.9 [ = (d) ZnOAgCO,+3H
3 % -25390 e
& 25307.0 &
] ]
a a
g -25307.1 | P
8 g
z 2
-25307.2
T3 510 15 20 25 30 35 40 45 50 5 (0 3 00 - 150 200 750 300
Number of Iterations Number of Iterations
Fig. 2 (a)-(d) Plots of free energy and volume vs. the number of iterations for the complete reaction pathway involving pure and Ag-decorated ZnO nanocages.

adsorption on the pristine nanocage exhibited a negligible
impact on the bandgap of the nanocage; therefore, its sensing
response towards CO, was very poor. Initially, we placed CO, on
the pristine ZnO nanocage at 2.6 A distance; however, after
optimization, the distance increased, indicating the inert nat-
ure of the ZnO nanocage towards CO, (Fig. 3(a)). The E,
increased from 4.05 to 4.13 eV (Table 1), confirming that CO,
gas sensing using a pristine ZnO nanocage is not possible.
Adsorption of the Ag on the pristine nanocage reduced the
E, value from 4.05 to 1.27 eV, indicating improved conductivity.
The positions of the Eyomo and Eppmo levels of the Ag-decorated
ZnO nanocage demonstrated its reduction capability. Furthermore,
the CO, adsorption altered the E, to the lower infrared and visible
regions, as shown in Fig. 4(c). Moreover, the impact of H, mole-
cules on the electronic properties of the nanocage was investigated.
H, was found to narrow the bandgap to 0.70 eV (Fig. 4(d)), owing to
the generation of intermediate energy states near the Fermi level.
Fig. 5 shows the projected density of states (PDOS) for all the
ZnO compositions. In pristine ZnO, the Epymo was mostly
composed of O-2p orbitals, followed by Zn-3d, whereas the
FEnomo was dominated by Zn-4s and O-2p. Similarly, the valence
band of the Ag-incorporated ZnO nanocage was dominated by
the Ag-5s states compared to Zn-4s and O-2p, which are very

122 | Mater. Adv, 2024, 5, 1119-1129

close to the Fermi line (Fig. 5(b)). The highly occupied energy
levels resulted in enhanced optical properties of the material
and a drastic transition of electrons from the valence band to
the conduction band.>

Fig. 5(c) shows the PDOS of the AgZnOCO, complex with
newly occupied states formed inside the E, of AgZnO because of
the contribution of the O-2s and O-2p states. Furthermore, the
addition of the three H, molecules to the pre-adsorbed CO,
complex weakened the O-O bond and led to methanol formation
owing to the overlapping of the H-1s, O-2s, and C-2s states. The
binding energies of the final products, viz., methanol, water, and
Ag-decorated ZnO, indicated that the reaction was favorable at
room temperature. The PDOS plots for all configurations shown
in Fig. 5(a)-(d) confirmed the sensitivity of CO, towards the Ag-
decorated nanocage by reducing the E, value, thereby signifi-
cantly enhancing the conductivity. Therefore, the Ag-decorated
ZnO nanocage has the potential to convert CO, gas directly into
electrical signals and can therefore be used in CO, sensors.*

3.4. Sensitivity of the Ag-decorated ZnO nanocage

The sensitivity is defined as the ratio between the difference in
the bandgap of Ag-decorated ZnO (Eg;) and the CO, adsorbed
on it (Eg,).*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Because there is a relationship between E, and electrical con-
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sensitivity of the ZnO towards CO, gas was estimated
to be approximately 2%, which was very low. However, after
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decorating Ag on the nanocage surface, its sensitivity signifi-
cantly increased to 70%. Table 1 lists the calculated values of
sensitivity of various ZnO derivatives towards CO,.*>°"

3.5. Conductivity of the Ag-decorated ZnO nanocage

Variations in the bandgap change the conductivity of the
material.®* Our calculations revealed that the pure ZnO nanoc-
age exhibited poor conductivity. The decoration of ZnO with Ag
markedly enhanced its conductivity, as shown in Table 2. The
pristine ZnO nanocage did not interact with CO, (Fig. 3(a)). The
conductivities (o) of the pure and Ag-decorated ZnO nanocages
were calculated using eqn (4) and (5):**

o oc exp(—Ey/2kT) (4)
0 = AT exp(—E4/2kT) (5)

where A (electrons m~> K~*?) is a constant, and k is the
Boltzmann constant. According to eqn (4), ¢ is inversely pro-
portional to the bandgap (Eg) of the material. Thus, the Ag-
decorated ZnO nanocage may transmit an electrical signal in
the presence of CO, molecules in the environment where it is
installed.

Experimentally, Han et al. demonstrated that in the absence
of transition metals, the trend in conductivity, sensing
response, and recovery time of the nanocage towards CO, gas
was extremely low compared to the silver-decorated (ZnO)
nanocage. This result was theoretically verified in this study
at various temperatures listed in Table 2.°%°°

The sensing response can be expressed by eqn (6).

1 1

Ogas  Opure| _ |Opure — Ogas

SR% =

(6)

Ogas

Opure

where SR represents a sensing response, opyre is the conductiv-
ity of the pure ZnO nanocage, and o, is the conductivity of the
gas adsorbed on the ZnO nanocage (Q m) .

The adsorption of Ag on the ZnO surface greatly improved
its conductivity compared to that of the bare nanocage at
temperatures ranging from room temperature to high tempera-
tures (Table 2).°® As previously explored® and supported by our
findings (Table 1), the bandgap of Ag-decorated ZnO further
altered E, after the adsorption of CO, gas on the ZnO surface.
Gas molecule detection on a pristine ZnO surface was in a very
depressed mode.

Table 2 Sensing response (SR%) recovery time after adsorption of CO, on
an Ag-decorated ZnO nanocage at various temperatures (K)

System Temperature Sensing response Recovery time

ZnOAg + CO, 300 —54 5.06 x 107
320 —51.6 2.60 x 107
340 —49.5 1.41 x 107
360 —47.5 8.31 x 107
380 —45.7 5.17 x 107 *°
400 —44 3.37 x 107

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.6. Recovery time of the Ag-decorated ZnO nanocage

The time required by the sensor to return to its baseline or
original position can be calculated using eqn (7):*°

T =V, "exp(—Eaa/kT) (7)

where V,, T, and k represent the attempt frequency, tempera-
ture, and Boltzmann constant (8.61 x 10~ °° eV), respectively.
The calculated recovery time of CO, adsorption on the surface
of the pristine and Ag-decorated ZnO nanocages is listed in
Table 2.

The ZnOAgCO, + 3H, complex demonstrated that the three
H, molecules combine with the previously chemisorbed CO,
gas by weakening and breaking the C=O double bond under
the catalytic effect of the Ag-decorated ZnO nanocage to
generate the useful product, methanol (CH;OH), which is a
renewable energy source for the following reaction:

CO, + 3H, —» CH;0H + H,0

3.7. Optical absorption and conductivity of the Ag-decorated
Zn0O nanocage

The pristine (ZnO);, nanocage exhibited absorption at 4.05 eV
in the ultraviolet region, which is consistent with the experi-
mental data®® and correlates with maximal absorption occur-
ring in the ultraviolet portion of the solar spectrum at an
incident photon energy of 4.3 eV (~289 nm) (Fig. 6). After Ag
adsorption, the optical mobility of the (ZnO) nanocage was
enhanced. Bandgap engineering (surface modification by Ag)
facilitated the nanoclusters to absorb more visible light, boost-
ing electron-hole pair production for photocatalytic activity
while reducing their recombination. The electromagnetic
absorption spectrum was further improved when CO, and H,
gas molecules were absorbed by the Ag-decorated ZnO nano-
cage, as shown in Fig. 6. Kumar et al. reported that a transition-

0.6r o Zn0
—0— ZnO+Ag
0.5-| —9—Zn0Ag+CO,
—
',F: —0—Zn0AgCOy+3H,
20.4
w
(=]
—
3
o 0.3
£
&
20.2
=
<
0.1
0.0 o AIIIIIIIIINIIIIIIIIIN
1 2 3 4 5

Energy (eV)

Fig. 6 Absorption spectra of Ag-decorated ZnO nanocages after CO, and
complex adsorption using the Hybrid DFT+U technique.
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metal-decorated ZnO nanocage exhibits a maximum response
at 323 K.*>®° Moreover, it exhibits a greenhouse effect because
it absorbs infrared (IR) radiation from the Earth’s surface.”®”*
Fig. 6 shows that CO, absorption is exceptionally high because
of its massive emissions owing to the modern living standards
of human beings.”

Fig. 7 shows the optical conductivities of all compositions.
The conductivity of the pristine material is in accordance with
the absorption spectrum. Upon Ag incorporation, when the
photon energies exceeded 0.78 eV, optical conductivity was
found to be dominant. After 3.44 eV, optical conductivity
decreased gradually. Charge transfer from the valence band
to the conduction band was accompanied by a sharp absorp-
tion peak at 360 nm, as verified by Bae et al.”® Visible light-
induced photocatalysis is particularly effective in the presence
of carbon because it drives photoexcited electrons on the
catalyst surface, separates photoelectrons and holes, and
decreases the rate of electron-hole recombination.”* Under
visible-light irradiation, the Ag-decorated ZnO nanocage exhib-
ited greater photocatalytic absorption, optical conductivity
activity, and the highest efficiency compared to the pristine
ZnO nanocage. Moreover, the CO, and complex adsorbed on
the Ag-decorated (ZnO) exhibited improved photoconductivity
in the visible-to-ultraviolet region. This was attributed to a
redshift in band energy and absorption in the broad solar
spectrum (360-1589 nm).

3.8. Quantum molecular description

Table 3 summarizes the quantum chemical properties of the
pristine, Ag-decorated, and CO,-adsorbed ZnO nanocage com-
plexes, which provide information about the chemical reactivity
of the gas molecules. The chemical behavior of the investigated

gas complexes can be predicted using these properties.”>”®
Tonization energy (IE) = —Eyomo (8
Electron affinity (Ea) = —Epymo 9)

—0—ZnO
|| —@—ZnO+Ag
—0—ZnOAg+CO,

|| —9—ZnOAgCO,+3H,

0 T 2 3 4 5
Energy (eV)

Fig. 7 Optical conductivities of Ag-decorated ZnO nanocages after CO,
and complex adsorption using the hybrid DFT+U technique.
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Table 3 Calculated values of electron affinity, ionization potential, Mulli-
ken electronegativity, chemical potential, chemical hardness, chemical
softness, electrophilicity index, and charge transfer for the pristine and
CO,-adsorbed ZnO complex

ZnO ZnOAg ZnOAgCO,
Chemical properties ZnO + Ag + CO, + 3H,
Tonization energy I (eV) 2.13  —0.01 0.0092  —0.05
Electron affinity A -1.92 —-1.28 —1.24 —0.75
Chemical hardness 7 2.03 0.64 0.62 0.35
Chemical softness s (eV) " 0.25 0.79 0.80 1.43
Electronegativity y (eV) 0.10 —0.65 —0.61 —0.40
Chemical potential u (eV) —0.10 0.65 0.61 0.40
Electrophilic index w (eV) 0.01 0.13 0.11 0.03
Charge transfer (AN) — —-0.59 —0.51 —0.30

In a chemical process, electronegativity (i) refers to the degree
to which an element tends to gain electrons and form negative
ions,”” expressed as:

IE + Ea
. (10
Chemical potential (u) refers to an electron’s tendency to

escape from an equilibrium condition, expressed as:

(11)

Chemical hardness (1) refers to the degree to which a chemical
species endures changes in its electronic structure. A change in
the chemical hardness, whether positive or negative, affects the
stability and reactivity given by the equation.

(IE — Ea)

[ — (12)

H==x

Similarly, the reciprocal of chemical hardness (), known as
chemical softness (S), is used to assess the degree of chemical
reactivity and depicts an atom or a group of atoms receiving
electrons.

S=—

> (13)

The electrophilicity index (w) can be used to calculate molecule
reactivity.”®

(14)

The amount of charge transfer between the CO, and ZnO
nanocages can be obtained as follows:

AN — 1 « (:ugas - :uzno)

2 (ngas - nzno>

An increase in the higher negative values of AN indicates
charge transfer from the (ZnO);, nanocage to CO, and the
complex,”® as shown in Table 3. The negative value of AN
affirms that ZnO serves as an electron donor.*® The negative
ionization energy of the CO, complex was significantly lower
than the positive ionization energy of the CO, molecules
adsorbed on the surface of the ZnO nanocage, indicating that
the complex required more energy than the CO, molecule to

(15)
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become a cation. The higher negative electron affinity of the
CO,-adsorbed complex”® affirmed that it is highly reactive
towards electron attraction and releases energy. After the
adsorption of CO, and the complex on ZnO, the chemical
hardness decreased, whereas the chemical softness of the
nanocluster material increased. A decrease in hardness
indicates a small bandgap value of the nanomaterial, which
reduced the species resistance to losing electrons. The adsorp-
tion of CO, onto the nanocage surface resulted in the softening
of ZnO. Negative Mulliken electronegativity values indicate the
polar nature of the resulting product. This is supported by the
lower hardness values, increased softness, and higher electro-
philicity index data in Table 3.7>%'

4. Conclusion

The structural, adsorption, and optoelectronic properties of the
Ag-doped ZnO nanocage in the presence of CO, and H, gases
were systematically investigated using DFT. The Ag atom was
adsorbed at the most energetically favorable position, leading
to a smaller energy gap and higher conductivity. The electronic
properties of the Ag-decorated ZnO were activated by CO,.
A useful byproduct, methanol in (one step), was formed after
placing three H, molecules in the chemisorbed CO, composi-
tion. Furthermore, the more negative adsorption energies
(—1.76, —0.28, and desorption energy —2.23 eV) increased the
sensitivity of the nanocage from 2% to 70% in a short span of
time. At 300 K, Ag-decorated (ZnO),, exhibited a maximum
sensing response of 54% with a recovery time of 5.06 x 10”°°s.
Moreover, temperature changes caused variations in the sen-
sing response. Higher temperatures (330-340 K) did not signifi-
cantly affect the sensing response but significantly improved
the recovery time of the CO, gas. Our findings provide useful
insights into the fabrication of the novel ZnO-based nanocata-
lyst for CO, activation and conversion to valuable compounds
such as methanol.
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