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Synergistic effects of Ag/g-CsN4-incorporated
bi-metallic ZnTi-LDH in CO, photoreduction
to hydrocarbonst

Jijoe Samuel Prabagar,?® C. Ashajyothi,© Arpan Kumar Tripathi,®
Peter R. Makgwane,® Akhtar Rasool, (29 Mohammed H Alqarni,‘h Ahmed |. Foudah,”
Dong-Kwon Lim {2 and Harikaranahalli Puttaiah Shivaraju ) **'

Coupling solar energy with photocatalytic processes offers a viable route to address environmental
challenges such as pollution remediation and CO, reduction. The strategic construction of hetero-
junctions enhances charge separation efficiency, thereby improving photocatalytic performance. Herein,
a bi-metallic ZnTi-LDH/Ag/g-C3N,4 heterojunction photocatalyst was rationally engineered to facilitate
the photoreduction of CO, into value-added hydrocarbon compounds, offering potential utility across
energy, chemical, and environmental sectors. The distinctive peaks in the XRD patterns, along with the
elemental interactions analyzed through XPS and surface atomic ratio calculations based on the XPS
results, further established the successful formation of ZnTi-LDH-Ag/gCsN4. The composite exhibited
an absorbance range within the spectrum window of 400-500 nm with a narrow bandgap of 2.13 eV,
indicating its potential for photocatalysis in the visible light region. PL spectra suggested that the inter-
face has the potential to suppress electron—hole recombination compared to pristine ZnTi-LDH and
Ag/gCsN,4. The photoreduction studies of CO, using this interface composite demonstrated the
successful generation of 36.66 mmol L™t of CHsOH and 10.86 mmol L™* of HCOOH. Notably, the
selectivity of CHsOH was 91.01% compared to 8.99% of HCOOH. The stability and recyclability test
revealed consistent generation of CHsOH and HCOOH over three cyclic runs without alteration in the
interface structures. The engineered photocatalyst composite demonstrates strong activity for visible-
light-driven CO, conversion into valuable hydrocarbons, underscoring solar energy as a viable route for
both carbon mitigation and sustainable resource synthesis.

1. Introduction
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The emission of carbon dioxide (CO,) significantly disrupts
the equilibrium level of the carbon cycle within the natural
environment, resulting in severe ecological issues, notably the
greenhouse effect." A report by the “Global Carbon Budget”
stated that in 2023, global CO, emissions reached 36.8 billion
tons, which is 1.1% higher than that in the preceding year. This
highlights the immediate and eventual exhaustion of fossil
fuels, which serve as the primary energy source for humanity,
and the significant amount of CO, emissions associated with
them. Potential CO, capture and transformation into hydro-
carbon fuels has emerged as a significant area of interest in
scientific research owing to its potential to offer a dual solution
for the increasing CO, levels and the energy crisis.> Photo-
catalytic CO, reduction involves the direct transformation of
CO, gas in an aqueous medium into value-added hydrocarbons
by employing solar energy as the sole energy source.” This
conversion process, discovered by Inoue et al, has received
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considerable attention from energy and environmental resear-
chers.* Despite the identification of various effective photo-
catalysts for CO, reduction, their limited selectivity towards
desired products hinders their widespread implementation and
practical applications.>® Therefore, several techniques have
been developed to produce a specifically tailored photocatalyst
that can effectively respond to the visible light range.””® These
techniques incorporate ion doping, reformation of precious
metals, and construction of heterojunctions.”'® Hydrotalcite-
identical compounds, such as the well-recognized layered dou-
ble hydroxides (LDHs), exhibit well-defined layered structures
and unique functionalities. LDHs are represented by a common
formula [M>";_,M>*",(OH),] [A" x/n-H,0], where M** denotes
divalent cations and M** denotes trivalent cations."" Recently,
LDHs have gained importance as a substantial group of photo-
catalysts and are widely investigated for their potential in
the degradation of aquatic pollutants through the oxidation
separation of water molecules, as well as in CO, reduction.'>™**
Intrinsically, they are considered a capable alternative to
conventional titanium dioxide (TiO,) photocatalysts.’® Subse-
quently, there has been considerable focus on the assessment
and construction of innovative LDH-based photocatalysts that
demonstrate visible-light reactions within this specific area of
research. Current research suggests that the incorporation of Ti
into LDHs via doping can significantly enhance their catalytic
capabilities.'®'” Studies have supported that LDHs containing
zinc titanium demonstrate excellent photocatalytic activity
when compared to conventional pristine TiO, and zinc oxide
(zn0)."*® For instance, Kumar et al. synthesized a novel cobalt
aluminium-LDHs onto TiO, to study CO, reduction, which
demonstrated an enhanced photoreduction reaction compared
to pristine TiO,."

The widely studied graphitic carbon nitride (gC;N,) is a
favourable photocatalyst offering a compelling alternative to
traditional metal-based photocatalysts for numerous environ-
mental applications.® This can be attributed to the notable
properties of gCsN,, which include enhanced physicochemical
properties, a narrow bandgap, an adaptable electronic configu-
ration, economical, low toxicity, as well as proper energy states
at the upper and lower limits of the bandgap that permit
effective water splitting and CO, photoreduction.?’>* Regard-
less of its potential, various challenges and restrictions still
remain for the practical application of pure gC;N,. These
include quick electron-hole pair recombination, restricted
surface-to-volume ratio, and inefficient use of light energy.”*
Combining gC;N, with other photocatalysts to create a hetero-
junction is a valuable method for enhancing the photocarrier
separation generated during photocatalytic reactions.>>?¢

One of the most promising methods to suppress the recom-
bination of photogenerated charge carriers is the creation of a
heterojunction catalyst by merging dualistic dissimilar photo-
catalysts with appropriate band edge energies.>” For instance,
in our previous studies, we reported that coupling mixed metal
oxides derived from LDH with gC;N, displayed enhanced
photoreduction efficiency of nitrogen to ammonia.>® The advance-
ment of effective and durable photocatalysts for CO, reduction is a
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significant challenge due to the complex reaction mechanism
involved in this process. Despite considerable progress in this
area, achieving high photocatalytic efficiency in the conversion
of valuable CO, resources without using a sacrificial agent
continues to pose a significant challenge in the field of
research.>® The major limitation is the slow redox chemistry
involved in CO, reduction, which requires multiple electron
transfer steps.*’

To further enhance the photocatalytic reaction, a multi-
lateral heterojunction system incorporating a noble metal can
be utilized.*" This system typically consists of a photocatalyst, a
noble metal co-catalyst, and a second material that assists as
an electron facilitator between the photocatalyst and the co-
catalyst.>® The photocatalytic materials absorb photons and
then generate hole pairs; interfaced co-catalysts, such as noble
metals, supply potential sites for efficient separation and
transformation of charge carriers.”® The photocatalytic material
acts as an electron facilitator to aid the electron transport from
the core catalyst to the co-catalyst. The incorporation of noble
metals, including gold, silver, etc., into the system has demon-
strated that the efficiency of visible light absorption by photo-
catalysts and overall efficiency can be enhanced through
the influence of surface plasmon resonance (SPR) induced by
noble metals.**** When the noble metal nanoparticles absorb
photons, they produce cooperative oscillations of conduction
electrons known as plasmons.>* The plasmons can interact
with the incident light and enhance the absorption of photons,
spreading the absorption range of the catalyst into the visible
spectral band. Moreover, the presence of noble-metallic ele-
ments can act as electron traps, enabling the charge transfer
process between the photocatalysts. It apparently enhances the
separation and mobility of photon-generated charge carriers
while limiting the recombination rate, thereby leading to an
increase in photocatalytic efficiency. Silver is a better choice in
this case compared to other noble metals as it possesses an
extended electronic lifetime and is also cost-effective.®® Silver
exhibits lower ohmic losses in the frequency range of visible
light, which results in a better availability of light energy for
plasmonic excitation and less heat loss, resulting in a better
SPR response.

In this study, bimetallic zinc-titanium layered double hydro-
xide (ZnTi LDH) with gC;N, and silver (Ag) was synthesized via
a hydrothermal technique, light-assisted deposition and self-
assembly process. Advanced characterization techniques were
employed to investigate the properties and functionalities of the
synthesized interfaced catalysts, which were analyzed in detail for
optimized use in photocatalysis. The synthesized photocatalyst
interface composite is capable of effectively utilizing visible light
energy for desired photocatalytic reactions. This is evidenced
by the photoreduction performance evaluation of CO, conducted
under a light-emitting diode (LED) source, which only allows
visible light. Based on our understanding, this is the initial
documentation on employing the layered interface of gC;N,
nanosheets with Ag and ZnTi-LDH for the photochemical trans-
formation of CO, into hydrocarbons driven by an LED light source
(visible spectrum) as a potential energy source.
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2. Methodology

2.1. Fabrication of ZnTi LDH, g-C;N,, Ag/gC3;N, and ZnTi

Titanium tetrachloride (TiCl,) was mixed with zinc dinitrate
hexahydrate (Zn (NOs), 6H,0) using deionized water in a
beaker, and then urea was introduced into the mixture with
continuous agitation until it dissolved completely. Urea acts as
a slow-releasing agent and increases the pH through hydrolysis,
enabling controlled co-precipitation of ZnTi LDH. The obtained
mixture was aged at 130 °C using a hydrothermal autoclave with
Teflon liners for 48 h to allow the precipitation of the ZnTi LDH
precursor. After the ageing process, the precipitate was sepa-
rated via filtration and washed continuously under a deionized
water flow. Finally, the ZnTi LDH precursor was dried at room
temperature and then in a hot air oven at 60 °C. This precursor
was further processed to form the desired ZnTi LDH material
for various applications, and the synthesis scheme is shown in
Fig. 1(a). gC3N, was synthesized by calcining a specific amount
of pure urea in a crucible at 500 °C for three hours (Fig. 1(b)).
The resultant product obtained was a yellow powder of gC;N,,
which was then carefully collected and cooled to room tem-
perature, then ground into a fine powder for its planned usage.

The fabrication of Ag/gC;N, powder is discussed and illu-
strated in Fig. 1(c). The initial step involved dissolving the
g¢C3N, powder in a solvent mixture of ethanol and water, which
was then ultrasonicated for 30 min. This ensures that the gC;N,
particles are uniformly dissolved in the solvent. Next, a speci-
fied amount of AgNO; solution was added to the suspension,
and the mixture was illuminated with an LED lamp (30 W,
128 amp, ~3000 lm) for 30 min while being constantly
agitated. This process was likely a photocatalytic reaction,
where the gC;N, particles act as a catalyst, and the AgNO;
serves as a precursor for the generation of Ag. After the reaction
was accomplished, the subsequent precipitate was separated
from the mixture by centrifugation and washed thoroughly.
Lastly, the precipitate was dried at room temperature, followed
by heating in a dust-free hot air oven at 60 °C to attain the final
product.

Finally, ZnTi-LDH/gC;N,/Ag integration was achieved through
a self-assembly technique, following a previous report with slight
modification.?* This involves the blending of two colloidal solu-
tions independently prepared from ZnTi LDH and Ag/gC;N,
powder in deionized water. The blend was then stirred for 24 h
to allow for a thorough self-assembly process. Self-assembly
implies the process by which the distinct element of a material
spontaneously assembles into a distinct structure. After the self-
assembly reaction is accomplished, the subsequent solid material
is separated from the mixture through centrifugation. The
obtained material is then washed to remove any residual con-
tamination and dried at 60 °C using a hot air oven to attain the
final ZnTi-LDH/gC3;N,/Ag composite.

Several characterization techniques were employed to deter-
mine the chemical, physical, and other intrinsic characteristics
of the catalyst. To examine the morphology of the interfaced
catalytic composite, a scanning electron microscope equipped
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Fig. 1 Graphical representation of the synthesis of (a) ZnTi LDH precur-

sors, (b) gCsNg4 (c) Ag/gCsN4 and (d) ZnTi-LDH/gC3N4/Ag interface
composite.

with a field emission analyzer (JEOL JSM-7100F plus) and
accompanied by elemental analysis using EDX (Zeiss EVO LS
15) was used. Powder X-ray diffraction (XRD) analysis was con-
ducted to study the crystallography of the catalyst with Cu-Ko
radiation at a wavelength of 0.154 nm on a Microstar Proteum
8 (Bruker). Elemental interaction was observed using XPS with
a PHI 5000 VersaProbe III system. Structural elucidation and
functional arrangement were investigated using FTIR spectro-
scopy performed on a Bruker Alpha-200619 spectrometer with
KBr and scanning in the range of 4000-400 cm . The absorp-
tion spectra were recorded using an Agilent Cary 60 UV-vis
spectrometer, whereas photoluminescence (PL) data were
obtained using a Horiba Jobin Yvon FL-1039/40 spectrofluo-
rometer. Photo-electro-chemical properties, CV-cyclic voltam-
metry and EIS-electrochemical impedance spectroscopy were
studied using a Metrohm Autolab tool (CH Instrument, USA).

2.2. Photoreduction of CO,

The experiment aims to convert CO, into hydrocarbons using
a photocatalysis method. The photochemical reaction was
performed in a three-mouthed photoreactor using a known

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quantity of the synthesized catalyst dispersed in a 0.025 M
sodium hydroxide solution in an aqueous medium. The pH of
the solution was maintained at 7 during the experiment, and
CO, was bubbled till saturation. The reaction mixture was then
subjected to a light source from a 30 W LED lamp (placed
~15 cm above the reaction mixture) with a current of 128 mA
and a brightness of around 3000 lumens. The reaction was
controlled for 4 hours, with the reaction temperature main-
tained at a low level by an external cold-water flow. After the
reaction was complete, the hydrocarbons produced were exam-
ined using LC-MS-MS (Agilent, US) in positive ion mode. This
analytical method facilitated the identification and quantifica-
tion of the produced hydrocarbon.

3. Results and discussions

3.1. Material characterization

Fig. 2(a) illustrates the XRD pattern of the synthesized catalysts.
The XRD peak of Ag/gC;N, displayed a peak at a 26 angle of
27.43°, which corresponds to a particular crystal plane of (002)
assigned to the material gC;N, (JCPDS no. 87-1526).>%%
However, no distinctive peaks of Ag are observed on the XRD
data of Ag/gC;N,, which suggests the minimal filling dose and
enhanced diffusion of Ag in the amalgamate.*® The pristine
ZnTi LDH spectrum is consistent with the previously reported
literature. The peaks at 12.92°, 25.36°, and 38.68° can be
assigned to the (003), (006), and (015) planes of the ZnTi LDH
phase, respectively (JCPDS no. 20-1437).°>° The ZnTi LDH/
gC3N,/Ag composite contains multiple phases. The peak at
12.83° corresponds to the (003) plane of the ZnTi LDH
phase.*’ Comparing the XRD pattern of the ZnTi LDH/gC3N,/
Ag composite to that of the pristine ZnTi LDH, it appears that
the addition of gC;N, and Ag has no influence on the LDH
structure, which is confirmed by calculating the basal (003)
spacing of the pristine LDH at 12.83°, exhibiting a d-spacing of

View Article Online
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0.382 nm, whereas the composite also exhibits a similar d-
spacing of 0.384 nm.**

The functional group entities of the engineered catalyst were
determined from the FTIR spectra (Fig. 2(b)). FTIR spectrum of
Ag/gC;N, displays a broad peak around 3200 cm ™, suggesting
the N-H stretching.”® The stretching vibrations of C=N are
assigned to the bands observed at 1561 and 1632 cm™'. The
cluster of absorption bands from 1256 to 1420 cm™* is due to
the stretching vibrations of C-N arising from C-N (-C)-C as
well as coupling C-NH-C entities found in the C3N, structure.**
Notably, Ag had no impact on the gC;N, bond. The broad peak
around 3248 cm™ ' observed in the ZnTi LDH FTIR spectra
signifies the presence of stretching related to the OH mode.*
The distinctive peaks at 1397 and 1509 cm ™' are assigned to
the intercalated carbonate entities.*® The initial peak observed
at a frequency of 1373 cm ™" relates to the v; vibration mode of
the C-O double bond, explicitly involving the asymmetric
stretching of the bond. The more substantial peak detected at
1501 em ! is indicative of the CO;*~ anion engaging with the
OH groups present in the LDH cationic sheet.*” In the case of
ZnTi LDH/gC;N,/Ag, the composite has similar bands to those
of Ag/gC;N,, suggesting that the chemical structure of gC;N, in
the hybrid material remained intact during the self-assembly
procedure.

The elemental interaction of the synthesized catalysts was
explored using XPS, and the XPS data of Ag/gC;N, are presented
in Fig. 3. The C 1s spectrum displays two prominent peaks
corresponding to specific chemical bonds in the sample
(Fig. 3(a)). The peak at 285.06 eV is attributed to the sp®
hybridized carbon atom in C-C bonds, which implies that the
carbon atoms are bonded together in a tetrahedral geometry.*®
The second peak observed at 284 eV corresponds to the sp®
hybridized nitrogen atoms within the N-C=N bonds, which
suggests that the nitrogen and carbon atoms are arranged in a
planar geometry with a partial double bond character.”® The
peak observed at 284.49 eV in the C 1s spectrum corresponds to

(a) —2znTi LDI/eC N /Ag (b)
(003)
—~ |—— ZnTi LDH
g
> =
.g c\c
E
Ag-gCyN,
ZnTi LDH
ZnTi LDH/gC;N,/Ag
4000 3500 3000 2500 2000 1500 1000 500

10 15 20 25 30 35 40 45 50
2-theta (deg)

Fig. 2

© 2025 The Author(s). Published by the Royal Society of Chemistry

Wavenumber (cm™)

(a) Powder X-ray patterns (XRD) and (b) Fourier transmission infrared spectroscopic patterns (FTIR) of ZnTi LDH, Ag/gCsN4, and ZnTi
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Fig. 3 X-ray photo-electroscopic spectra (XPS). (a) C 1s, (b) N 1s and (c) Ag 3d of Ag/gCsN,.

the sp® hybridized carbon-nitrogen (C-N) bond in the amine
cluster of the C3;N, structure.’® This peak arises from the
electrons in the carbon atom bonding with the nitrogen atom
in a tetrahedral arrangement, resulting in a specific energy level
for the C 1s electron when excited. The N 1s band displays dual
distinct peaks at 395.02 eV and 397.34 eV, which correspond to
different chemical environments involving nitrogen atoms in
the sample (Fig. 3(b)). The N—C bond is attributed to the peak
observed at 395.02 eV, which is commonly observed in various
nitrogen-containing functional groups such as nitriles, isocya-
nates, and imines.>® The nitrogen atom in this type of bond is
typically sp-hybridized, with a partially double-bonded character.
On the other hand, the 397.34 eV peak corresponds to the N-(C);
bond, which is characteristic of tertiary amines, where the nitro-
gen atom is bonded to three carbon atoms.>" This type of nitrogen
atom is typically sp® hybridized and has a tetrahedral geometry.
The peak at 400.84 eV corresponds to the N-H bonds. The Ag 3d
spectrum displays two distinct peaks (Fig. 3(c)) positioned at
364.40 eV (Ag 3ds),) and 370.45 eV (Ag 3dsp,), in agreement with
the individual sublevels. This is consistent with the energy
involved in binding metallic silver in its zero-oxidation state.’>
Therefore, the data confirms that the sample being analyzed is
composed of metallic silver. The fact that the observed peaks in
the Ag 3d spectrum match the Ag® binding energy values confirms
the purity of the sample under investigation.

The observed bands of Zn 2p;/, and Zn 2p,/, at 1018.29 eV
and 1041.60 eV, respectively (Fig. 4(a)), suggest that these

6012 | Mater. Adv, 2025, 6, 6008-6021

energy levels are associated with the electronic transitions
between the inner-shell levels of zinc atoms.”® The presence
of two peaks in the Ti 2p spectrum, at 454.9 eV and 460.54 eV, is
consistent with the presence of Ti** in the sample (Fig. 4(b)).
These peaks correspond to the Ti*" 2ps/, and 2py,, core levels,
respectively.>® The fact that the peaks are separated by approxi-
mately 5.6 eV is consistent with the spin-orbit splitting of the Ti
2p levels. The prominent peaks at different binding energies
are observed for the N 1s XPS spectra (Fig. 4(c)). The C=N
bond, attributed to 394.94 eV, characterizes the nitrogen atom
bound to carbon through a triple bond. The C=N bond is often
found in nitriles, which are organic compounds containing a
cyano group (-C=N). The peak at 397.04 eV corresponds to
ternary N—(C); bonds, which characterize the nitrogen atom
bound to three carbon atoms in a tertiary amine group. The
peak observed at 400.47 eV is consistent with amine N-H
bonds, indicating the nitrogen atom bound to hydrogen in an
amine group. The C 1s spectra display four distinct peaks
observed at different binding energies (Fig. 4(d)). The peak at
283.9 eV is ascribed to the C-C bonds, corresponding to the
carbon atoms that are directly bonded to other carbon atoms,
such as in alkanes or other carbon-rich compounds. The C-NH
bond is indicated by the peak at 284.34 eV, demonstrating the
carbon atoms that are bonded to nitrogen in an amine func-
tional group. The peak at 285.02 eV corresponds to the N-C-N
bond, indicating the carbon atoms that are part of a nitrogen-
containing heterocyclic ring, such as pyridine or imidazole.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The peak at 285.66 eV corresponds to the C-O bonds, denoting
carbon atoms bonded to oxygen, such as in carbonyl or carboxyl
functional groups. The Ag 3ds/, spectrum displays a peak at
364.39 eV (Fig. 4(e)). The peak at 370.52 eV resembles to Ag 3ds/,,
which corresponds to the silver atoms that are in a different
chemical environment or crystal structure, leading to a slightly
different binding energy compared to the first peak.

The XPS data were employed to study the surface atomic
ratio. Literature states that gC;N, is a covalent compound that
contains nitrogen-carbon bonds and has a negative charge at a
PH of 7 due to the presence of N-H and N-C functional groups,
which can be ionized.>® The negative charge on the surface of
gC3;N, can facilitate its interaction with positively charged
species, such as metal ions and can also affect its catalytic
properties. On the other hand, Ag is a metal and tends to form
cations (Ag"), which are positively charged.*® It is possible that
the negative surface charge of gC;N, in Ag/gC;N, could repel Ag
nanoparticles, causing them to aggregate or form clusters to
minimize their surface area and reduce their exposure to the
negatively charged gC;N,. This phenomenon is commonly
observed in colloidal systems where particles of opposite
charge can interact and form aggregates or precipitates. The
negative charge on the surface of gC;N, in the ZnTi LDH/gC3;N,/
Ag hybrid could be attracted to the positive charge of ZnTi LDH,
as LDH materials typically have positively charged layers that
can interact with negatively charged species.** This interaction
could affect the gC;N, being adsorbed on the ZnTi LDH sur-
face, which could reveal Ag in the composite. Especially, the
XPS data suggest that the Ag surface atomic ratio in the ZnTi
LDH/gC;N,/Ag composite is ~0.525. The calculation of the Ag
surface atomic ratio in the composite material indicates the
existence of Ag on the surface. gC;N, can undergo oxidation
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and generate -OH as well as -COOH groups on its surface,
which can make it anionic. These functional groups can modify
the surface charge and photochemical properties of gC;N,,
including its interaction with other components in a hybrid
material. For example, the negative charge on the surface of
oxidized gC3;N, can interact with positively charged compo-
nents in a hybrid material, such as metal cations or nano-
particles, through electrostatic attraction. The surface atomic
ratios of C and N to the other elements on the surface of the
composite were calculated to be 0.028 and 0.045, respectively,
and are relative to the amount of Ti on the material surface.
Based on the analysis of surface atomic concentrations,
it appears that the synthesis of ZnTi LDH/gC3;N,/Ag was effec-
tive. The surface atomic concentrations of these elements are
consistent with the expected composition of the material.
Next, the morphology of ZnTi LDH/gC;N,/Ag was studied by
employing FESEM and SEM-EDX. Fig. 5(a) and (b) illustrates
the micrograph of the ZnTi LDH/gC;N,/Ag hybrid. The FESEM
data show the incorporation of thin deposits of ZnTi LDH and
gC3N,; micro-assembly in a ternary heterojunction with the
addition of Ag. The interaction between ZnTi LDH and gC3N,
in the ternary heterojunction occurs through physical contact
and the potential difference at the interface.”” The integration
of Ag can facilitate the activity of the heterojunction via
enhanced electron transfer in addition to catalytic activity.>®
Briefly, the high specific surface area of ZnTi LDH permits a
considerable interaction region with the gC;N, microstructure,
which assists in the transfer of electrons and charges between
the two materials. Furthermore, the unique band structures of
ZnTi LDH and gC;N, can establish a potential difference at the
interface of the two materials, which can initiate the relocation
of electrons from one material to the other. Further, the SEM-
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Fig. 5 (a) and (b) FESEM of ZnTi LDH/gCsN4/Ag revealing the formation of
the heterostructure captured at x35000 magnification, (c) SEM-EDX of
ZnTi LDH/gC3N4/Ag confirming the consistent distribution of all elements,
(d) and (e) HR-TEM of ZnTi LDH/gC3sN4/Ag.

EDX data is shown in Fig. 5(c), validating the existence of Zn,
Ti, O, N, C and Ag. The successful assembly of the ZnTi LDH/
2C3N,/Ag heterojunction was proven by EDX analysis, which
confirmed the consistent distribution of all elements. Further-
more, HR-TEM of the synthesised ZnTi LDH/gC;N,/Ag is illu-
strated in Fig. 5(d) and (e), which confirms the formation of the
composite.

The UV-Vis spectrometric data of the synthesized catalysts
are displayed in Fig. 6(a). ZnTi LDH displayed UV-Vis absor-
bance between 200 and 350 nm. The LDH layers are responsible
for strong UV absorption below ~250 nm, which may be
related to the shielding effect of these layers on incident
light.>® Additionally, the incorporation of Ti into the LDH layers
may contribute to absorption in the 200-350 nm range, as the
3d electrons of the Ti*" ion may be involved in electronic
transitions.®® The SPR absorption around 500 nm in the
Ag/gC3N, and ZnTi LDH/gC3;N,/Ag samples is consistent with
the standard performance of spherical Ag nanoparticles. The
surface plasmon resonance (SPR) effect is the cooperative
oscillation of free electrons in Ag nanoparticles in response to
incident light. This phenomenon can increase light absorption
within the visible spectrum, which helps promote the genera-
tion of more electron-hole pairs and boost the effectiveness of
photocatalytic processes.®’ The absorption viewed at the 400~
500 nm range for the ZnTi LDH/gC3;N,/Ag composite suggests
that the integration of Ag/gC;N, enhanced the light absorption
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of ZnTi LDH. The enhanced light absorption can be attributed
to the SPR of the Ag in the interface composite, which can
increase photon captivation in the visible region and lead to
enhanced electron-hole generation. The presence of gC;N, can
also promote the expansion of photon absorption by enhancing
the specific surface area and continuous charge transfer path-
ways. Further, the bandgaps of the catalysts were calculated
utilizing Tauc plot method. As observed in Fig. 6(b), the definite
bandgaps of ZnTi LDH, Ag/gC3N, and ZnTi LDH/gC;N,/Ag are
3.55 eV, 2.39 eV and 2.13 eV, respectively. The narrowing of
bandgap energy can be attributed to the heterojunction
arrangement between ZnTi LDH and Ag/gC;N,. The localized
energy levels generated by the heterojunction can influence the
absorption and emission of light by the composite, resulting in
changes in optical properties. Another probable reason for the
apparent bandgap narrowing could be the doping effect of
Ag/gC3N, on ZnTi LDH. The presence of Ag/gC;N, can establish
new energy states within the bandgap of ZnTi LDH, which can
change the absorption and emission of light by the composite.

Ag/gC3N,, ZnTi LDH and ZnTi LDH/gC3;N,/Ag composite
were investigated for their electrochemical properties to estab-
lish the photoinduced charge carrier separation competence.
To explore the extent of charge distribution and mobility, the
EIS Nyquist plots of the catalysts were initially obtained.
Fig. 6(c) illustrates the impedance spectra obtained under the
conditions of a 0.1 M phosphate buffer and an electrochemical
mediator composed of 5 mM ferricyanide and ferrocyanide
([Fe(CN)s]*"*7). The Nyquist curve for the ZnTi LDH/gC;N,/
Ag electrode displayed a prominently reduced arc radius com-
pared to ZnTi LDH and Ag/gC;N,, which implies that the
composite had the lowest electron transfer resistance.’*%
Subsequently, the composite demonstrates an increased ability
for charge transfer, allowing it to effectively delay the recombi-
nation of photoinduced charges within the composite. The data
from the CV, as illustrated in Fig. 6(d), signify that the ZnTi
LDH/gC;N,/Ag composite had the highest redox current density
compared to Ag/gC;N, and ZnTi LDH. This indicates that in the
ZnTi LDH/gC;N,/Ag composite, the enhanced redox current
density observed in the CV supports that the composite
has higher catalytic activity for CO, photoreduction.®* This is
attributed to various factors, such as the presence of Ag as a
co-catalyst, which can increase the separation and transfer of
photoinduced charge carriers, and the high surface area of the
composite, which can increase the exposure of active sites to
reactants.®>*

In addition, the synthesized interfaced composite was eval-
uated for its photocatalytic efficiency through photodegrada-
tion studies using methylene blue dye (5 mg L") as a model
dye. The photocatalytic reactions were first conducted in the
dark to attain the adsorption-desorption equilibrium. Once the
adsorption-desorption equilibrium was reached, the photoca-
talytic reaction mixtures were subjected to illumination from
an LED light source (30 W). The aqueous dye samples were
collected from the photochemical reaction vessels at two
different time points (0 and 120 min) and subjected to UV-vis
spectroscopic analysis for the quantitative estimation of the dye.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(d) CV data of Ag/gCzNy4, ZnTi LDH and ZnTi LDH/gC3N4/Ag.

The spectroscopic absorbance acquired was between 550 and
750 nm, and the percentage of degradation was computed.
Removal efficiencies of 50.12%, 65.75%, and 75.34% were
observed for ZnTi LDH, Ag/gC3;N, and ZnTi LDH/gC;N,/Ag,
respectively, suggesting that the composite is highly active
under visible light illumination, similar to the pristine catalysts
Fig. S1 (ESIt). After verifying the photodegradation of methy-
lene blue, the composite was utilized for further investigation.

3.2. CO, photoreduction

It is evident from the above-mentioned data that ZnTi LDH/
2C3;N,/Ag exhibits enhanced photocatalytic activities under
visible light sources. The photocatalytic CO, reduction was
conducted, as referred to in Section 2.3. After the photocatalytic
process had run for 4 hours, the LC-MS-MS data with positive
ionization confirmed the presence of methanol (CH;OH) and
formic acid (HCOOH) at m/z 31.7 and 45.7, respectively, as
shown in Fig. S2 (ESIT). A maximum yield of 36.66 mmol L™ of
CH;OH (reaction rate, 9.16 mmol L ' h™") and 10.86 mmol L ™"
of HCOOH (reaction rate, 2.71 mmol L™" h™") was achieved
after the photocatalytic reaction (Fig. 7(a)). Notably, no evident
peaks were observed in the controlled study (in the absence of a
catalyst) (Fig. S3, ESIT).

The exploration of product selectivity offers valuable insights
into the mechanisms underlying the reaction pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Specifically, when the number of photoinduced electrons con-
cerned with reduction processes varies, distinct reduced pro-
ducts are generated. It is known that for the generation of
CH;0H and HCOOH, 6e~ and 2e” are respectively required.
The product selectivity of CH;0H and HCOOH is 91.01% and
8.99%, respectively, with a computed electron consumption
rate of 241.68 mmol L™, employing the ZnTi LDH/gC;N4/Ag
composite. When Ag is loaded, methanol is likely to form than
formic acid because it takes more electrons (6e) per product
molecule than formic acid (2e).*”

The practical utility of the catalyst was further evaluated by
examining its ability to consistently generate preferred out-
comes and to be recurrently utilized. The ability of ZnTi LDH/
gC3N,/Ag to withstand visible light emitted by an LED source
was investigated for 4 hours to determine its durability. The
ability of the catalyst to maintain its structural and functional
integrity over time was confirmed by the XRD pattern, which
showed no significant alterations in the reflection peaks when
compared to the initial composite run (Fig. 7(b)). Notably, the
intensity of peaks in the utilized catalyst exhibits an insignif-
icant reduction, indicating minimal changes in its structural
properties. However, the composite prepared retained the
integrity of the structure without any discernible alterations.®®
Subsequently, the recyclability of the catalyst was assessed
under identical reaction conditions. Upon conducting three
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(a) Generation rate of CH3zOH and HCOOH after 4 h of photocatalytic CO, reduction, (b) XRD pattern of fresh ZnTi LDH/gC3sN4/Ag composite and

recorded after three consecutive photoreduction cycles, and (c) and (d) recyclability study on ZnTi LDH/gCsN4/Ag over cyclic trials.

consecutive runs, the catalyst effectively retained CH;OH and
HCOOH, with the production rate remaining consistent (Fig. 7(c)
and (d)). Interestingly, 34.33 mmol L™ of CH;OH was observed
during the 2nd cycle and reduced to 35.66 mmol L™ " in the 3rd
cycle. The HCOOH concentrations in the 2nd and 3rd cycles were
5.43 and 4.34 mmol L™, respectively, which were ~2 times and
~2.43 times less than those in the 1st cycle. The mass spectro-
scopic peak obtained for the recyclability study is illustrated in
Fig. S4 (ESI).

A study was conducted to explore the role of radicals in the
photocatalytic reduction of CO, by utilizing radical scavengers.
Reactive elements, such as holes and electrons, are generally
neutralized by scavengers, including EDTA-2Na and AgNO;.
The impact of these scavengers on the CO, photoreduction is
depicted in Fig. S5 (ESIT). The control experiment without a
catalyst did not show any substantial effect on CO, photoreduc-
tion. A minor increase in the reaction rate was observed with
the introduction of EDTA-2Na, which could be due to the
generation of holes in the VB from the instant pairing of
electron-hole sets. Alternatively, the reaction was hindered by
the addition of AgNO;, indicating the importance of the elec-
trons in the CB in the photocatalytic transformation of CO, into
valuable hydrocarbon derivatives.

Further, the discussion on CO, photoreduction using ZnTi
LDH/gC3N,/Ag is elaborated, as illustrated in Fig. 8. The under-
lying photocatalytic mechanism responsible for the improved
CO, reduction through the ZnTi LDH/gC;N,/Ag heterojunctions
was explored and verified by PL spectra. As illustrated in Fig. 9,
ZnTi LDH, Ag/gC;N,, and ZnTi LDH/gC3;N,/Ag heterojunction
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Light irradiation
L\

HCO0

HCOOH (-0.58 ¢V) Hy .f
'&'ﬁde'
e
H k HCO

(Intermediate)

a0 A

2¢ HCHO

(ASL°7) INEDB

CHyOH (0.38 ¢V)

(AdpP'€) HA'TLLUZ

H.00% ‘ \.o 0:

Fig. 8 Possible photocatalytic reduction mechanism of CO, into hydro-
carbons derivatives.

exhibit a broader emission peak approximately at 440 nm. This
peak is attributed to the gC;N, recombination of photogener-
ated charge carriers and is indicative of band-band PL.*® Here,
the intensity of the PL emission is significantly greater for ZnTi
LDH and Ag/gC;N, compared to ZnTi LDH/gC;N,/Ag. The
observed PL emission data suggest successful inhibition of
the recombination of photogenerated electron-hole pairs in
gC3N,, following the formation of a heterojunction with ZnTi
LDH/gC;N,/Ag.

Additionally, the conduction band (CB) and valence band
(VB) of gC3N,, as well as those of ZnTi-DH, were computed
employing the formula:”°

1
Ecg=X—-45— EEg (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 PL spectra of the synthesized catalysts, where the lower peak of
ZnTi LDH/gC3N4/Ag suggests successful inhibition of the recombination
of photogenerated electron—hole pairs in the composite.

Ecg = Evg — Ey (2)

Here, the absolute electronegativity of gC;N, (5.51 €V) and ZnTi
LDH (5.67 eV) are represented by X, which is the electro-
negativity of a substance, whereas E, represents the bandgap.
By computing, the CB and VB potential edges of ZnTi LDH were
obtained at —0.61 eV and 2.94 eV, respectively. Then, the CB
and VB edge potentials of gC;N, were computed to be —1.16 eV
and 1.57 eV, respectively, while the energy gap (Eg) of gC3N, was
2.70 eV.”" The CB of ZnTi LDH has a less negative value of
—0.61 eV, and the CB position of gC;N, is even more negative at
—1.16 eV. The bandgap energies of gC;N, and ZnTi LDH fall
within the visible region of the electromagnetic spectrum,
resulting in the photogeneration of electrons and holes when
exposed to LED light irradiation. The excited electrons in gC3N,
can move to the CB of ZnTi LDH at the heterojunction, and the
subsequent holes in the VB of ZnTi-LDH can migrate to the VB
of gC;N, by intersecting the same heterojunction. This results
in the mutual initiation of gC3;N, as well as ZnTi LDH via the
separation of charges or curbed recombination of charges.
Here, Ag, along with gC;N,, assists in the transfer of electrons
to the CB of ZnTi LDH. The holes created in the VB of gC;N,,
along with those transferred from the VB of ZnTi LDH, can
facilitate the oxidation of water molecules that are chemically
bonded to the surface of gC;N,, leading to the production of
protons and oxygen (0.82 eV vs. NHE). Here, the initiation of
*OH (2.72 eV vs. NHE) through the photoinduced holes in
the VB of ZnTi LDH also occurs. Concurrently, the photo-
generated electrons on the CB of ZnTi LDH are involved in
the photoreduction of CO, into CH;OH and HCOOH owing to
its lower potential of —0.61 eV compared to the standard
reduction potentials of CH;OH (—0.38 eV vs. NHE) and HCOOH
(—0.58 eV vs. NHE). The following equation explains the above-
mentioned mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ZnTi LDH/gC;N,/Ag + hy — ZnTi LDH/gC;N,/Ag(e™ + h')

®3)

1
HzO + 1’1Jr — 502 + 21‘[Jr + 267 (4)
H,0+h" - H' + *OH (5)
CO, + 6H' + 6e” — CH;OH + H,0 (6)
CO, + 2H" + 2¢” - HCOOH (7)

The possible reduction pathway involves the initial genera-
tion of formate ion (HCOO ) and HCOOH, with HCO and
formaldehyde (HCHO) as intermediates that further generate
ethanol.””> Due to the two very strong double bonds that hold
the carbon and oxygen atoms together, CO, has a very low
thermodynamic inclination to react and a very low Gibbs free
energy. Conversion of this stable CO, into CH;0H and HCOOH
required immense energy from an external source.”® Therefore,
the use of ZnTi LDH/gC3;N,/Ag, owing to its attractive qualities,
which include a narrow bandgap, inhibition of photogenerated
electron-hole pairs and visible-light activity, can reduce CO,
with improved selectivity and promising efficacy in the for-
mation of value-added hydrocarbons.

4. Conclusion

In brief, ZnTi LDH/gC;N,/Ag was successfully synthesized via
hydrothermal treatment, followed by a self-assembly approach.
The XPS and FE-SEM data revealed the successful formation
of the heterojunction structure. Spectrophotometric results
confirmed the SPR effect, resulting from the presence of Ag
nanoparticles. The photocatalytic characterization of a model
dye degradation of the catalysts confirms the maximum photo-
catalytic activity for ZnTi LDH/gC;N4/Ag. Further, the ZnTi LDH/
gC;3N,/Ag exhibits notable CO, reduction, achieving a maximum
yield of 36.66 mmol L' of CH;OH and 10.86 mmol L™ * of
HCOOH. The enhanced photocatalytic activity exhibited by the
ZnTi LDH/gC;N,/Ag composite can be attributed to the interface
interaction between ZnTi LDH and gC3;N,, as well as the potent
SPR influence of the Ag nanoparticles. These factors notably
enhance the partition and transference competencies of photo-
induced charge carriers. The heterojunctions displayed excep-
tional photostability, remaining highly active even after multiple
experimental runs with no discernible decline in performance.
In conclusion, the utilization of heterojunctions comprising
LDH, gC;N,, and transition metal (Ag) has demonstrated efficacy
in creating photocatalysts that are active under visible light.
Exploring alternative materials is a promising avenue for future
research. This study is anticipated to offer innovative insights and
directions for designing more efficient photocatalysts.
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