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This work represents a comprehensive investigation into the synthesis, morphology, and electronic struc-
ture of NiV-layered double hydroxide (NiV-LDH) nanoflakes for enhanced photocatalytic applications.
Ultrathin NiV-LDHs with varying Ni and V ratios were successfully synthesized via a green reflux method.
The presence of oxygen vacancies (O,) and the high surface area of NV-2 synergistically tuned the elec-
tronic structure and facilitated the charge segregation by trapping the photogenerated electrons (e7), sup-
pressing their rapid recombination with holes (h*), and leading to an enhanced catalytic efficiency.
Consequently, the optimized NV-2 photocatalyst exhibited the highest photocatalytic hydrogen peroxide
(H20,) production of 1152.5 + 38.2 pmol g’1 h~! from O, in an ethanol-water solution and 81.5% of Cr{vi)
reduction in 2 h under visible light irradiation while demonstrating excellent stability for up to five cycles.
In addition, the NV-2 exhibited a solar to chemical conversion efficiency rate (SCC) of 0.089% for photo-
catalytic H,O, production. The scavenger testing of NV-2 implied that the production of H,O, followed a
direct two-electron pathway. Likewise, the Cr(vi) reduction by NiV-LDHs followed pseudo-first order kine-
tics. The low intense photoluminescence spectra, highest photocurrent density, smallest arc radius in the
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impedance spectra of NiV-LDHs, along with the Mott—Schottky (MS) analysis, led to an understanding of
the mechanistic aspects of their photocatalytic activities. This work highlights a cost-effective, eco-
friendly strategy for developing defect-engineered LDH materials with promising potential for environ-
rsc.li/dalton mental remediation and sustainable photocatalysis.
requirements. Among the various alternatives, H,O, is a highly
adaptable, clean oxidizing agent that produces only water and

Introduction

The 21st century is primarily concerned with rapid population
growth and excessive industrialisation, which have led to
energy crisis and environmental pollution.* The excessive use
of fossil fuels adversely affects the environment and earth
through carbon dioxide emissions and other hazardous chemi-
cals. Nowadays, there is an urgent need for a sustainable, low-
energy synthesis protocol owing to the growing need for clean
energy and the scarcity of conventional production
approaches. In this regard, photocatalysis has emerged as a
promising alternative, capable of harnessing renewable solar
energy into valuable chemical fuels such as H,, NH;, CH,, and
H,0, over semiconductor surfaces to escalate global energy
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oxygen as byproducts. It is a critical renewable energy resource,
extensively employed in disinfection, sterilisation, cleaning,
bleaching, wastewater treatment, and organic synthesis. It is
safe to store, convenient to transport in aqueous form, and
functions both as a reducing and oxidizing agent in a single-
compartment fuel cell. However, the traditional anthraquinone
auto-oxidation route, dominated in the industrial H,O, pro-
duction, is associated with toxic organic solvents and a high-
energy multi-step synthesis protocol, and therefore, it is
unfavourable for small-scale application. In this regard, under-
standing the reaction mechanism, extending the lifespan of
the photocatalyst, and improving the efficiency of the photo-
catalytic yield remain fascinating challenges of modern photo-
catalysis. Overcoming these barriers requires a unique, sus-
tainable and energy-saving approach. With respect to the high
energy consumption of the traditional anthraquinone route
for H,0, generation, photocatalytic H,O, synthesis from O, via
a 2e” process, i.e., the oxygen reduction reaction (ORR) (O, +
2e” + 2H" — H,0,), appears to be an energy-saving, green and
stable alternative.*
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Recent studies have revealed that photocatalytic H,O, pro-
duction offers dual functionality in eradicating the necessity
for external oxidants, enabling in situ H,O, production along-
side pollutant deprivation. For instance, Ghoreishian et al.
designed a solar-driven Bi,S;@CdS/RGO S-scheme-based
ternary heterostructure that was utilised for simultaneous
photocatalytic H,O, generation and Cr(vi) reduction towards
energy and environment sustainability.’> In a similar study,
Ghoreishian and team presented an efficient visible-to-NIR-
induced B-C3;N,@Bi,S; hybrid heterostructure that exhibited
photocatalytic H,O, generation and pollutant detoxification,
highlighting the significance of interfacial charge transfer and
defect engineering in enhancing H,O, selectivity and stability.4
These developments collectively affirm the successful inte-
gration of photocatalytic H,O, generation for efficient pollu-
tant removal and solar-to-chemical conversion.®

Over the past few decades, the worsening of heavy metal
pollution has emerged as a critical environmental issue owing
to its heavy threat to human health and environmental safety.
Among various heavy metal ions, including Cd(u), Pb(u), Hg(u),
As(mi/v), and Cr(vi), hexavalent chromium is one of the most
prevalent and toxic contaminants, mainly due to its extensive
usage in industries such as electroplating, leather tanning,
and mining. Conventional methods employed for Cr(vi)
removal from wastewater include chemical precipitation,
coagulation, filtration, adsorption, and biological treatments.
Very recently, the transformation of Cr(vi) to the less toxic
Cr(m) has received much attention owing to its cost-effective-
ness, environmental compatibility and the simplicity of the
method.”®

Different photocatalysts, such as metal oxides,”'° metal sul-
fides, graphitic carbon nitrides,"" ™" layered double hydrox-
ides," and different metal organic frameworks,"® have been
explored to catalyse the production of H,0O,, and the deconta-
mination of Cr(vi) to Cr(m), among which transition metal-
based layered double hydroxide materials have attracted con-
siderable attention.”'®""® LDHs, structural analogues of hydro-
talcite, consist of positively charged brucite-like metal hydrox-
ide layers containing octahedral M>*/M**(OH), units residing
over edges, whose charges are neutralised by interlayer anions.
These materials have gained significant attention in photocata-
lysis due to their tunable metal cation composition, appropri-
ate bandgap, exchangeable intercalated anion tendencies,
compositional flexibility, cost-effectiveness, and potential for
precise interfacial tuning when integrated with other suitable
semiconductors.’*>> Among transition-metal-based LDHs,
NiV-LDH has recently emerged as an effective photocatalyst
owing to its moderate surface area, optimal band gap energy,
and favourable optoelectronic properties. Furthermore, the
enhanced photocatalytic performance of NiV-LDHs is largely
attributed to efficient charge transfer facilitated by the partially
filled or vacant 3d orbitals of Ni and V.?* Nonetheless, limited
solar light absorption, low quantum efficiency, insufficient
active sites, sluggish charge transport and rapid recombination
still hinder their overall photocatalytic activity. To address
these limitations, strategies like nanostructure engineering,
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elemental doping, defect (vacancy) generation, and heterojunc-
tion construction have been widely adopted. In this context,
NiV-LDH has attracted much attention due to its specific
surface area (SSA) and structural diversity. In particular, the
porous structure of the material plays a key role, acting as an
active center throughout the photocatalytic process.

Considering that the LDHs have a broad light absorption
capacity, and it is easy to induce defects such as O,, we have
designed the carbonate-intercalated NiV-LDH following a
reflux method. For achieving the optimal conditions, the
reflux reaction parameters of NiV-LDH have been explored by
adjusting the ratio of Ni:V to 2:1, 3:1, and 4: 1, which have
been correspondingly termed as NV-2, NV-3, and NV-4. Thus,
the optimized NV-2 photocatalyst demonstrated significantly
higher yield than the other two synthesized catalysts. Further,
comprehensive studies on the photoluminescence and electro-
chemical properties of NiV-LDHs were conducted, which eluci-
dated the slowest exciton recombination rate and highest
charge carrier separation efficiency of NV-2, showing the
optimum photocatalytic H,O, production and Cr(vi) reduction.
The unique morphological architecture with the nanoflake
structure accelerated the charge transfer phenomena. It exhibi-
ted outstanding long-term stability for up to five cycles.
Moreover, the efficiency was facilitated by the in-depth under-
standing of the exciton transfer on the surface of the photo-
catalyst. The time-resolved photoluminescence and Bode
phase plot of the as-synthesized catalysts demonstrated the
lifespan of their excited electrons, which improved the photo-
catalytic performances.

Results and discussion

The NV was fabricated via a facile reflux method, as illustrated
schematically in Fig. 1a. The crystallite phase component of
the prepared photocatalyst was detected using X-ray diffraction
(XRD). Fig. 1b shows the XRD spectra of NV photocatalysts, in
which the systematic variation in XRD patterns can be
observed due to different amount of VCl; incorporation over
the NiCl, matrix. The peaks for the NV specimen were detected
at the 26 angles of 11.28°, 22.86°, 35.12°, 39.56°, and 47.22°,
which are associated with the (003), (006), (009), (012), and
(110) planes, respectively, implying that NV exists in the rhom-
bohedral phase (JCPDS-52-1627), having the space group R3m.
The lattice constants of NV were found to be a = b = 3.08 and ¢
= 23.6. Interestingly, significant broadening of the peak width
and reduction in the diffraction peak intensity along the (003),
(006), (009), (012), and (110) crystal planes were observed for
NV-3 and NV-4 with increasing amounts of NiCl, in the matrix,
as compared to NV-2. The Williamson-Hall (W-H) plot was
applied to observe the variation in crystallite size for the pre-
pared NV samples (Fig. Sla-c). The estimated results showed
that the average crystallite size (D) was 4.86, 5.03, and 6.08 nm
for NV-2, NV-3, and NV-4, respectively. Average lattice constants
and micro strain of NV-2, NV-3, and NV-4 were also calculated
from the PXRD data and are represented in Table S1. The

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic of the synthesis of NV nanoflakes by the reflux method. (b) XRD data of NV-2, NV-3, and NV-4. (c) Different magnified TEM

images of NV-2 nanoflakes. (d) HRTEM pattern with lattice fringe analysis and (e) the corresponding SAED pattern. XPS and deconvoluted spectra of

(f) Ni 2p, (9) V 2p, (h) O 1s, and (i) C 1s. (j) Ex situ EPR signals of the NV-2,

interlayer spacing and delocalization density for the (003)
plane are also illustrated in Table S1.'7** Further insights into
the surface morphology of NV-2 were gained using scanning
electron microscopy (SEM) and field emission scanning elec-
tron microscopy (FESEM) technologies. As portrayed in
Fig. S2a, the hierarchical NV-2 maintained the flake architec-
ture.>® The FESEM images of NV-2 revealed a uniform distri-
bution of sheet-agglomerated flower-like structures. From
Fig. S2b, the FESEM colour mapping, along with the atomic
and wt%, indicated that the Ni and V elements were homoge-
nously distributed in the NV-2 catalyst. As detected from high-
resolution transmission electron microscopy (HRTEM), a par-

This journal is © The Royal Society of Chemistry 2025

NV-3, and NV-4 photocatalysts.

tially amorphous structure exists in the NV specimen. Notably,
numerous petal-like structures were detected, which can be
attributed to the NV-2 catalyst as displayed in Fig. 1c. Further
examination of the HRTEM image (Fig. 1d) unveiled a lattice
spacing of 0.22 nm corresponding to the (015) crystallographic
plane, thus confirming the successful synthesis of the NV-2
photocatalyst. The SAED pattern of NV-2 depicted in Fig. 1e
brings out the polycrystalline nature of NV-2 with d-spacings of
1.49, 2.07, and 2.31 nm for the (110), (015), and (018) lattice
planes, respectively.”"** The particle size distribution histo-
gram (Fig. S2c) was obtained by measuring selected particle
sizes from the corresponding SEM image. The average particle
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size (dsgm) for NV-2 is about 102.53 nm. These findings com-
pellingly verify the successful formation of the NV-2
photocatalyst.

X-ray photoelectron spectroscopy (XPS) was used to analyse
the surface chemical states of the NV-2 catalyst. The XPS
survey spectra confirmed the presence of all the elements of
the NV photocatalyst (Fig. S2d). The deconvoluted spectra of
Ni 2p (Fig. 1f) exhibit two binding energy peaks located at
855.73 and 873.73 eV, attributed to Ni 2psz, and 2py/, spin-
orbit coupling, respectively. Ni 2p contributes 16.28% of the
atomic composition, and the difference between Ni 2p;,, and
Ni 2p;, is 18 eV, revealing the successful formation of Ni*" oxi-
dation states. Again, the high-resolution XPS spectra of V 2p
(Fig. 1g) deconvoluted into V 2p3, and 2p,,, were broadened
with multiple peaks, due to spin-orbit splitting. The XPS
deconvoluted spectra of V 2p reveal three clear peaks indexed
at 515.09, 516.67, and 517.72 eV attributed to the +3, +4, and
+5 oxidation states of V 2p3),, respectively. Two peaks detected
at 523.24 and 524.72 eV represent the V 2p;, energy levels.
The binding energy difference between V 2p;, and 2p,, is
8.15 eV.>>*® The O 1s spectrum exhibited the highest atomic
percentage of 54.02%, possibly arising from OH™ species
within the layered double hydroxide structure (Fig. 1h).>”*®
The peak detected at 529.86 eV indicates that the O species
merged with the metal hydroxyl group (M-OH), and 533.18 eV
was attributed to M-O. The peak observed at 531.06 eV was
attributed to O,, revealing the presence of oxygen defect sites
in the photocatalyst.>® As displayed in Fig. 1i, C 1s showed two
deconvoluted peaks corresponding to the non-oxygenated
(C-C) rings at 284.68 eV and the carboxyl carbons (C-C=C) at
286.70 eV. Fig. S2e shows the atomic percentage of all the
elements present in NV-2, further confirming the successful
formation of the catalyst specimen. To support the presence of
vacancies and the paramagnetic behaviour of the catalyst, elec-
tron paramagnetic resonance spectroscopy (EPR) was con-
ducted at room temperature. As exhibited in Fig. 1j, the g
values at 1.971, 1.959, and 1.958, corresponding to NV-2, NV-3,
and NV-4, were respectively indexed to O,.*° The possible
reason behind the decrease in the EPR intensity of NV-3 and
NV-4 as compared to that in NV-2 might be the coverage of O,
sites by Ni dispersed over the surface.>® The NV-4 and NV-3
possess stronger metal support interactions, which may be
attributed to more Ni being dispersed over the surface, pre-
venting the generation of O,. This suggests that more unpaired
electrons are available at the NV-2 catalyst for resonance,
which, in turn, results in a stronger EPR signal than the other
two catalysts.

Next, we examined the functional groups present in the NV
material using FTIR spectroscopy (Fig. S3a). The peaks in the
550-1030 cm ™" region were due to the M-O, O-M-O and M-O-
M (M = Ni/V) lattice stretching and bending vibrations. The
peak at 843 cm ™' indicates the presence of V-O stretching
vibrations. The peaks at ~670 and 1374 cm™' symbolize the
stretching vibrations of intercalated carbonates, which were
also revealed by the (003) XRD peak.?** The absorption peak
at 1636 cm™" was attributed to the bending vibration mode of
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water molecules. The broad absorption peak of NV, starting
from 3200 cm™ to 3550 cm™', was due to the stretching
vibrations of the OH-group present in the LDH lattice.>” The
chemical bonding state and structural defects were examined
using Raman Spectroscopy to further validate the NV-2 photo-
catalyst formation.**** As depicted in Fig. S3b, the character-
istic peak observed in the range of 100-900 cm™" signifies the
M-O (M = Ni/V) and O-M-O stretching vibrational modes. In
particular, multiple broad peaks were observed at 164.57,
242.84, 343.36, 467.98, and 530.29 cm™', attributed to the
stretching vibration of the V-O bond.* Specifically, the main
intense peak observed at 851.23 cm™" was attributed to the
V-O bond vibration, which also matches the FTIR results
(nv-0) = 843 cm™). The 1383.52 cm™' band was specifically
attributed to the CO;>” ion in the NV LDH materials. The peak
at 1649 cm™" symbolizes the bending mode of interlayer water
molecules. These results indicate the successful fabrication of
NV samples.

The SSA of the catalyst was explored using the Brunauer-
Emmett-Teller (BET) isotherm. The SSA of NV-2 was estimated
to be 148.2 m”> g~* and the average pore diameter was 3.4 nm.
Fig. S3c exemplifies the N,-adsorption-desorption of the NV-2
catalyst. The catalyst showed a type IV adsorption isotherm
according to the Brunauer-Deming-Deming-Teller (BDDT)
classification, suggesting the presence of a porous structure,
which may be attributed to capillary condensation. Further,
the NV-2 showed an H3 hysteresis loop, suggesting the exist-
ence of slit-shaped pores derived from the aggregated par-
ticles, along with a narrow pore size between 2-10 nm, as
depicted by the BJH plot (inset Fig. S3c).

Bandgap calculation

The energy level alignments of the photocatalysts were investi-
gated using UV-vis absorption, and the M-S plots were ana-
lyzed. The light-absorption ability and band gap of the as-pre-
pared catalysts were analyzed using UV-vis diffuse reflectance
spectra (UV-vis DRS). The absorption peaks due to the d-d
transitions of Ni** and V** were found in the visible region,
covering the wavelength from 200 nm to 800 nm at room temp-
erature, and are represented in Fig. 2a.>® The catalysts exhibi-
ted two absorption maxima (A,,,) at around 330 nm, attribu-
ted to the ligand-to-metal charge transfer transition.>® The
wide UV-vis absorption between 200 and 600 nm is ascribed to
the d-d transitions (PA4(S)/*Tay, “Eng(D) and °A;,(S)/*Ey,
A1,4(G)) representing the V atom coordination. Another absorp-
tion peak observed around 650-750 nm was ascribed to the
spin-forbidden transition (*Ay(F)/'T,4(D)) and the spin-
allowed transition (*A,4(F)/’Ty4(P)), corresponding to octa-
hedral Ni in the NV layer.”> Moreover, the bandgap of the as-
prepared catalyst was evaluated based on the Tauc plot
(Fig. S4a) and eqn (S1). The direct optical values of NV-2, NV-3,
and NV-4 were determined to be 1.58, 1.46, and 1.23 eV,
respectively.®” To calculate the width of the tail of localised
defect states within the bandgap, Urbach energy (E,) was con-
sidered. When a photocatalyst is exposed to light of a specific
wavelength, the defect states capture the excited electrons,

This journal is © The Royal Society of Chemistry 2025
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hindering their direct transition. These defect states give rise
to an absorption tail in the spectrum, known as the Urbach
tail, which is linked to the E,. The E, is determined from the
reciprocal of the slope of the linear fit in the region below the
optical bandgap, and the obtained values are listed in
Table S2.*% From the table, it can be seen that NV-2 results in
an increase in Urbach energy, which can increase the O,
centers in the system as compared to those of the NV-3 and
NV-4 (Fig. S4b-d). This may be due to the introduction of
multivalent vanadium, which can improve electronic activity,
indicating that the ultrathin NV-2 has excellent visible light
photocatalytic activity.’® Further, as shown in Fig. 2a, com-
bined with UV analysis, the M-S curves show that all the cata-

This journal is © The Royal Society of Chemistry 2025

NV-4

(a) UV-vis absorption of NV photocatalysts. M—S analysis of (b) NV-2, (c) NV-3, and (d) NV-4. (e) Band edge potential of NV catalysts.

lysts are n-type semiconductors. The flat-band potentials (Eq,)
of NV-2, NV-3, and NV-4 were —0.12, —0.06, and —0.05 V,
respectively (Fig. 2b-d). As a result, the Eyg values for NV-2,
NV-3, and NV-4 semiconductors were determined to be
approximately 1.46, 1.41, and 1.19 eV, respectively, using the
equation Eyp = Ecp + E, (Fig. 2e). Hence, the prepared catalysts
meet the thermodynamic requirements for H,O, production.
To further elucidate the influence of O, and NV-2 nano-
flakes on the separation and transfer of photogenerated car-
riers, the influence was first investigated using PL and TR-PL
spectroscopy. As shown in Fig. 3a, the PL of NV-2 exhibited the
lowest PL intensity among all samples, indicating that O, effec-
tively inhibited the recombination of photogenerated exciton
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Fig. 3 (a) PL emission spectral analysis of the NV photocatalysts with an excitation wavelength of 320 nm. (b) TR-PL spectra of the NV-2 sample. (c)

Nyquist plots, (d) Bode phase plots, (e) transient-photocurrent density, and (f) LSV plots of NV samples using 0.1 M Na,SO, aq. solutions.

pairs. Correspondingly, the TRPL spectra of the least intense
catalyst were recorded and fitted based on the biexponential
decay eqn (S2). The average carrier lifespan (z,,) of NV-2 was
calculated to be 1.04 ns. The rapid decay of 7,,, suggested that
the accumulation of O, and NV-nanoflakes facilitated the
effective transfer of photogenerated carriers (Fig. 3b).*° Fig. 3c
shows that the radius of the NV-2 is smaller than that of NV-3
and NV-4, which indicates that the electron transfer on the
surface of NV-2 is easier than that on NV-3 and NV-4. The exist-
ence of O, greatly affects the electron transfer capability,
leading to the enhancement of catalytic activity. The electron
trapping sites and surface O,, which modulate the coordi-
nation structure and electronic states of the surface adsor-
bates, facilitate the formation of reactive species that enhance
the charge transfer ability on the surface of NV-2, attributed to
abundant 0,.*"** As displayed in Fig. 3d, we analysed the pro-
perties of the Bode plot to evaluate the life span of the gener-
ated electrons. The results of the Bode experiment were calcu-
lated and recorded in Table S3. It was observed that NV-2
exhibited the longest electron lifetime as compared to NV-3
and NV-4, which improved the photocatalytic activity. To
examine the separation and accumulation of the photogene-
rated charge carriers, the transient photocurrent was analysed.
As shown in Fig. 3e, the NV-2 exhibited the highest photo-
current response compared to NV-3 and NV-4, indicating
effective electron mobility and the highest separation
efficiency of the photogenerated charge carriers in the NV-2
sample.”” The linear sweep voltammetry (LSV) plot revealed
the superior catalytic performance and the cell voltage necess-
ary to attain current densities of the NV electrodes. Fig. 3f
shows that at a scan rate of 50 mV s~ in the electrolyte solu-

Dalton Trans.

tion (0.01 M) of Na,SO,, the as-prepared NV samples exhibited
cathodic current under light irradiation. In comparison to
NV-3 and NV-4, the NV-2 catalyst achieved a better current
density of —3382.71 pA cm?, which led to the highest exciton
generation ability and the charge
transfer.*>** Moreover the obtained overpotential values for
NV-3 and NV-4 were —1311.38 and —781.948 pA cm?,
respectively.

enhanced carrier

Photocatalytic activity

Photocatalytic H,0, production. The photocatalytic H,0,
production capabilities of the as-prepared NV catalysts were
studied first in water and O, environments under visible light
irradiation (4 > 400 nm), and were determined by the iodo-
metric method. The initial pH of the reaction solution was 7.3.
The NV-2 photocatalyst showed superior photocatalytic H,O,
performance with a rate of 1152.5 + 38.2 pmol g~* h™' in
60 min as compared to NV-3 (826.72 + 31.24 pmol g " h™") and
NV-4 (698.23 + 28.36 pmol g~' h™") (Fig. 4a); this is due to the
well-tuned proportions of Ni and V, resulting in differences in
SSA and O,.*>*¢

Next, the reaction kinetics of H,0, production over NV cata-
lysts were studied. The formation rate constants (Kz) for NV-2,
NV-3 and NV-4 catalysts were detected to be 19.2, 13.77,
11.64 pmol h™", while H,0, decomposition rate constants (Kg)
for the catalysts were 18.1 x 10~* h™, 71.1 x 107 h™, and
106.1 x 10~* h™", respectively, satisfying the eqn (S3) and (S4)
as depicted in Fig. 4b. Additionally, Fig. S5a displays the lower
H,0, decomposition rate of NV-2 as compared to pure H,O,
solution. As shown in Fig. 4c, the decomposition value of
NV-2 gradually decreased with an increase in Ni concentration,

This journal is © The Royal Society of Chemistry 2025
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(a) Photocatalytic H,O, production performance under visible light irradiation. (b) Photocatalytic decomposition of NV photocatalysts. (c) Ky

and K; values for the photocatalytic production of H,O, during 1 h of catalytic process of all the samples. (d) H,O, production in different atmos-
pheres. (e) Photocatalytic H,O, production over different hole scavengers. (f) Photocatalytic H,O, production under different pH values. (g)
Different scavenging tests. (h) Comparison of the photocatalytic H,O, production by different photocatalysts. (i) Stability testing of the NV-2 catalyst

during the H,O, production.

where the optimal ratio of the Ni and V (2 : 1) content exhibited
the largest Ky while maintaining the lowest Ky value, which
greatly improved the H,O, production rate. Controlled experi-
ments under different atmospheres of NiV LDHs were exam-
ined and are illustrated in Fig. 4d. Notably, the NV-2 catalyst
exhibited the highest yield under an O, atmosphere, while in
an air atmosphere, the yield was comparatively decreased.
Further, the photocatalytic H,O, production rate was reduced
in the N, and Ar atmospheres, emphasizing that an O,-rich
atmosphere significantly promoted the H,0, productivity
under visible light irradiation.””° As displayed in Fig. 4e, in
the absence of sacrificial reagents, the NV-2 catalyst showed an
impressive H,0, production rate of 1152 pmol g~' h™'. NV-2
exhibited the highest yield after the introduction of 10% of
IPA, which could be attributed to a better dispersity of the cata-
lyst and hence a greater utilization of the photoexcited charge
carriers. NV-2 maintained efficient H,O, production perform-
ance over a wide pH range. The optimal pH value for the gene-
ration of H,0, was achieved at pH = 7 because of the concen-
tration of protons provided by the IPA solution. In an acidic
medium (pH = 4), the catalytic efficiency decreased due to the
occurrence of competitive H, evolution.” A small amount of

This journal is © The Royal Society of Chemistry 2025

H,0, was also produced in alkaline medium (pH = 10) as com-
pared to pH = 7 (Fig. 4f). In order to further explore the photo-
catalytic mechanism of H,0, generation, scavenger-quenching
tests were conducted. AgNO; and citric acid were applied to
quench e, and h', respectively (Fig. 4g). The reactive species
quenching experiment indicated that the H,O, generation rate
of NV-2 was suppressed by the addition of AgNO; to the reac-
tion system; however, the H,0, yield was increased after the
addition of IPA, which suggested that e™ is the major reactive
species involved in the H,0, production through a direct 2e™
pathway. Furthermore, NV-2 demonstrated superior perform-
ance as an excellent photocatalyst for H,O, production, as
shown in Fig. 4h, and the details, including photocatalysts and
reaction parameters, are presented in Table S4.°'>® Notably,
the H,0, generation rate of NV-2 was optimised to
1152.5 pmol g~' h™%; no significant decrease in H,O, pro-
duction was observed after 5 cycles, as illustrated in Fig. 4i.
For further confirmation, the XRD of NV-2 after reaction was
analysed and no significant changes were noticed, even after
the photocatalytic performance (Fig. S5b).

Photocatalytic Cr(vi) reduction. The photocatalytic hexa-
valent Cr(vi) reduction by the as-synthesized samples was per-
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formed under LED light illumination, as shown in Fig. 5a. At
first, a blank experiment was performed in the dark and in the
absence of a photocatalyst, which demonstrated no significant
reduction of Cr(vi), confirming light and the photocatalyst as
indispensable factors for photocatalytic Cr(vi) reduction. The
photocatalytic activity was performed in the dark for the first
30 minutes to attain adsorption-desorption equilibrium.
Fig. 5b shows that the optimum Cr(vi) reduction efficiency
(81.5%) was obtained by using NV-2 after 2 h, owing to the
lowest recombination rate of charge carriers. NV-2 portrays
better Cr(vi) reduction efficiency compared to previous reports,
as represented in Table S5. For all synthesized materials, the
photocatalytic Cr(vi) reduction followed a pseudo-first order
kinetic reaction according to eqn (1):

Inﬂzk

. e)

NV-2 demonstrated a higher rate constant value (k = 1.60)
than the others. Furthermore, it was observed that the photo-
catalytic Cr(vi) reduction was affected by the pH of the reaction
medium. The higher reduction efficiency was observed by the
NV-2 photocatalyst in acidic medium as compared to basic
medium due to the surplus availability of protons. The surface
of the NV-2 photocatalyst became positively charged owing to
protonation, which promoted the adsorption of Cr,0,”~ and
HCrO*~ species, resulting in efficient Cr(vi) reduction.
However, the adsorption of Cr,0,>~ was considerably
decreased in basic medium due to the presence of OH™ ions
on the surface of the catalyst, lowering the photocatalytic Cr(vi)
reduction efficiency of NV-2. Also, the pseudo-first-order kine-
tics of all the NV samples were comprehensively analysed and
are depicted in Fig. 5c. The Cr(vi) reduction efficiency of NV-2
at different pH levels follows pseudo-first-order kinetics, as
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illustrated in Fig. 5d, which shows the following order: pH 6 >
pH 9 > pH 12.°%> At an acidic pH, the photocatalyst surface
can experience corrosion or deactivation, while at basic pH,
the negative charges on both the photocatalyst surface and
Cr(vi) causes electrostatic repulsion and reduced adsorption.
However, at neutral pH, the optimal balance of charged ions
minimizes the surface corrosion. This led to better adsorption
of Cr(vi) and efficiently reduced Cr(vi) to Cr(m).>® The photo-
catalytic Cr(vi) reduction using NV-2 outperformed previously
reported photocatalysts (Fig. 5e and Table S5). The highest
photocatalytic activity could be attributed to the higher SSA,
surface active sites, and O,.”” As displayed in Fig. 5f, re-
usability tests were performed for up to 10 consecutive cycles.
The photocatalytic activity slightly decreased (nearly 27%) after
ten cycles due to the loss of catalysts during the recycling
experiment.

Proposed mechanism for photocatalytic H,O, generation and
Cr(vi) reduction

Based on the above analysis, the possible photocatalytic
mechanism for the photocatalytic Cr(vi) reduction and H,0,
generation is schematically represented in Fig. 6. In this study,
the band structure was analyzed using UV-vis DRS and MS ana-
lysis. Visible light induced the formation of e ~h" pairs in the
respective CB and VB positions of the NV-2 photocatalyst. M-S
analysis verified NV-2 as an n-type semiconductor. The photo-
induced h* in the VB are not capable of oxidizing water
because the VB potential is significantly lower than the
required oxidation potential of water (1.76 eV). Furthermore,
no H,0, was detected in the experiments, which were carried
out in the dark or in the absence of the photocatalyst. The dis-
solved oxygen underwent direct two-electron reduction path-
ways to yield H,0, (eqn (2) and (3)).

1.2
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(a) Photocatalytic Cr(vi) reduction absorbance plot of NV-2 under visible light at various intervals of time. (b) Photocatalytic Cr(v)) reduction

absorbance plot of NV-2 under visible light at various intervals of time. (c) Kinetics of the pseudo-first-order mechanism of NV-2. (d) Comparison of
the photocatalytic Cr(vi) reduction by NV-2 at different pH values. (€) Comparison of the photocatalytic Cr(vi) reduction by different photocatalysts.

(f) Stability testing of the NV-2 catalyst during the Cr(vi) reduction.
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Fig. 6 Schematic illustrating the mechanism of the Cr(v) reduction
using the NV-2 photocatalyst and the direct two-electron pathway of
H,0, production.

Two-electron single step/direct H,O, generation:

h
NV —D> eCB_ + hVB+ (2)
0, +2H" +2e~ — H,0, (3)

The reduction of Cr(VI) could occur under light irradiation
because the CB position of NV-2 is more negative than that of
the required reduction potential of Cr(vi) (0.33 eV). In parallel,
the photoinduced h* in the VB of NV-2 facilitated oxidation of
alcohol as a sacrificial agent, releasing protons. The scavenger
studies confirmed that the photogenerated electrons were pri-
marily used for the reduction of Cr(vi) to Cr(m). The overall
photoreduction is summarized in eqn (4) and (5).

NV-2 2 e~ (CB) + h* (VB) (4)
Cr,0,%” +14H" 4 6e~ — 2Cr*" 4 7H,0 (5)
Conclusion

In summary, this work presents a rational design strategy to
address several major challenges in photocatalysis: (i) the
incomplete understanding of charge-transfer dynamics and
active sites during photocatalytic reactions, (ii) rapid recombi-
nation of photoproduced charge carriers, and (iii) poor long-
term stability owing to structural degradation under illumina-
tion. NiV-LDH nanoflakes were synthesized via an eco-friendly
reflux method with varying Ni/V ratios. We introduced the
surface defect site (O,) for effective photocatalytic H,O, pro-
duction for all three photocatalysts and have discussed com-
parative experiments in detail by employing different para-
meters. The results reveal that the high SSA due to the O, of
NV-2 facilitates optimized charge carrier separation and
surface reaction, which are essential for both H,O, production
and Cr(vi) reduction. The elemental, optical and electro-
chemical characterizations of the synthesized photocatalysts
were analyzed. The NV-2 catalyst showed the lowest PL inten-

This journal is © The Royal Society of Chemistry 2025
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sity with the highest lifespan and slowest exciton recombina-
tion rate, which improved the photocatalytic H,0, production
(1152 pmol g~* h™"). Notably, NV-2 exhibited excellent Cr(vi)
reduction efficiency of 92% in comparison to other catalysts
and was stable for up to 10 cycles. This research work demon-
strates a significant pathway for designing high-performance
samples in the field of sustainable photocatalysis.
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