Appendix 1
N N



Appendix |

Journal publications and book chapter details

Papers published

1. Basumatary, R., Basumatary, P., Hazarika, S. J., Konwar, D., & Ramchiary, A.
(2025). Advanced LDH-derived Ag@NiO/Ag,CrO,4 heterojunction photocatalyst for
rapid dye degradation. Journal of Water Process Engineering, 78, 108727.

2. Basumatary, R., & Ramchiary, A. (2025). Unveiling the role of anisotropy effects of
plasmonic Ag nanostructures in modulating visible light photocatalysis of TiO,.
Materials Letters, 40, 139292.

3. Basumatary, R., Konwar, D., & Ramchiary, A. (2025). Advances in plasmonic
photocatalysts for solar light harvesting and enhanced performance: A
comprehensive analytical review. Solar Energy Materials and Solar Cells, 282,
113353.

4. Basumatary, R., Konwar, D., Basumatary, B., & Ramchiary, A. (2023). Plasmonic
enhanced branched Ag sensitized Cu,O-CuO/TiO, heterojunction with
unprecedented photocatalytic degradation under visible light. Journal of Physics and
Chemistry of Solids, 180, 111435.

5. Basumatary, R., Basumatary, B., Konwar, D., & Ramchiary, A. (2023). Tailored
highly efficient Co-doped TiO,/CoTiO3 heterojunction photocatalyst for methylene
blue degradation under visible light. Journal of the Korean Ceramic Society, 60,
547-559.

6. Basumatary, P., Basumatary, R., Konwar, D., & Ramchiary, A. (2025). Dual type-II
heterojunction in SrTiO3/TiO,/Cu,O photocatalyst: A robust system for dye
degradation under visible light. Surfaces and Interfaces, 62, 106148.

7. Basumatary, B., Basumatary, R., Ramchiary, A., & Konwar, D. (2022). Evaluation
of Ag@TiO,/WO3 heterojunction photocatalyst for enhanced photocatalytic activity
towards methylene blue degradation. Chemosphere, 286, 131848.



Appendix |

Book chapters

1.

Basumatary, R., Brahma, S., & Ramchiary, A. (2025). Chapter: Low dimensional
metal oxide semiconductors: A promising frontier for biosensing applications, Book:
One- and Two- Dimensional Nanomaterials Bioengineering Applications, Academic
Press (Elsevier), ISBN: 978-0-443-23703-4

. Basumatary, R., & Ramchiary, A. (2025). Chapter: Plasmonic metal integrated

semiconductor photocatalysis, Book: Frontiers in Natural Sciences, IQAC Birjhora
Mahavidyalaya, ISBN: 978-81-96595-47-0

Basumatary, R., Basumatary, P., Das H., & Ramchiary, A. (2023). Chapter:
Synthesis and enhancement strategies for metal oxide photocatalysts for sustainable
energy and environmental challenges, Book: Biological, Chemical and Physical
approach to materials and it’s applications, National Press Associates, ISBN: 978-81-
19674-31-2.



Appendix 11
N s N I P ) 9



Conferences and workshops

Conferences

1.

“Pushing Frontiers: Plasmonic Ag-enhanced Ni-Cr LDH photocatalysts propel
swift visible light dye degradation” presented at International Conference on Recent
Advances in Mathematical, Physical and Chemical Science (ICRAMPC-2024)
organized by School of Physical Sciences, Mizoram University, Aizawl, during
February 21 - 23, 2024

“Synthesis of various shaped silver (Ag) nanostructures via facile chemical
methods: Evaluation of plasmonic characteristics and photocatalytic enhancement”
presented at Fourth International Conference on Material Science (ICMS-2024)
organized by Department of Physics, Tripura University, during 31% Jan - 2" Feb
2024

“Plasmonic Resonance in coupled plasmonic nanoparticles” presented at 1%
Bodoland International Knowledge Festival (BIKF-2023), organized by Bodoland
University, Kokrajhar, during 27" Feb — 2" March 2023

“Broad LSPR enhanced CuO/TiO, heterojunction photocatalyst for MB
degradation” presented at National Conference on Advances in Sustainable
Chemistry and Material Science (ASCMS-2022), organized by Department of
Chemistry, Bodoland University, Kokrajhar, during 29 - 30™ April 2022



Workshops

1.

Five day Hands on Training Cum Workshop on “Application of SEM & EDS on
Biological Samples” organized by Department of Biotechnology, Bodoland
University from 5™ to 9™ January, 2024.

International Workshop on “Al Tools for Research Writing” organized by
Manuscriptpedia, Knayakumari, during 6™ and 7 January 2024.

Training on “Sophisticated Instuments used in Scientific Research” organized by
Sophisticated Analytical Instrument Centre (SAIC), Institute of Advanced Study in
Science and Technology (IASST), Guwahati during 7 to 13, 2022.

Nine days online workshop on “Opportunities for Research and Innovation Using
the Facilities of SAIF-Guwahati from 14™ to 23" February 2022.

One-day workshop on Building Research Capacity in Physics organized by the
Department of Physics, Bodoland University, Kokrajhar, Assam on 15 June 2022.
Two days online workshop on “Scanning Electron Microscopy: Technique and its
Applications” organized by North East Centre for Biological Sciences and
Healthcare Engineering, Inidan Institute of Technology Guwahati, Assam on 29" -
30" July 2021.

One week AICTE sponsored online Short Term Training Programme (STTP) on
“Emerging Trends in Nanomaterials for Electronic and Optoelectronic Devices”
organized by Department of Electronics & Communication Engineering during
May 10-15, 2021.



Journal of Water Process Engineering 78 (2025) 108727

ELSEVIER

Contents lists available at ScienceDirect
Journal of Water Process Engineering

journal homepage: www.elsevier.com/locate/jwpe

JOURNAL OF
WATER PROCESS
ENGINEERING

Advanced LDH-derived Ag@NiO/Ag>CrO4 heterojunction photocatalyst for

rapid dye degradation

Rajmoni Basumatary ? Phulmani Basumatary °, Saurabh J. Hazarika ", Dimpul Konwar©,

Anjalu Ramchiary *

& Department of Physics, Bodoland University, Kokrajhar, Assam, 783370, India

® pandit Deendayal Upadhyaya Adarsha Mahavidyalaya, Tulungia, Bongaigaon, Assam, 783383, India
€ VSB-Technical University of Ostrava, Centre for Energy and Environmental Technologies, Nanotechnology Centre, 17. listopadu 2172/15, Ostrava, 70800, Czech

Republic

ARTICLE INFO ABSTRACT

Editor: Laura Bulgariu This work unveils a superior plasmonic photocatalyst synthesized through the strategic integration of metallic Ag

during Ni—Cr LDH synthesis. The catalyst synthesis involved the formation of modified Ni—Cr LDH, by the

Keywords: incorporation of a metallic Ag solution and subsequent air heat treatment, leading to the in-situ development of
Visible li'ght active the mixed metal oxide Ag@NiO/Ag>CrO4 (ANC). The ANC photocatalyst exhibits strong visible-light absorption
g::g;‘;l;cﬁon system and suitably positioned band edges, forming a Z-scheme heterojunction that facilitates efficient charge transfer
Photocatalysis and enhances redox reactivity. The efficacy of the photocatalyst was evaluated by the degradation of MB and RhB

dye, revealing that the heterojunction photocatalyst outperformed the LDH derived NiO (NC) counterpart by 34
fold and 1.4 fold in MB and RhB degradation, respectively. The improved catalytic performance mainly stems
from its efficient harvesting of visible light, and the plasmonic effects, including local surface plasmon resonance
(LSPR) and plasmon induced resonant energy transfer (PIRET). The PIRET phenomena enabled by Ag nano-
particles plays a crucial intermediary role in sustaining an efficient Z-scheme charge transfer between Ag;CrO4
and NiO. The key significance of this study lies in its innovative synthesis strategy, wherein Ni—Cr LDH serves as
a transformative precursor, strategically engineered to develop highly active photocatalysts through the incor-

Dye degradation

poration of plasmonic Ag.

1. Introduction

The rapid industrial expansion and intensive natural resource
exploitation have become major contributors to the contamination of
surface and groundwater, leading to a concerning decline in freshwater
availability. Waste released from industries such as textiles, rubber,
paper, and plastics continues to impact aquatic ecosystems adversely,
posing serious challenges for society as a whole. Semiconductor-based
photocatalysis has evolved into a key research focus for their ability to
harness sunlight directly, enabling the production of solar energy
through pivotal processes like water splitting, CO2 reduction, pollutant
degradation, and antimicrobial application. The pressing need for sus-
tainable and environmentally conscious approaches to treat dye-
contaminated wastewater underscores the critical role of advanced
oxidation processes (AOPs), particularly photocatalytic systems. This
approach enables efficient breakdown and mineralization of various
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organic pollutants in water by producing highly reactive oxidizing
agents [1]. Photocatalytic degradation of contaminants yields non-toxic
by-products, mainly CO, and H,0, showcasing it as an effective method
for converting hazardous compounds into environmentally safe prod-
ucts. Despite significant progress, research on photocatalyst develop-
ment remains ongoing, with a continual pursuit of advanced materials
that are cost-effective, practical, and highly efficient. Metal oxide-based
photocatalysts like TiO2 and ZnO have proven effective upon modifi-
cation and have been widely studied to enhance photocatalytic effi-
ciency [2]. Despite their potential, these semiconductors are hindered
by arelatively large band gap, which significantly limits their efficiency
in harnessing visible light. While elemental doping has successfully
adjusted the band gap, the introduced impurity sites often serve as
centers for electron-hole recombination, reducing photogenerated car-
rier lifespan and thus decreasing photocatalytic efficiency [2]. As a
consequence, developing visible-light-responsive photocatalysts such as
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modified LDH, engineered through metal doping or heterojunction
formation, along with other mixed metal oxides possessing narrower
band gaps is vital for optimizing solar conversion efficiency.

In the pursuit of effective photocatalytic materials, silver-containing
compounds, mainly AgoWO,4, AgoMoOy, and AgyCrO4 have garnered
considerable interest due to their distinctive photosensitivity, which
imparts these materials with exceptional light absorption characteristics
that facilitate visible light activated catalytic processes [3,4]. AgoCrO4
distinguishes itself among silver-based semiconductors due to its wide
absorption range, and efficient photogenerated carrier transfer, which
offer a significant advantage in photocatalytic applications. The distinct
crystalline structure and electronic configuration of AgoCrOy4 facilitates
the migration of photo-induced charge carriers, resulting in optimized
production of reactive oxygen intermediates [3,5]. Nonetheless, the
limited efficiency of unmodified Ag>CrOg4 catalysts, due to poor photo-
generated carrier separation, restricts their vast application [6]. Studies
have shown that strategies such as element substitution, morphology
tuning, and heterojunction formation can significantly alleviate this
issue [5-7]. A study shows that Eu®* doping augments the photo-
catalytic ability and stability of Ag>CrO4 by modifying its band struc-
ture, which improves charge separation and supports multiple
degradation pathways, significantly boosting its photocatalytic ability
under visible light [4]. In their recent work, Gorouhi et al. explored the
application of double Z-scheme AgyCrO4/BizO3-KBigOgBr photo-
catalysts for degrading various organic dye pollutants [8]. Their findings
revealed that the double Z-scheme interface between the catalysts
drastically enhanced charge separation, thereby boosting overall pho-
tocatalytic performance. In a separate study, the Ag/AgoCrO4/g-C3N4
catalyst was used to degrade wastewater laden with tetracycline and
quinolone compounds [7]. The findings indicated that the mesoporous
g-C3Ny4 framework effectively supported Ag and AgoCrO4 nanoparticles,
providing additional active sites, while the plasmon resonance effect
combined with a synergistic Z-scheme heterojunction strategy offered
significant advantages within the composite, thereby enhancing the
degradation of organic pollutants.

Among various enhancement strategies, two-dimensional (2D)
nanostructures, commonly used as co-catalysts with semiconductor
photocatalysts, significantly boost photocatalytic efficiency [9]. Pur-
poseful optimization of tailored photocatalyst structures and surface
properties has proven to be a powerful approach for advancing oxida-
tion reactions in photocatalysis. Layered double hydroxides (LDHs) are
emerging as an attractive group of 2D structure for solar energy con-
version, driven by their distinctive physicochemical properties,
including a modifiable layered architecture, compositional adaptability,
tunable band gaps, advantages from oxygen vacancies, facile synthetic
routes, and low production costs [10,11].

LDHs constitute a family of anionic clay minerals featuring alter-
nating layers of mixed-valent metal hydroxides and charge-
compensating interlayer anions. These materials, isostructural with
naturally occurring hydrotalcite, contain both divalent (M2") and
trivalent (M®") cations in their brucite-like layers, with interstitial an-
ions maintaining charge neutrality [12,13]. Because of its 2D layered
structure, LDH materials have charge transport properties highly suit-
able for photo- and electro-catalysis [13]. The lamellar structure of LDH
is known to collapse upon calcination, yielding thermally stable mixed
oxide phases [12]. However, when the collapsed LDH gets into contact
with abundant surrounding moisture in the environment, the former
lamellar structure is regained. This memory effect of the LDH is ad-
vantageous, as it may facilitate the adsorption of dye or water molecules
within the interlamellar spaces, thereby providing additional active sites
for oxidation and reduction reactions to occur. Other attractive prop-
erties of LDHs are including facile anion exchange, exceptional anion
uptake capacity, straightforward synthesis process, and, economic pro-
duction feasibility. However, the use of LDHs as photocatalysts is still
not very popular because of their low efficiency, although their light
absorption range is wider as compared to photocatalysts like TiO5.

Journal of Water Process Engineering 78 (2025) 108727

Our research demonstrates a novel plasmonic-based photocatalyst
developed through the integration of Ag metal onto Ni—Cr LDH, high-
lighting its photocatalytic efficiency and comprehensive characteriza-
tion. The synthesis steps of pristine Ni—Cr LDH was followed, until, at a
specific stage, incorporation of an Ag metallic solution was performed,
yielding a slurry product having brownish color, different from greenish
slurry obtained during synthesis of pristine Ni—Cr LDH. The calcination
of this modified Ni—Cr LDH at 600° C produced a mixed metal oxide
system Ag@NiO/Ag>CrO4. The Ag@NiO/Ag2CrO4 photocatalyst exhibit
a strong visible light absorption, particularly with plasmonic resonance
peak corresponding to an energy of ~2.7 eV. Moreover, its favorably
aligned band edges for redox reactions with a Z-scheme configuration,
facilitate efficient photocatalytic transformation reactions. NiO is a wide
band gap p-type semiconductor whose bandgap values lies between 3.0
and 4 eV depending upon the synthesis method employed [14]. On the
other hand, Ag>CrOy4 is a narrow band gap n-type semiconductor with
bandgap typically ranging from 1.7 eV to 1.8 eV [5]. However, the
composite involving heterojunction between NiO and AgyCrO4 would
facilitate p-n junction formation that is expected to benefit from the
synergy of high reduction power of NiO due to its conduction band edge
position located at energy values more negative than the water reduc-
tion level, and strong visible light response of Ag>CrO4. The composite is
expected to have an improved stability than Ag;CrO4 alone and better
visible light absorption than NiO alone. Additionally, we found that the
presence of Ag in the resultant photocatalyst Ag@NiO/Ag>CrO4 further
benefits the composite via surface plasmon resonance mediated Z-
scheme charge transfer. The reaction kinetics analysis of MB and RhB
degradation indicated 34 and 1.4 times more efficient, respectively,
compared to the pristine NC counterpart. The improved photocatalytic
ability is ascribed to the key factors: (i) the strong visible light response
and effective dye molecule adsorption by the lamellar structure of the
ANC composite, (ii) The plasmon induced resonant energy transfer
(PIRET) occurrence in the ANC photocatalyst enables efficient charge
pair generation in NiO driven by nonradiative resonant energy transfer
from Ag nanoparticles, extending charge carrier excitation beyond
direct optical transitions and enhancing photocatalytic activity, and (iii)
the presence of NiO along with traces of Ni(OH),, serves as a cocatalyst,
effectively enhancing the segregation of photoexcited carriers and
stimulating the production of active radicals for photocatalytic re-
actions. Thus, the synergistic effects of Ag-induced plasmonic resonance,
combined with the AgaCrO4/NiO composite structure represents a sig-
nificant advancement in photocatalytic materials design for the efficient
degradation of complex dye molecules.

2. Experimental procedure
2.1. Chemicals applied

Ni(NOs3)2.6H20 was supplied by Merck, India. Cr(NO3)3.9H20, 97 %
purity, and NayCrO4.4H20, 99 % were received from Loba Chemie Pvt.
Ltd. Sodium Hydroxide (NaOH) was purchased from Avantor Perfor-
mance Materials India Ltd. Polyvinyl Pyrolidone (PVP) from Himedia
Laboratories Pvt. Ltd., India. Sodium Carbonate Anhydrous (NayCOs),
Tri-sodium Citrate Dihydrate (TSC, C¢HsNa307.2H20), and Sodium
Borohydrate (NaBH4) were obtained from Merck Life Science Pvt. Ltd.
AgNOs3, and Hydrogen Peroxide (H02) were provided by Th. Fish. Sci.
India Pvt. Ltd.

2.2. Catalyst synthesis protocol

2.2.1. One pot synthesis of Ag solution

The Ag nanoparticle colloidal suspension was prepared in the
following steps. To initiate the procedure, 50 mL of doubly distilled (DD)
water was used to prepare a solution containing 0.0703 g of silver nitrate
(AgNOs3). 1.5 mL of PVP solution was added to it by stirring followed by
1.5 mL of TSC. Next, 60 pL HoO, was introduced as an etching agent in
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the solution by using a micropipette. After a while, the silver ions in the
mixture were finally reduced to silver metal particles under the intro-
duction of 9 mL NaBH,4 solution which was done by adding 1 mL aliquots
after every 2 s to the mixture.

2.2.2. Preparation of Ni—Cr LDH and Ag@NiO/AgsCrO4

Ni—Cr LDH was prepared by using 0.02 M and 0.01 M of nitrate salts
as Ni and Cr precursors respectively in 100 mL DD water. After ensuring
the proper mixing of precursors by continuous stirring, 100 mL of 0.01 M
NaCOs3 was introduced in 1 mL aliquots to the reaction mixture under
vigorous stirring. A few moments after the addition of NaCO3, 100 mL of
NaOH (1 M) solution, was introduced dropwise to the homogeneous
solution. This homogeneous solution was allowed 16 h of thermal aging
at 65 °C with mechanical stirring, and finally, the pH was carefully
adjusted to 7-8 using DD water. The suspension was filtered, and the
collected solids were dried, ground, and calcined at 600 °C.

Preparation of Ag@NiO/Ag,CrO4 follows the exact procedures as
adopted in the synthesis of Ni—Cr LDH up to the addition of NaCOs3
solution. Subsequently, a pre-prepared Ag colloidal suspension was
introduced to the suspension, and after 15 min, NaOH solution was
subsequently added. All the subsequent steps, as outlined in the Ni—Cr
LDH synthesis, were then followed. Subsequently, the formed solid was
separated, dried, finely ground into powder, and calcined at 600°C. The
products obtained after calcination at 600 °C are designated as NC for
Ni—Cr LDH and ANC for Ag@NiO/AgoCrOy4.

2.2.3. Synthesis of AgaCrO4 (AC) counterpart

To prepare AgoCrO4 catalyst, 0.2323 g of NayCrO4.4H0 was
dispersed in 50 mL doubly distilled water which developed into a
yellowish solution. Meanwhile, the AgNOs solution was separately
prepared by mixing 0.0516 g of AgNOs in 50 mL DD water. While
putting the chromate salt solution under vigorous stirring, the silver
nitrate solution was added dropwise onto it, causing the mixture to
gradually turn reddish as the drops were introduced. The mixture was
subjected to uninterrupted agitation for a further duration of two hours
after which the precipitate was collected, thoroughly washed, and dried.

2.3. Analytical techniques

The XRD data of the powdered photocatalysts were obtained using
Bruker-D8-AXS Advance X-ray diffractometer, Cu Ka radiation, A = 1.54
A. The inner structure, morphology, and elemental composition along
with its distribution was investigated by using Scanning Electron Mi-
croscopy (SEM, Hitachi S4200) and Transmission Electron Microscopy
(TEM, FEI Tecnai G2 F20, JEM-2100 PLUS (HR), Jeol) aided with EDX.
The UV-DRS spectra were recorded by the Shimadzu UV-1800 machine.
To interpret the surface oxidation states and chemical arrangements of
the final composite, X-ray photoelectron spectroscopy (K-Alpha X-ray
XPS, Thermo 125 Scientific, UK) was employed. Raman shift was
examined with a Renishaw basis series Raman Spectrophotometer (514
nm lasers). The photoluminescence (PL) data of the samples were ob-
tained using a PL spectrophotometer (FluoroMax-4C; 1379D, UK). Time-
resolved photoluminescence spectra (TRPL) were obtained from Pico-
second lifetime spectrophotometer, model: Lifespec II, Edinberg
Instruments.

2.4. Photocatalytic assessment for MB and RhB degradation

The effectiveness of the prepared photocatalysts in catalyzing dye
degradation was investigated using a light source (A > 400 nm; visible
irradiance = 4.6 mW/cm?) as a visible light source and MB and RhB dye
as the model pollutant. Throughout the experiments, 0.5 gL.~! catalyst
loading and 0.01 mM MB and RhB solution were maintained. The
sorption equilibrium of the catalyst was established prior to light irra-
diation. An adequate amount of liquid sample was then collected from
the solution under light illumination at every 15-minute interval.
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Optical absorption profiles of the treated dye were acquired using a
double-beam spectrophotometer (make: Shimadzu, model: UV1900i).

2.5. Free radical identification test

The pollutants degradation using photocatalyst is a surface driven
phenomenon that intimately involves reaction of adsorbed pollutant
molecules with the generated ROS. The contribution of these active
species; mainly electrons (e™), holes (h™M), hydroxyl radicals (eOH), su-
peroxide radicals (e0O3), and singlet oxygen oy in degradation pro-
cess, was examined using selective quenching agents as follows: silver
nitrate (SN) for e~, ammonium oxalate (AO) for h't, p-benzoquinone
(BQ) for ¢O3, isopropyl alcohol (IPA) for ¢OH, and L-histidine (LH) for
10, [15-17]. The experiment was performed following the same pro-
cedures as described in the photocatalytic degradation experiment using
the same MB concentration, catalyst loading, and time intervals of
sample collection.

3. Results and discussion
3.1. Crystallographic and optical study

Fig. 1. presents the XRD results of the mixed-metal oxides NC, AC and
ANC. The XRD pattern of NC (Ni—Cr LDH calcined at 600 °C) exhibits
distinct peaks at 20 values of 37.1°, 43.6°, and 63.4°, which are attrib-
uted to the NiO-like phase, as referenced by JCPDS card no. 04-0835.
These reflections are attributable to specific crystallographic planes
(111), (200), and (220), respectively [18,19]. Similar types of broad
peaks are also observed in ANC at the same 20 positions, indicative of
the same changes that took place after the calcination of raw Ni—Cr
layered double hydroxides to form NC and ANC [18,19]. The crystalline
phases of LDH and Ag@Ni-Cr LDH in its pristine form were identified
through XRD, and are provided in Fig. S1 (supplementary information,
SI). Moreover, there are peaks in ANC whose positions coincide with the
peak positions of AC (as prepared Ag,CrO4) at 20 = 17.30, 21.50, 25.10,
31.1°,32.1°,33.4%,39.1°, 44.1°, 45.1°, 47.8°, 52.0°, 55.8°, 56.8°, 61.7°,
and 62.4°. These peaks are identified as representing the XRD pattern of
Ag>CrO4 (PDF no: 026-0952) [20]. The corresponding planes are (020),
(120), (200), (031), (002), (012), (122), (240]. (222), (051), (400),
(242), (213), (431), and (402), respectively. The mean crystallite di-
mensions were calculated to be ~3.6 nm, ~16.1 nm, and ~29 nm for
NC, AC, and ANG, respectively, from the Debye-Scherrer formula [21].

The recorded UV-Vis DRS profiles of the photocatalysts NC, AC, and
ANC and the UV-Vis absorbance spectra of Ag are plotted in Fig. 2(a). Ag
spectrum exhibits two broad spectral features, located at 400 nm and
553 nm. The lower wavelength peak at 400 nm, is interpreted to be
primarily resulting from the plasmonic resonance effect associated with
the spherical geometry of Ag nanoparticles [22], and another broader
peak at 553 nm, was associated to plasmonic resonances arising from Ag
nanoparticles of various sizes and shapes, including triangular nano-
plates, oblate structures, and irregular forms, as observed in the TEM
images in Fig. S2 of SI. The presence of plasmonic Ag in the ANC sample
is evident from the distinct bump at 400 nm in the absorption spectrum,
indicating its characteristic plasmonic resonance. Additionally, the NC
spectra exhibit an increasing absorption trend with decreasing wave-
length across the visible-to-UV spectrum (550-300 nm). Similarly, there
is an increasingly higher absorption in ANC below 550 nm and beyond
300 nm towards the UV region. This similar absorption trend of NC and
ANC can be attributed to their common LDH phase. The optical band gap
energies of the catalysts were estimated using Tauc plot extrapolation
derived from the Kubelka—-Munk function, as illustrated in Fig. 2(b) [23].
The values were noted as 3.14 eV for both NC and ANC, and 1.77 eV for
AC. The obtained band gap value 3.14 eV for NC and ANC aligns with the
calculated energy gap of NiO, as shown in Fig. S3. Tauc analysis serve as
a standard technique to identify energy gap in semiconductors by dis-
playing a linear region corresponding to direct or indirect band gap
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Fig. 2. (a) UV-Vis DRS of NC, AC, ANC, and UV-Vis absorbance spectrum of Ag. (b) Bandgap determination using Tauc plot.

transitions. However, in the presence of Ag nanoparticles, an additional
feature can emerge due to the SPR (Surface Plasmon Resonance) effect.
The ANC spectrum, reveals a distinct bump starting at around 2.7 eV and
having a spectral maximum at 3.1 eV, implying the onset of significant
absorption attributed to the SPR of Ag nanoparticles. Although SPR in
Ag does not create a true band gap, it can influence the optical properties
in a manner that may resemble band gap behavior [24]. This phenom-
enon can be interpreted as the plasmonic resonance occurring in Ag
when the incident light energy surpasses 2.7 eV, aligning with the broad
absorption peak of Ag centered at approximately 400 nm (3.1 eV).

3.2. Study of Raman and photoluminescence spectra

Fig. 3(a). presents the Raman shift patterns of the photocatalysts NC,
AC, and ANC. The peaks at 362, 598, and 798 cm~! visible in the NC
sample are clearly attributed to the formation of spinel NiCro04 [25,26].
Particularly, the intense and asymmetrical band (here with maxima at
798 cm™)) is referenced to the symmetrical stretching mode of the
[CrO4] tetrahedron [27]. It has been explained that this anti-
symmetrical elongation vibration is what contributes to the asymme-
try of this band. As illustrated in Fig. 3(a), the Raman analysis of ANC
and pristine Ag,CrO4 (AC) exhibit nearly identical patterns. Prominent
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Fig. 3. (a) Raman and (b) Photoluminescence spectra of NC, AC, and ANC.

peaks detected at 780 and 813 cm™! are ascribed to the symmetric
vibrational modes of Cr—O bonds within [CrO4] clusters, corresponding
to Ay mode [5,28]. A slight displacement of the peak from 816 em™?
(reported elsewhere) to 813 em~ ! was observed, which can arise from
the differences in synthesis method, crystallite size, defects in the lattice,
and other factors [28]. All the samples (NC, AC, and ANC) have shown a
common peak at 362 cm’l, which can be accredited to Cr6+, as all the
samples contain Cr and O as their constituent elements [29].

The photoluminescence (PL) spectra of the catalysts NC, AC, and
ANC were recorded under 325 nm excitation, as shown in Fig. 3(b). All
the photocatalysts displayed minimal emissions in the 400-550 nm
wavelength range. Furthermore, ANC shows lower emission than both
AC and NC within the wavelength range 450 nm to 550 nm as shown in
Fig. 3(b). The formation of a heterojunction between AgaCrO4 and NiO
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in ANC, alongside a Schottky junction with metallic Ag, may lead to
faster and higher electron-hole pair separation efficiency [30]. A peak at
487 nm was observed for both NC and ANC, which could be attributed to
the NiO phase present in these samples [31,32]. Similarly, a peak at 487
nm was observed for AC caused by the recombination of charge carriers
due to the defects in the structure of AgoCrOy4 [5].

3.3. XPS analysis

XPS analysis was conducted to probe the surface chemistry and
valence states of elements present in the final ANC catalyst. As presented
in Fig. S4, the broad survey spectrum of ANC reveals the presence of
characteristic peaks corresponding to Ni 2p, Cr 2p, O 1s, Ag 3d, and C 1s.
The C 1s peak detected at a binding energy of 284.8 eV is indicative of

(b)

Cr2p

Cr2p,, ©r*)

Intensity (a.u.)

594 591 588 585 582 579 576 573 570
Binding energy (eV)

Ag3d Ag3d,, (AgHR

7 Ag3d,,(Ag)

Ag3d,, j

Intensity (a.u.)

374 372 370
Binding energy (eV)

376 368 366

Fig. 4. XPS peak fitting of ANC: (a) Ni 2p spectra, (b) Cr 2p, (c) O 1 s, and (d) Ag 3d.
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adventitious carbon contamination on the sample surface [21].

The well-resolved Ni 2p spectrum of ANC is presented in Fig. 4(a).
The deconvolution of the Ni 2p spectrum results in six discrete peaks.
The main peaks located at 855.7 and 873.2 eV associated with Ni 2p3/2
and Ni 2p;,, doublets, respectively, are identified as the characteristic
peaks of Ni(OH); [33,34]. The difference in energy of these two peaks
matches with the spin-energy splitting value of 17.5 eV, characteristics
of a Ni(OH), phase [35]. Satellite features at 861.7 eV and 879.8 eV,
assigned to 2ps,» and Ni 2pj /5 of Ni(OH),, provide additional evidence
for its existence [36]. While XRD analysis of the ANC material detected
NiO-like crystalline phases, XPS revealed additional Ni(OH), signatures.
This is probably a consequence of the structural breakdown of the LDH
layered structure [12]. Under these circumstances, the intercalated an-
ions and bonded hydroxyl molecules in ANC were completely removed
after calcination. When exposed to water in the atmosphere and envi-
ronmental anions such as during the time interval after calcination and
before XPS analysis, the LDH likely reformed its former stratified
structure with new guest anions or hydroxyl ions, leading to the pres-
ence of Ni(OH), [12]. Moreover, since XPS is a surface analysis tech-
nique, the Ni(OH), peaks are found to be predominant [37]. As for the
existence of NiO, two characteristic Ni 2ps,» peaks at 855.2 eV and
861.4 eV appear with a considerably smaller peak area, in agreement
with XRD peaks [36]. In summary, analysis of the Ni 2p spectrum con-
firms only a single oxidation state, Ni>*, present either as NiO or Ni
(OH)3.

Fig. 4(b) depicts the core-level Cr 2p XPS measurement of ANC. The
peak maxima recorded at 576.5 eV and 586.2 eV can be associated with
Cr3* [18,38,39]. The finding of crt agrees with the general formula of
Ni—Cr LDH, in which one metal, Ni is in +2 oxidation state and the
other metal, Cr, is in +3 oxidation state. However, the XRD of ANC also
revealed the presence of the AgyCrO4 phase, where Cr is in the +6
oxidation state. This is further confirmed by the resolved peaks at 578.6
eV and 588.0 eV in the Cr 2p spectra, corresponding to Cr® [40]. The
additional peak identified at 572.5 eV can be linked to the interplay
between Ag 3p and Cr 2p and is referenced as the Ag 3ps,»2 peak [41,42].

The O1s spectra as provided in Fig. 4(c) could be resolved into three
district peaks positioned at 530.1 eV, 531.4 eV, and 532.3 eV, which
implies the lattice oxygen (Ni—O or Cr—O0), hydroxyl oxygen (OH™ ions
in the LDH material) and adsorbed oxygen, respectively [33,36,43].
Again, the fine XPS binding energy spectrum corresponding to Ag 3d in
the ANC photocatalyst is illustrated in Fig. 4(d). The deconvoluted XPS
peaks at 367.6 eV and 373.6 eV are associated with the Ag™ oxidation
state, which supports the formation of Ag>CrO4 as revealed in XRD and
Cr 2p peaks [40,44]. Furthermore, the Ag 3d doublet, revealed by peaks
at 368.2 eV and 374.2 eV corresponding to the 3ds/» and 3ds/» levels
respectively, with a spin-orbit splitting of 6.0 eV, confirms metallic sil-
ver presence [21,45]. Fig. S5 presents the valence band XPS spectra,
which were utilized to evaluate the band edge positions of the ANC
catalyst. Extrapolation at the onset of the spectra, as given in Fig. S5,
reveals a valence band maximum (VBM) of 1.26 eV.

3.4. Microstructural investigation of the catalyst

The SEM images of NC exhibit a highly aggregated, porous
morphology with nanoparticle clusters forming interconnected struc-
tures, shown in Fig. S6(a-b). While a distinct layer-by-layer arrangement
is not explicitly visible, the observed agglomerates and rough texture
suggest the possible retention of interlayer porosity, a characteristic
feature of LDH-derived materials. This porous architecture contributes
to a high surface area, which may enhance dye adsorption, offering
substantial active sites for photocatalytic reactions [46-48].

In contrast, ANC as displayed in Fig. S6(c-d) display fused layers,
implying that the formation and growth of Ag,CrO4 have bridged gaps
and reduced the height disparity between the uppermost and lowermost
surfaces. The stacked and textured appearance observed in the SEM
image suggests the presence of residual LDH structures, indicating the
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retention of its layered morphology in the ANC composite.

To get a detailed information on the morphology of the catalyst, TEM
images were investigated. The TEM micrographs of NC are illustrated in
Fig. 5(a-d), offer a more detailed observational view of the material’s
structure. Besides confirming the layered arrangements, the images
reveal a mesoporous structure, as observed in Fig. 5(a-b). The TEM
image in Fig. 5(c) displays a distinct rod-shaped crystal, identified as
NiO [49]. Furthermore, Fig. 5(d) indicates that NC forms a circular
structure, which appears to be encapsulated and wrapped with particles,
forming the structures as shown in Fig. 5 (a-c).

The TEM images of ANC are presented in Fig. 6(a-c), while the
corresponding SAED pattern is shown in Fig. 6(d). It is apparent that
ANC is a less porous material with increased crystallinity. Faceted NiO
crystal and spherical AgoCrO4 crystals are visible in Fig. 6(b) and (c)
respectively [5,49]. The measurement of the radius of concentric circles
(highlighted with the red color dotted curve) of the SAED pattern image
in Fig. 6(d) reveals four interplanar spacings measured in nanometers
(nm) as 0.28, 0.21, 0.18 and 0.13, which are assigned to planes (031),
(111), (331) and (271) respectively. The planes (031), (331), and (271)
correspond to the growth planes of Ag>CrOy4 in three different directions
while (111) corresponds to the crystal plane of Ag. High-resolution TEM
pictures of ANC are presented in Fig. 6(e-f). The measurements of
interplanar distances confirm the presence of three distinct phases in
ANC, which are Ag, NiO, and AgsCrO4. From the HR-TEM images, in
Fig. 6(e), two distinct spacings of NiO are identified at d = 0.24 nm and
0.20 nm, corresponding to the [222] and [400] planes, respectively. In
addition, Ag>CrO4 exhibits an interplanar spacing of d = 0.28 nm cor-
responding to the [031] plane, while metallic Ag shows a spacing of d =
0.23 nm corresponding to the [111] plane. Fig. 6(f) further shows
distinct spherical Ag nanoparticles of various sizes between the diameter
range of 5-11 nm. The EDX analysis of both NC and ANC provides
further confirmation of the atomic constituents of these materials. The
analysis, as displayed in Fig. S7 of the SI, highlights the existence of
elemental components, verifying the successful incorporation of the
desired components within the synthesized samples.

3.5. Assessment of photocatalytic performance

The photocatalytic ability of the photocatalysts was determined by
tracking the breakdown of MB and RhB molecules. Fig. 7(a-b) demon-
strates the degradation trend of MB exposed to visible light for 90 min.
The degradation percentage from highest to lowest follows the
sequence: ANC > AC > NC with values of 94.6 %, 88.3 %, and 11 %,
respectively. The time-resolved UV-Vis absorption spectra of MB, ob-
tained during the experiment using different catalysts, are presented in
Fig. S8(a-c). Corresponding photographic images, captured at 15-min
intervals are also presented in Fig. S9. The apparent rate constants for
MB removal, obtained through linear fits of the In C/C, versus time plots
(Fig. 7(b)), were determined to be 0.034, 0.025, and 0.001 min~! for
ANC, AC, and NG, respectively. The degradation was in accordance with
pseudo-first-order kinetics, exhibiting a high R? value (0.98, 0.99, 0.86).
The degradation rate obtained for ANC photocatalyst is 34 times higher
than the pristine NC. The retention of the lamellar LDH structure in ANC,
as evidenced by SEM images and XPS spectra, even after forming the
heterojunction between NiO and AgyCrO4, offers abundant active sites
and facilitates efficient charge carrier separation. Furthermore, Ni(OH),
with its strong electronegativity, suppresses photogenerated carrier
recombination, while combining NiO with Ni(OH), aids in the separa-
tion of photo-stimulated charge carriers and generates active species for
photocatalytic reactions [50]. The AgoCrO4 catalyst also demonstrates
effective MB degradation on its own, ascribed to the material’s effective
visible-light harvesting capability and proficient photogeneration of
charge carriers [3]. Furthermore, Ag nanoparticles in metallic form, acts
as a plasmonic sensitizer which can improve the visible light response of
the semiconductors, as evidenced in the UV-DRS spectra. With the cre-
ation of a metal-semiconductor interface (Schottky-type) between
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Fig. 5. TEM images of (a-d) NC.

metallic Ag nanoparticles and semiconductor domains, electrons seam-
lessly transfer from Ag, which serves as both an electron reservoir and a
catalytic centre. This process accelerates electron migration while
effectively suppressing carrier recombination, thereby enhancing charge
separation efficiency. Table S1 presents the rate constants computed for
MB degradation of all the photocatalysts along with their regression
coefficients from the linear fitting. The photocatalytic degradation of
MB is also confirmed from the GCMS analysis results shown in Figs. S10-
S12 and Table S2. The GCMS analysis of the degradation products ob-
tained after 90 min of irradiation of MB solution using ANC as the
photocatalyst, has been performed. The degradation pathway of MB is
presented in Fig. S12. Additionally, rhodamine B (RhB) degradation was
performed with the photocatalysts under identical experimental condi-
tions and light exposure. The degradation spectra of RhB are illustrated
in Fig. S13(a-b) in SI. The analysis demonstrated that the ANC photo-
catalyst demonstrated 1.4 times greater activity than NC, the pristine
LDH calcined at 600 °C as illustrated in Fig. 7(c-d). The weaker per-
formance of ANC in terms of RhB degradation could be inferred from the
role of radicals in RhB degradation. RhB is a dye molecule of molecular
weight 479.01 g/mol which is higher compared to that of MB (319.85 g/
mol). The degradation mechanism of RhB has been widely studied, and
it is accepted that both h™ and eOH holds a crucial role in enhancing the
breakdown of RhB molecules [51,52]. At the first stage of degradation,
two competitive process are said to occur simultaneously, namely N-
deethylation and chromophore cleavage [52,53]. The cleavage is an
important step towards full degradation of RhB whereby it is converted
to COy and Hy0. The radicals that are mainly responsible for this
cleavage have been identified as h*, and ¢OH [52,53]. The OH that can
be obtained from oxidation of HoO molecules by h', require a redox
potential of 2.3 eV [54] which is not probable according to the band

edge potentials of ANC proposed in this study. However, the production
of ¢OH in ANC photocatalytic system could occur from the participation
of electrons in various oxidation reactions via oxygen and water mole-
cules [54]. But accordingly, the population of eOH would be less
abundant and thus accounting for slower degradation rate. For MB, the
electrons and singlet oxygen are capable enough to degrade MB and thus
faster degradation for MB [21]. A comparative summary of the photo-
catalytic performance of similar composite photocatalysts is presented
in Table S3. Furthermore, the reusability test of MB degradation using
ANC photocatalyst was performed under the similar experimental set-up
for three consecutive cycles as shown in Fig. S14. The total MB removal
percentages achieved in three consecutive cycles are 97 %, 81 % and 68
%, respectively. The stability of the photocatalyst was studied by
analyzing the obtained XRD spectrum of the ANC photocatalyst sub-
jected to the three cycles of photocatalytic experiment as shown in
Fig. S15. Additionally, the supernatant of the degraded MB solution
obtained after photocatalysis was examined under UV-Vis spectropho-
tometer shown in Fig. S16.

3.6. Scavenger-based radical identification experiments

To examine the participating active species and their degree of in-
fluence in the degradation of MB using the ANC photocatalyst, free
radical quenching experiments were conducted. It is known that pho-
tocatalytic process proceed via the major reactions as outlined in Egs.
(1)-(9) [17,55]. Fig. 8(a) shows the degradation of MB using different
quenching agents over the course of 90 min. It was found that the
addition of LH (102 quencher) to the MB solution lowered the degra-
dation ability of the photocatalyst to a maximum degree in comparison
to all other quenching agents tested. The degradation percentages of MB
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NiO crystal

Fig. 6. TEM images of (a—c) ANC, (d) SAED pattern of ANC, and High resolution-TEM images of (e-f) ANC.

after the addition of specific quenching agents are shown in Fig. 8(b).

L
Experimental observations indicated that the presence of BQ (eO3 Photocatalyst + hu—h" +e @
quencher) and SN (e~ quencher) in the MB solution produced second e +0,50," @
and third highest reduction in degradation efficiency respectively. This e

observatior} suggests that ellectrons (e Play a more significant role tha.n e +0,° +2H>H,0, 3)
holes (h™) in the degradation of MB using the ANC photocatalyst. This

can be ei(plained by the reaction E)athwaysidescribed in Eq.s. (2) and (?), Hy0,+ 0, — ¢ OH-+ OH + O, )
where e reduces O, to form O3, and ¢0O3 subsequently interacts with

h' to generate '0,. Therefore, when e~ is quenched, 03 production is H,0,+e¢ — ¢ OH+OH™ 5)
hindered and the reduced O3 level impairs the generation of 105 spe-

cies, which is the primary reactive species responsible for MB degra- h* +OH — ¢« OH 6)
dation in the ANC photocatalyst system. In contrast, addition of AO (h™"

quencher) and IPA (eOH quencher) had a minimal effect on MB degra- h™ +H,0-H"+ ¢« OH 7

dation as shown in Fig. 8(b).
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Fig. 7. (a) Degradation pattern (C/C, vs. time) of MB (0 to 90 min) using NC, AC and ANC photocatalyst, (b) corresponding In C/C, against time plot, (c) Degradation
profile (C/C, vs. time) of RhB upon visible light exposure (0 to 90 min) using NC and ANC photocatalyst, and (d) corresponding In C/C, vs. time graph.
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2e OH—>H202 (8)

h* +Og.7—>102 (9)

3.7. Photocatalytic mechanism

The photocatalytic mechanism of the ANC photocatalyst, illustrated
in Fig. 9, is proposed based on data obtained from UV-Visible spec-
troscopy, UV-DRS, Tauc plots, active radical quenching experiments,
and band edge positions derived from the Mott-Schottky plot. The ANC
composite consists of NiO and AgoCrOy, as determined by XRD and XPS
spectral analysis. Consequently, the ANC composite features a hetero-
junction system formed between NiO and AgyCrO4. Furthermore, band
gap calculations based on Tauc plots reveal values of 1.77 eV for AC and
3.14 eV for ANC, where the 1.77 eV band gap corresponds to AgaCrO4
and the 3.14 eV band gap to NiO. The valence band maximum (VBM) of
NiO, determined from the Mott-Schottky plot, was found to be around
2.02 eV (E vs. NHE, shown in Fig. S17). Similarly, the conduction band
minimum (CBM) of AC (Ag2CrO4) and ANC was calculated as approxi-
mately 0.46 eV and 0.47 eV, respectively. The nearly identical CBM
values for AC and ANC indicate that the band extremum positions of
Ag,CrO4 in ANC remain unchanged. Consequently, the band edge po-
sitions of AgoCrO4 in ANC are considered to be 0.47 eV (CBM) and 2.24
eV (VBM), resulting in an overall band gap of 1.77 eV. The band
extremum positions of NiO before heterojunction are estimated to be
—1.12 eV (CBM) and 2.02 eV (VBM), corresponding to 3.14 eV energy
gap. This suggests the apparent formation of a p-n heterojunction be-
tween NiO and AgyCrOg4. Furthermore, the VBM of ANC was found to be
1.26 eV from the VB XPS spectrum, which is equivalent to 1.32 eV vs
NHE using the formula [56]: Exur = ¢ + Evp (xps) — 4.44 eV, where Enpg
refers to the potential of standard hydrogen electrode, ¢ represents the
work function associated with the XPS spectrometer (4.5 €V for this
instrument), and Eypxps) is the VBM in eV, obtained from VB XPS
spectrum. This can be interpreted as the energy corresponding to the
outermost valence electron in the ANC photocatalyst and resulting due
to the band bending effect, positioned 0.7 eV above the VBM of NiO
(2.02 eV) after heterojunction [57]. The determined band edge align-
ments before and after heterojunction are shown in Fig. 9(a-b). With the
incorporation of Ag nanoparticles (with the Fermi energy at 0.3 eV), a
Schottky junction can be effectively formed with NiO, exhibiting recti-
fying behavior due to the higher Fermi level of Ag relative to p-type NiO
[58]. In contrast, Ag forms an Ohmic contact with AC, as its Fermi level
is more negative (in potential vs NHE) than that of n-type AC, illustrated
in Fig. 9. The photocatalytic mechanism can be understood as follows:

Energy (V vs. NHE)
pH =

(a)

7
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When visible light with an energy of 1.77 eV or higher is incident on the
photocatalyst, electrons in AgoCrO4 are excited across the bandgap from
the valence band (VB) to the conduction band (CB). These excited
electrons subsequently relax to the VB of NiO. Furthermore, upon
exposure to visible light with an energy of 2.7 eV or higher, Ag nano-
particles host localized surface plasmon resonance (LSPR), generating
highly energetic electrons, as confirmed by plasmonic absorption
spectra [22]. Subsequently, through PIRET mechanism, facilitated by
dipolar interactions between Ag nanoparticles and NiO, electrons in the
VB of NiO gain sufficient energy to transition to the CB of NiO. The
occurrence of PIRET in ANC is supported by the overlapping of LSPR
band spectra of Ag with the band gap absorption of NiO at around 400
nm (3.1 eV). Through nonradiative relaxation of localized surface
plasmon dipoles, resonant energy transfer (RET) can effectively generate
electron-hole pairs within the semiconductor. Unlike direct optical
excitation, RET drives the generation of photo-induced carriers at en-
ergies within and outside the band gap region by transferring energy
into near the band edge states that are typically not optically active
[59,60]. Furthermore, the Schottky barrier developed at the Ag-NiO
interface ensures unidirectional electron transfer into NiO, either
through RET or direct electron injection, thereby facilitating their
availability for chemical reactions. The occurrence of RET is further
supported by the results of active radical quenching experiments, where
10,, ¢03 and e~ significantly influence the photocatalytic process in the
order 10, > ¢03 > e™. The electron engagement in the photocatalytic
process is likely negligible, as those excited to the CB of NiO are capable
of transferring to the CB of Ag>CrO4, whose energy level is inadequate to
facilitate the reduction of Oy to e0O;. However, resonance energy
transfer (RET) enables the persistent regeneration of electron-hole pairs
in NiO, even after electrons from the CB of AgoCrO4 relax to the VB of
NiO. Such an interaction underpins the Z-scheme charge migration
pathway activated by visible light exposure. In the subsequent step,
conduction band electrons of NiO engage in the reduction of oxygen,
forming 05 radicals that are essential in MB dye degradation. More-
over, when 03 species interact with the energetic holes residing at the
VB of AgyCrOy4, they produce 10,, which further enhances the molecular
disintegration of MB. Besides, the photocatalyst can also produce other
reactive oxygen species (ROS), such as HyO, and eOH, in the presence of
atmospheric oxygen within the reactor system [17,55]. These active
ROS target the dye molecules breaking them into simpler compounds.
The end products, formed through a series of reactions between the
charged species and intermediates generated from the initial decom-
position of dye molecules, are CO5 and H2O [1]. It may be highlighted
that the photoexcited holes after relaxing itself from the VB of AgoCrO4

Energy (V vs. NHE)
pH=7

(b)

Fig. 9. Proposed photocatalytic mechanism of ANC photocatalyst (a) before, and (b) after heterojunction. A p-n heterojunction with Z-scheme charge transfer

dynamics, facilitated by plasmonic Ag via the PIRET mechanism.
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to the VB of NiO (VBM = 2.02 eV) lack the necessary potential to
generate ¢OH radicals from water molecules, as this reaction requires an
energy of at least 2.3 eV [54]. This finding is further supported by active
radical trapping studies, where the suppression of eOH radicals had the
least significant impact on photocatalysis. However, since AgoCrO4
alone can facilitate photocatalytic degradation, shown in Fig. 7(a), the
energetic holes situated at the VB of AgaCrO4 must play a crucial role in
generating eOH radicals, as its VBM lies at around 2.24 eV. This is
particularly significant, as the conduction band edge of Ag,CrO4 is
energetically not favorable for the reduction of O, to ¢05.

Furthermore, the charge transfer behavior of NC, AC and ANC are
compared using time-resolved photoluminescence spectra (TRPL) mea-
surements as shown in Fig. 10. The TRPL decay profiles of NC and AC
were well described by a single-exponential function, yielding one
characteristic lifetime (t), whereas three different time constants (t)
were found for ANC, indicative of multiple recombination and interfa-
cial relaxation pathways. The corresponding values of the time constants
are given in the inset of Fig. 10, along with the average lifetime value
calculated for ANC. The average exciton lifetimes for NC and AC are
0.83 ns and 0.82 ns, respectively, whereas ANC exhibits a significantly
longer value of 1.43 ns. In addition, the PL transient of ANC exhibits a
temporal delay, with the emission maximum appearing at 7.98 ns
compared to 6.5 ns for NC and AC. The extended average lifetime and
delayed PL response support enhanced charge separation across the
heterointerface, consistent with the establishment of a Z-scheme heter-
ojunction in ANC. Upon initial photoexcitation of the ANC composite,
comprising NiO and Ag>CrO4, the photogenerated charge carriers
migrate efficiently across the heterointerface, thereby suppressing their
rapid recombination. Furthermore, the excited electrons in the CB of
AgoCrO4 can undergo nonradiative relaxation to the VB of NiO, rather
than radiative recombination. This interfacial charge transfer pathway
accounts for the observed emission delay of 1.48 ns in ANC compared to
that of the individual NC or AC systems. Following this process, band-to-
band recombination of charge carriers takes place in both semi-
conductor components of ANC, but predominantly in AgoCrO4 consid-
ering higher electron population accumulated in its CB after electron
migration from the CB of NiO. This direct recombination is therefore
associated with the shortest lifetime component (t1) of ANC. In addition,
trap-assisted interfacial recombination can occur, wherein electrons in
the CB of Ag>CrO4 recombine with holes in the VB of NiO as a result of Z-
scheme alignment of band edges. This process corresponds to the in-
termediate lifetime (t2), which is longer than t4. Finally, the spatially
separated electrons remaining in the CB of NiO and holes localized in the
VB of AgyCrO4 through the Z-scheme pathway, would undergo the
slowest recombination, giving rise to the longest-lifetime (ts). Collec-
tively, these multicomponent decay dynamics in the TRPL spectra
strongly support the proposed Z-scheme charge transfer mechanism in
ANC. Additionally, EIS study was performed to obtain the Nyquist plots
as shown in Fig. S18. Nyquist analysis reveals that the ANC composite
exhibits a markedly lower charge-transfer resistance than the NiO
counterpart.

4. Conclusion

In this study, Ni—Cr LDH serves as an effective precursor, for the
development of Ag/NiO/AgoCrO4 photocatalyst through the strategic
incorporation of plasmonic Ag metal. Intriguingly, thermal treatment of
the LDH induces its conversion into NiO metal oxide while preserving
traces of its initial hydroxide structure, Ni(OH),, thereby sustaining a
complex composition poised for improved catalytic performance. The
presence of metal oxide profoundly amplifies crystallinity within the
structure, while AgoCrOy4 distinctly elevates the photocatalytic ability of
the composite photocatalyst Ag@NiO/AgoCrO4 (ANC). The integration
of Ag offers two key benefits: it promotes the formation of AgaCrO4
within the original NC matrix; and introduces Ag in its metallic state,
imparting strong LSPR effects that boost electron dynamics. The
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Fig. 10. Time-resolved photoluminescence spectra of NC, AC and ANC.

heterojunction with an efficient Z-scheme charge transfer between
AgoCrO4 and NiO due to intermediary role of Ag nanoparticles is one of
the unique mechanism with continuous regeneration of charge pairs.
Additionally, the in-situ growth of AgsCrO4 within the NC structure
make ANC as a superior photocatalyst, retaining the layered architecture
of the parent LDH structure while improving crystallinity and band edge
alignment. ANC exhibits a rate constant 1.3 times higher than AC, and
34 times higher than NC for the degradation of MB without the aid of
sacrificial reagents. In essence, this study unveils that the intricate
heterojunction matrix photocatalyst, ANC, exhibits exceptional charge
carrier dynamics and synergistic effects, contributing to its highly effi-
cient photocatalytic performance. This combined attributes make the
material promising with significant prospects for future advancements
in related fields.
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ARTICLE INFO ABSTRACT

Keywords: A novel plasmonic Ag assisted Cu;0—-CuO/TiO2 heterojunction photocatalyst was prepared using a facile sol-gel
Photocatalysis technique, and its MB degradation efficiency was explored. The physicochemical, morphostructural, and spec-
Heterojunction

troscopic analyses using XRD, UV-vis-DRS, SEM, TEM, Raman, ESR, PL and XPS showed the formation of
Ag@Cu0-CuO/TiO3 hybrid photocatalyst, exhibiting surface plasmon resonance (SPR) and interfacial ternary
heterojunctions. The SPR exhibited by the bulbous branched Ag nanostructures resulted in broad visible light
absorption that extended into the near-infrared region. This plasmonic-heterojunction hybrid photocatalyst has
shown excellent photocatalytic degradation, far surpassing the performance of its pristine counterparts under
visible light illumination. The improved photocatalytic degradation of MB is attributable to the synergistic
impact of reduced electron-hole pair recombination owing to Cuy0—CuO/TiO; ternary junction, broad visible
light absorption and near-field enhancement through the surface plasmon resonance effect. The current study
demonstrates an integrated plasmonic-heterojunction photocatalytic system that offers a promising avenue for
enhancing photocatalytic performance in dye-contaminated water treatment.

Localized Surface Plasmon Resonance
Dye degradation
Visible light active

1. Introduction

The rapid industrialization has resulted in the release of a wide range
of pollutants into the environment, some of which are toxic [1]. These
pollutants have the potential to damage the environment as well as the
ecosystem. Synthetic dyes released by textile industries, in particular,
are a major source of pollution that is detrimental to both humans and
animals [2,3]. Therefore, it is imperative to devise a sustainable mech-
anism for the removal of these dyes before they are released into the
environment. Hitherto, semiconductor-based photocatalysis has attrac-
ted the attention of researchers across the world for its ability to elim-
inate organic contaminants efficiently and sustainably [4]. Many
semiconductor and metal/semiconductor composite nanoparticles with
the appropriate bandgap and band edge locations exhibits photo-
catalytic process. Compared to the conventional biological, physical,
and chemical methods of removing dyes, the metal/metal oxide-based
UV-visible light-driven photocatalysis offers several advantages,
including fast oxidation, non-toxic by-products, affordability, and

* Corresponding author.

eco-friendliness [3]. However, unmodified semiconductors have several
drawbacks, such as high recombination, limited photon absorption, and
few active sites for photocatalytic processes. To achieve a photocatalyst
with exceptional photocatalytic performance requires controlling
essential attributes, including phase composition, morpho-structure,
surface chemical state, and optoelectrical properties, through the syn-
thesis method and process conditions [5].

Titanium dioxide (TiOs) is one of the widely explored semiconductor
photocatalysts because of its rapid oxidative reaction, high chemical
stability, non-toxicity, and low price [6,7]. However, large bandgap
(3.2 eV), fast electron-hole recombination, and low surface area of un-
modified TiOy results in poor photocatalytic efficiency under visible
light [8,9]. Recently, the heterostructures between semiconductor
photocatalyst has been intensively investigated due to swift spatial
segregation of the light-induced electron-hole pairs at the junction
[10-13]. Li et al. demonstrated that multi-heterojunction with type I and
type II arrangement that showed more photocatalytic activity than the
single heterojunction [14]. Another study reported that the direct
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Z-scheme heterojunction of TiO,/g-C3N4 accelerated the photocatalytic
activity due to effective charge separation though the interface [15]. A
potential gradient develops at the heterojunction interface due to the
energy band mismatch of the semiconductors, facilitating quick sepa-
ration of photogenerated charge carriers [16,17]. Zhang et al. fabricated
a bamboo-like architecture of Ag/CuO/TiOy photocatalyst, which in-
tegrates p-n heterojunction and Schottky junction, exhibits high pho-
toactivity due to improved light absorption, maximized charge-carrier
separation and large active sites [18].

Plasmonic photocatalysts are another type of photocatalyst that have
received much interest because of the unique phenomenon of plasmonic
resonance, which offers light absorption tunability throughout a wide
range of spectral regions [19]. Several studies have been reported on the
enhancement in the photocatalytic activity using different shapes and
sizes of plasmonic metals with increasing visible light response [20-23].
Depending on the specific shape or structure of a plasmonic metal, the
number of plasmonic resonance peaks and their intensity varies. As the
metal shape becomes less symmetrical, more resonances peaks are
observed. For instance, in shapes with limited symmetry, such as
nanobars, polarization can occur in two directions: along the longer axis
and the shorter axis. This results in resonant oscillation at two distinct
wavelengths of visible light [24,25]. In contrast, an isotropic sphere
exhibits resonance at a specific wavelength in the light spectrum,
resulting in a single peak in the absorbance spectra. In addition, a
particular symmetry in the plasmonic structure facilitates charge carrier
separation than others, which produces a strong dipole and a higher
plasmonic resonance peak intensity [26]. Silver nanoparticle (AgNPs)
are primarily investigated for plasmonic applications due to their several
advantages, including a high-quality factor over the near UV-Vis-IR
spectrum, and increased electrical and thermal conductivity [27]. The
induced localized field due to surface plasmon resonance (LSPR)
significantly reduces photoexcited charge carrier recombination and
facilitates electron injection from plasmonic metal to host semi-
conductor [28]. Nagajyothi et al. highlighted the significant features of
LSPR, where the plasmonic metal nanoparticles absorb and scatter light
in the visible and near-infrared regions, resulting in a generation of
strong local electric fields around the nanoparticles [3]. The average
photon path length in metal-semiconductor composites increases as a
result of the light absorption and re-emission in plasmonic metals,
resulting in a higher activation rate of incident photons. Further, in
comparison to single-component systems, multicomponent hetero-
junction systems comprising multiple activated components have been
demonstrated to enable efficient spatial separation of photo-induced
electron-hole pairs via multistep charge transfer at the interfaces,
resulting in enhanced photocatalytic performance [5]. The formation of
multiple p-n junctions and the LSPR effect of Ag nanoparticles in
M@CuxO/ZnO (M = Au, Ag) was demonstrated by Gavade et al. [29].
According to their report, the improved visible light-driven catalytic
activity is ascribed to the synergistic effect of the wider spectral band,
efficient transfer of photogenerated charge carriers, and strong LSPR
impact.

Herein, we have initially synthesized bulbous structured Ag nano-
particles using a facile method and later sensitized on CuO/TiO het-
erojunction photocatalyst and finally obtained a plasmonic-
heterojunction hybrid material (Ag@Cuy0-CuO/TiO3) via a post ther-
mal treatment. The CupO-CuO/TiO, ternary junction enhanced the
charge carrier separation through the interface between the semi-
conductors. The mismatch in band edge positions between Cuy0, CuO
and TiO; produce a built-in field near the junctions that plays a vital role
in boosting the photocatalytic degradation. Additionally, the bulbous Ag
nanoparticles exhibit broad absorption across the visible range, which
further enhances the catalyst’s performance in visible light. We have
used methylene blue (MB) as a test pollutant for photocatalytic degra-
dation. The photocatalytic activity of Ag@Cuy0-CuO/TiO2 was found to
be 26.5 times superior to the pure TiO2 counterpart. A comparative
analysis of the photocatalytic activity of recently reported similar
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photocatalysts is shown in Table S1 in supplementary information (SI).
The plasmonic charge carrier injection into the photocatalyst and the
ease in the charge transfer between the interface was demonstrated via a
ternary interfacial junction.

2. Experimental section
2.1. Reagents used

Titanium isopropoxide [Ti(OCH(CH3)2)4] was purchased from Alfa
Aesar. Silver nitrate [AgNOgs], 2-propanol [(CH3)2CHOH], Ammonia
solution [NH3], Ascorbic acid [CgHgOgl, and nitric acid [HNO3] were
supplied by Merck, India. Sodium hydroxide pellets [NaOH] and copper
sulphate pentahydrate [CuSO4-5H>0] obtained from Avantor perfor-
mance materials India limited. Ammonium oxalate [(NH4)2C204] was
purchased from Rankem, India and p-Benzoquinone [C¢H4O02] form
Sigma-Aldrich, and r-histidine [CgH9N302] was obtained from Loba
Chemie Pvt Ltd.

2.2. Synthesis of Ag@Cuz0-CuO/TiO2 photocatalyst and its counterparts

2.2.1. Preparation of pure TiO2, CuO and bulbous Ag structure

In the synthesis of pure TiO;, a mixture of Ti(OCH(CHs)2)4 and
(CH3)2CHOH at a particular 1:10 vol ratio was obtained and stirred
rapidly. Half an hour later, 200 pL of HyO was added dropwise at stirring
condition. Again after 30 min, 1 mL of 1 M HNO3; was added to the
mixture. This mixture solution was continuously kept under stirring
condition for the next 24 h. A semi-gel precipitation was obtained after
aging for a few hours. The product was then dried at 80-100 °C, fol-
lowed by pulverization into a fine powder, and then finally calcined at
600 °C for 2 h.

To obtain the CuO co-catalyst, a simple wet-chemical procedure was
adopted that required a moderately low temperature (~80 °C) condi-
tion. First, 100 mL solution of 0.0216 M copper sulfate pentahydrate
(CuS0O4-5H,0) was prepared. Afterward, 500 pL of 14.7 M ammonium
solution was added under constant stirring conditions. Next, 25 mL
NaOH (0.1 M) solution was mixed to the above suspension followed by
10 mL ascorbic acid (0.1 M) addition and kept at ~80 °C for 50 min
under constant stirring. After obtaining a red-brown precipitate, it was
washed several times and calcined for 2 h at 600 °C. The product has
been found to be in the Cuy0 phase in its raw form (before calcination).

In a typical synthesis of bulbous branched Ag nanostructure, 10 mL -
ascorbic acid (4.6 mM) was blended with 10 mL silver nitrate (AgNOs3),
and the resultant mixture was centrifuged to obtain the Ag product.

2.2.2. Preparation of CuO/TiO2 and Ag@Cu>0-CuO/TiOz photocatalyst

In order to synthesize CuO/TiO,, we have prepared a solution of 2
mL titanium isopropoxide and 20 mL isopropanol. After 30 min of
vigorous stirring, 0.1 g of previously prepared CuO dispersed uniformly
in 50 mL isopropanol was added. Then, after 50 min, 1 mL of concen-
trated HNO3 solution was mixed with the solution. The suspension was
stirred for 24 h and kept in the ambient condition for another 24 h. The
obtained sample was ground into a fine powder and calcined at 600 °C
for 2 h.

In the Ag@Cup,0-CuO/TiO, photocatalyst synthesis, Ti(IV)-
isopropoxide and isopropanol were mixed by stirring it constantly and
vigorously. After 30 min, 0.0045 g of well-dispersed Ag was added to the
solution. Subsequently, 0.20 g of CuO was uniformly dispersed in 50 mL
isopropanol, and 1 mL of concentrated HNO3 was added to the mixture.
It was then stirred for 72 h. Finally, the supernatant was discarded, and
the obtained product was calcined at 600 °C for 2 h.

2.3. Characterization of photocatalysts

X-ray diffraction was used to analyze the crystalline phases and
structural characteristics of the produced powder samples (Bruker-D8-
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AXS Adv. X-ray diffractometer, CuKa radiation, scan speed: 0.5 step/
second). Scanning electron microscopy (SEM, Hitachi S4200, SIGMA VP
FESEM, ZEISS) and transmission electron microscopy (TEM, FEI Tecnai
G? F20; JEM-100 CX II a; JEM-2100 PLUS (HR), JEOL) were used to
examine the morphological aspects of the prepared samples. The optical
absorption was investigated using a UV/Visible Scanning Spectropho-
tometer (Shimadzu UV-1800). Raman activity was investigated using
the Renishaw basis series with 514 nm lasers Raman spectrophotometer.
The ESR spectra were obtained from an electron spin resonance (ESR)
spectrometer model: JES-FA200, JEOL. The photoluminescence spec-
trophotometer (FluoroMax-4C; 1379D, UK) was employed to record the
photoluminescence spectra. The electronic state and chemical compo-
sitions of the produced powder samples were studied using X-ray
photoelectron spectroscopy equipped with Al K-Alpha X-ray source
(Thermo-125 Scientific, UK). An electrochemical workstation (Metro-
hom-autolab, PGSTATE-302 N) was used to obtain the photo-
electrochemical (PEC) measurements of the photocatalyst.

2.4. Photocatalytic experiment

Photocatalytic degradation evaluation of the photocatalysts was
performed by degradation of MB using a visible light source (SANSI LED
bulb, A > 400 nm). The intensity of visible irradiance is 46 W/cm?
(measured by Metravi light detector). A solution of MB was prepared
with 0.01 mM concentration and 0.5 gL~ 'catalyst loading. Before light
irradiation, the equilibrium adsorption-desorption state of the catalyst-
loaded MB solution was obtained. Subsequently, the liquid suspension
was illuminated with light, and a particular amount was collected at 15-
min intervals. The optical density of the degradation were measured
using a spectrophotometer (Shimadzu 1900i).

2.5. Free radical quenching test

The photocatalytic degradation of organic pollutants depends on
reactive species including holes (h™M), electrons (e ), superoxide radicals
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(03), hydroxyl radicals ("OH), and singlet oxygen (102). The role of
active species generated in the photocatalysis process was investigated
by using quenching agents ammonium oxalate (AO), silver nitrate (SN),
p-benzoquinone (BQ), isopropyl alcohol (IPA), and 1-histidine (LH) for
h', e, *0,, *OH, and 10, respectively [30-32]. The MB concentration,
catalyst loading, and evaluation process were the same as in the pho-
tocatalytic degradation experiment.

3. Results and discussion
3.1. XRD and UV-vis-DRS analysis

XRD patterns of TiO2, CuO, CuO/TiO3 and Ag@Cuy0-CuO/TiO, are
shown in Fig. 1 (a). The diffraction spectra of pristine TiO3, CuO/TiO5
and Ag@Cuy0-CuO/TiOy at 20 = 27.4° 36.1° 41.3°% 44.1° 54.2°,
56.7°, 64.1° and 69.1° corresponds to the rutile phase (PDF no: 894920).
These peaks represent the planes (110), (101), (111), (210), (211),
(220), (310) and (301), respectively. No peaks corresponding to anatase
phase were observed in TiO and CuO/TiO,. However, the observed
peaks at 20 = 25.3°, 48.1° and 62.7° in Ag@Cu,0-CuO/TiO, are due to
the anatase phase of TiOy, which correspond to the planes (101), (200)
and (204) (PDF no: 894921). The presence of the anatase phase in the
Ag@Cup0-CuO/TiO, sample could be ascribable to the Ag incorpora-
tion which prevents the growth of rutile phase [33]. A similar result was
observed in Ag@TiO, sample shown in Fig. S1 in SI. Notably, the
as-prepared CuO (before calcination) has the form of Cuz0, shown in
Fig. S1 in supplementary information (SI), which was transformed to
CuO after heat treatment at 600 °C [34]. The major XRD peaks of CuO
were located at 20 = 35.2°, 38.6°, 48.7°, 53.4°, 61.4°, and 67.9° (PDF
no: 892530). The presence of CuO is confirmed by the appearance of
peaks at 35.2° and 38.6° in CuO/TiO, and Ag@Cuy0-CuO/TiOs.
However, the peaks related to CusO and Ag were not observed in the
XRD spectrum of Ag@Cuy0-CuO/TiO, which might be due to the low
concentration compared to TiO,. The crystallite size determined by the
Debye-Scherrer equation, for CuO is ~11 nm, while the crystallite size of
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Fig. 1. (a) XRD pattern and (b) UV-Vis-DRS of TiO5, CuO, CuO/TiO, and Ag@ CuyO CuO/TiO,. (c) UV-vis absorbance spectra of bulbous Ag. (d) Bandgap

determination of TiO,, CuO, CuO/TiO, and Ag@Cu,0-CuO/TiO, using Tauc plot.
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TiOg is ~17 and ~35 nm, in CuO/TiOy and Ag@Cup,0-CuO/TiO,,
respectively.

Fig. 1(b) displays the absorbance spectra of TiO3, CuO, CuO/TiO4
and Ag@Cup0-CuO/TiO,. Pure TiOy shows sharp absorption onset in
the UV region at around 387 nm, while CuO/TiO5 and Ag@Cu,0-CuQ/
TiO4 sample exhibits an extended absorption over the visible range of
400-800 nm. The absorbance spectrum of Ag is highly broad that ex-
tends into the near-infrared (NIR) region, attributable to the branched
nature of silver (illustrated in Fig. 1(c)) [35,36]. The Tauc plot of the
Kubelka-Munk function for calculating the optical bandgap is shown in
Fig. 1(d) [37]. The obtained bandgaps of the samples are 3.02, 1.47,
1.17 and 1.24 eV for TiO3, CuO, CuO/TiO2 and Ag@Cuy0-CuO/TiO,,
respectively. There was no change in the bandgap of TiO, and CuO after
Ag incorporation. The absorbance spectra and the Tauc plot for deter-
mination of the bandgap of Ag@TiO3, Ag@CuO, and Cuy0 are shown in
Figs. S2(a-b) in SI.

3.2. Raman, ESR and photoluminescence (PL) analysis

The Raman spectra of TiO2, CuO/TiO3, and Ag@Cuy0-CuO/TiO; are
displayed in Fig. 2(a). The pure TiO, revealed the typical stretching
peaks of the rutile phase at 140, 447.1, and 607.9 cm ™}, which corre-
spond to the symmetric modes Biq, Eg, and A;g [38-40]. Additionally,
the broad and mid-intensity signal detected at 238 cm ™! is attributable
to the two-photon scattering of the rutile phase [40]. The peak observed
at 277 (Ag) and 616 cm! (Bg) in CuO/TiO2 and Ag@Cu0-CuO/TiO2
are related to CuO [41-43]. In Ag@Cuy0-CuO/TiOo, the Raman signals
at 144, 197, 396, and 513 cm ™! with symmetries of Eg, Eg, B1g, and (A1
+ Big) represent the anatase phase, whereas the signals at 143, 443, and
608 cm™! with symmetries of Big, E; and A4 denote the rutile phase
[42]. Furthermore, the Raman spectrum of Ag@Cuy0-CuO/TiO; reveals
the presence of CuyO at 410 (multi-phonon scattering) and 515 em™!
(T2g), which accords with the XPS results [43-45]. The presence of the
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anatase phase in the Ag@TiO, counterpart was also observed (shown in
Fig. S3 in SI).

The electron spin resonance (ESR) study was performed to under-
stand the presence of oxygen vacancy or Ti®t in the photocatalyst. ESR
spectrum of TiOy, CuO/TiO3, and Ag@Cuy,0-CuO/TiO; are displayed in
Fig. 2(b). The g-value was obtained using the relation g = hz// BH, where

h is the plank constant, v is the frequency, f is the Bohr magnetron, and
H, is the resonance magnetic field [46]. The ESR resonance peak at g =
1.98 in pure TiO5 corresponds to the Tidt species [47]. The observed
ESR signals of CuO/TiO2 and Ag@Cup,0-CuO/TiOy at g = 2.13 are
attributable to Cu?t [48,49]. The ESR peak intensity at g = 2.13 is
decreased considerably after Ag incorporation in Ag@Cuy0-CuO/TiOs,
indicating the presence of CuyO [48].

The photoluminescence (PL) measurement provides crucial infor-
mation about the separation, trapping, and migration of the photoex-
cited electron holes. Fig. 2(c) shows the room temperature PL spectra of
TiO3, CuO, CuO/TiOy, and Ag@Cuy0-CuO/TiO, at an excitation
wavelength of 320 nm. The pristine TiO5 and CuO/TiO2 show emission
spectra in a wide wavelength range from 400 to 550 nm, which arises
due to the self-trapped excitons, oxygen vacancies, and surface state
[50]. However, in the case of CuO, no discernible peaks with significant
intensity are detectable. It can be observed that the resultant PL emission
spectrum of CuO/TiO; is significantly quenched compared to TiO,,
which implies the substantial decrease in the recombination of
electron-hole pairs. This is because the photogenerated electrons in the
conduction band (CB) of TiO, migrate to the CB of CuO. The emission
peak located at around 419 and 415 nm in TiO, and CuO/TiO; respec-
tively, is attributed to the band edge emission corresponding to the band
gap of TiOy [51]. The emission peaks produced at 434 and 466 nm are
attributed to the intrinsic structural defects and the surface oxygen va-
cancies, respectively [50]. Additionally, the peak detected at 443 nm
may be originating from the self-trapped excitons in TiOg octahedra
[52]. Notably, the PL emission of Ag@Cup,0-CuO/TiO, was further
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quenched to extremely low intensity, indicating the efficient
electron-hole separation and increased lifetime of the carriers. The
heterojunction Cup0-CuO/TiO, and the Schottky junction created with
metallic Ag are responsible for facilitating charge separation and
transfer through the interfaces.

3.3. XPS analysis

XPS was used to study the chemical and electronic states of the
prepared catalysts. Fig. 3(a) depicts the complete scanning spectra of
TiOg, CuO, CuO/TiO5, and Ag@Cuy0-CuO/TiO,, revealing the presence
of the key components C, Ti, O, Ag, and Cu. The signal of carbon
appearing at binding energy (BE) 284.8 eV is due to the presence of
adventitious carbon [53]. The entire survey XPS spectra of the coun-
terparts Ag@TiO, and Ag@CuO are also displayed with the key ele-
ments Ag, Ti, Cu, O and C, shown in Fig. 54 in SI.

The characteristic Ti 2p XPS spectra of TiOs, CuO/TiO,, and
Ag@Cuy0-CuO/TiO9 are presented in Fig. 3(b), (c), and (d), respec-
tively. The well-resolved Ti spectra of TiO3 show two distinct peaks at BE
458.5 and 464.1 eV, which correspond to the Ti (2p;,2) and Ti (2p3,2)
doublets, respectively, reveal the existence of the Ti*" oxidation state
[54-56]. Similarly, the Ti 2p doublets are observed at BE 458.6 and
464.3 eV for both CuO/TiO3, and Ag@Cuy0-CuO/TiO2. The Ti 2p
spectra were deconvoluted into three peaks. For the pristine TiO, sam-
ple, the deconvoluted peaks are located at 458.5, 460.3, and 464.1 eV
(given in Fig. 3(b)). The peak at 460.3 eV represents the Ti®+ (2p1/2)
oxidation state [54,57]. The XPS peaks are found to be shifted to 458.6,
460.6, and 464.3 eV in CuO/TiO2 and Ag@Cup0-CuO/TiO,. The larger
XPS peak fit area owing to the Ti%*+ (2p1/2) state in (Fig. 3(c)) and
Ag@Cuy0-CuO/TiO, (Fig. 3(d)) implies the formation of additional
oxygen vacancies. Correspondingly, the Ti 2p XPS spectrum of Ag@TiO5
was also deconvoluted into three peaks at BE 458.6, 460.5, and 464.4
eV, shown in Fig. S5(a) in SI.

The high-resolution Ols XPS measurements of the prepared
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photocatalysts are presented in Fig. 4. In pristine TiO,, the peaks at BE
529.5,530.1, and 531.5 eV are attributable to lattice-oxygen, Ti2Os, and
surface adsorbed O, (Fig. 4 (a)) [54,58,59]. Fig. 4 (b), (c) and (d) display
the fitted Ols peaks of CuO, CuO/TiO; and Ag@Cup,0-CuO/TiO,,
respectively. As can be seen in Fig. 4(b), the Ols spectra of CuO were
deconvoluted with five peaks with binding energy positions 529.6,
530.6, 532.0, 532.7, and 533.5 eV. The peak located at the lowest
binding energy of 529.6 eV is allocated to the lattice oxygen of the CuO
structure [60-62]. The peak located at 530.6 eV can be assigned to the
C0% /HCO3 and OH™ groups [63]. The deconvoluted XPS peak at 532.0
eV corresponds to the weakly oxidized carbon species [63,64] and the
peaks at 532.7 and 533.5 eV related to the binding energy positions
where weakly bound species are adsorbed [63,65,66]. For CuO/TiO,
the deconvoluted O1s peak at 529.8 eV signifies the lattice-O of CuO and
or TiO, [58,59,65], while the peak at 531.3 and 532.8 eV are due to
surface adsorbed OH group and weakly adsorbed bound species [57-60,
63]. Similarly, the fitted O1s peaks of the sample Ag@Cu;0-CuO/TiO4
at 529.8, 530.3, 531.8, and 532.9 eV are ascribed to lattice-0% of CuO
and or TiO,, TizO3, or (lattice- 0%~ of Cuy0), weakly oxidized carbon
species and adsorbed bound species, respectively [54-56,59,60,63,65].
Likewise, the fitted Ol1s XPS peaks of Ag@TiO5 and Ag@CuO counter-
parts are displayed in Fig. S5(c), and (d) respectively in SIL.

Fig. 5(a—c) illustrates the high-resolution Cu 2p XPS measurements of
CuO, CuO/TiO, and Ag@Cuz0-CuO/TiO,. In CuO, the Cu 2p spectra
show two distinct peaks at BE 933.8 and 953.7 eV corresponding to the
Cu?* state in CuO. Similarly, the Cu 2ps/2 and Cu 2p; /2 doublet was
observed at 933.5 and 953.5 eV in CuO/TiO- [61,63,66,67]. In addition,
the peak located at BE 962.2 and 962.4 eV in CuO and CuO/TiO,,
respectively, are related to a typical CuO satellite peaks. The peaks in the
binding energy range of 940-945 eV in CuO are known as shake-up
satellite  peak (Fig. 5(b)) [61,67,70-73]. However, in
Ag@Cup0-CuO/TiOo, the Cu 2p spectrum can be fitted with seven peaks
atB.E. 932.5, 933.8, 941.3, 943.8, 952.4, 953.8 and 962.3 eV (Fig. 5(c)).
The peaks at 933.8 and 953.8 eV are attributed to 2p3,2 and 2p; /5 peaks
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3 3
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Fig. 3. (a) XPS measurements (Full survey profile) of various catalysts. XPS peak fitting: Ti 2p spectra of (b) TiO,, (c) CuO/TiO,, and (d) Ag@Cu,0-CuO/TiO,
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of Cu?*. Notably, the additional peaks at 932.5 and 952.4 eV repre-
senting Cu 2ps/; and Cu 2p; 2 peaks suggest the presence of Cu,0 (Cul*
oxidation state) in Ag@Cuy0-CuO/TiO2 [60,67-70]. This result vali-
dates the findings of the Raman and ESR studies. The ratio of the area of
Cu 2p3;; peak for CupO and CuO in the XPS spectra of
Ag@Cuy0-CuO/TiO2 was calculated to be 10:27 and the ratio of the
area of Cu 2py s, for the same was found to be 10:18 showing that CuO is
larger in quantity than CupO. The areas of shake-up satellites and sat-
ellite peaks are decreased in Ag@Cuy0-CuO/TiOy, which could be due
to the presence of Ag that retards the complete transformation from
Cuz0 to CuO. However, the high-resolution Cu 2p spectrum of the
Ag@CuO sample shown in Fig. S5(b) reveals only the Ccu®*t oxidation
state. Furthermore, the well-resolved XPS spectrum of Ag 3d of the
Ag@Cu0-CuO/TiOz photocatalyst is shown in Fig. 5(d). The Ag 3d
doublet at 368.5 (3ds,2) and 374.5 (3ds3,2) eV is due to the spin-orbit
splitting, and exhibits an energy separation of 6.0 eV, indicating the
presence of metallic Ag [74-76]. Similar results were evidenced in
Ag@TiO3 and Ag@CuO, shown in Figs. S6(a) and S6(b), respectively.

The valence band XPS spectra of TiO5, CuO and Cu,0 were recorded
to determine the valence band maximum (VBM) and comprehend the
band edge positions of the heterojunctions [31]. The VBM of pristine
TiO5 was found to be 2.52 eV, determined by linear extrapolation of the
curve as shown in Fig. 5(e). Likewise, the VBM of CuO and Cup0 was
calculated to be 1.02 eV and 0.65 eV, respectively. Thus, considering the
bandgap value obtained from Tauc plot (shown in Fig. 1(d)), the con-
duction band minimum (CBM) of the photocatalysts were estimated to
be —0.5, —0.45, and —1.36 eV for TiO,, CuO and Cu,O.

3.4. FE-SEM and TEM analysis

The surface morphologies of Ag, TiOj, CuO, CuO/TiO;, and
Ag@Cuy0-CuO/TiO, were characterized by FE-SEM, shown in Fig. 6
(a—f). The formation of the bulbous branched structure of Ag is displayed
in Fig. 6(a and b) at different magnifications. The TiO, nanoparticles are
observed to be agglomerated, with an average size of 50 nm (Fig. 6(c)).

The SEM micrograph of pure CuO shows a spherical structure of sizes
500-900 nm (shown in Fig. 6(d)). However, this spherical shape is no
longer observed in CuO/TiO2 and Ag@Cup0-CuO/TiO,, which is
possibly due to the higher amount of TiO matrix than CuO. Similar
morphology was observed in CuO/TiO, and Ag@Cu,0-CuO/TiO,, as
shown in Fig. 6(e) and (f).

In addition, the TEM images of Ag, TiOy, CuO/TiO;, and
Ag@Cup0-CuO/TiO, were analyzed to obtain further morpho-
structural information. The bulbous branched structure of Ag is shown
in Fig. 7(a). The magnified view of the bulbous branched structure of Ag
is displayed in Fig. 7(b) with highlighted dotted lines. A uniform dis-
tribution of the spherical-shaped pure CuO was evidenced with average
sizes of 0.9 pm, shown in Fig. 7(d). The TEM image of TiO3, CuO/TiOs,
and Ag@Cuy0-CuO/TiO, are presented in Fig. 7(c), (f), and (h),
respectively, and show similar morphological characteristics. The ob-
tained size of the TiO, nanoparticles ranged from 30 to 50 nm. The
interplanar spacing (d) of CuO, calculated from the HR-TEM micrograph
shown in Fig. 7(e), was found to be 0.25 nm. The HR-TEM of CuO/TiO4
in Fig. 7(g), reveals the presence of two different interplanar spacings,
0.25 and 0.32 nm, which correspond to CuO and TiO,, respectively.
Furthermore, the obtained interplanar spacings 0.2, 0.24, 0.25, and
0.32 nm in Ag@Cup0-CuO/TiO sample (shown in Fig. 7 (i)), indicated
the existence of Ag, Cu0, CuO, and TiO,, respectively.

3.5. Photoelectrochemical experiments

The photoelectrochemical experiments were performed in an elec-
trochemical cell consisting three-electrode system with 1 M NaOH
electrolyte solution. The photocatalysts were deposited on FTO sub-
strate, which served as the working electrode. A platinum wire was used
as the counter electrode, while Ag/AgCl served as the reference elec-
trode. Fig. 8(a) shows the current-voltage (I-V) characteristics of TiOo,
CuO, CuO/TiO3, and Ag@Cuy0-CuO/TiO2 under visible light illumi-
nation. The pristine TiO, and CuO shows negligible current, whereas the
CuO/TiO2 composite exhibits a small photocurrent density of 0.8 pA/
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cm?. However, the Ag@Cuy0-CuO/TiO, photocatalyst display sub-
stantial increase in the photocurrent density up to 2.6 pA/cm? This
result suggests that there is an increase and transfer of photogenerated
charge carriers resulting from the plasmonic enhancement in the light
absorption and multi-heterojunctions. In addition, a lower resistance in
charge carrier transfer was evident from the electrochemical impedance
spectroscopy (EIS) measurement of the Ag@Cuy,O-CuO/TiO, photo-
catalyst, shown in Fig. S10 of SI [30]. The photo-chronoamperometric
experiment using TiOj, CuO, CuO/TiO;, and Ag@Cuy0-CuO/TiO,
photocatalysts was perfumed at 0.5 V vs. Ag/AgCl electrode. A set of
three repeated cycle of lights on and off state for approximately 40 and
30 s, respectively, was displayed in Fig. 8(b). The Ag@Cu0-CuO/TiO4
photocatalyst exhibited substantial photocurrent density, up to 14 times
higher compared to the TiO, counterpart.

3.6. Photocatalytic degradation kinetics

To evaluate the photocatalytic activity of the photocatalysts, the
kinetic study of MB degradation was performed. Fig. 9(a) illustrates the
degradation profile of MB from 0 to 60 min irradiation of visible light. A

maximum degradation was shown by Ag@Cuy0-CuO/TiO, with a
degradation percentage of 83%, while the CuO/TiO3, CuO, and TiOs
photocatalysts exhibited 26, 6.4, and 5.9%, respectively. The absorption
spectra of MB degradation using various photocatalysts was shown in
Figs. S7(a—d). The rate of degradation of MB was calculated from In C/
Co vs. time graph as plotted in Fig. 9(b). The degradation followed
pseudo-first-order kinetics with a good regression coefficient. The
degradation rate by Ag@Cu,0-CuO/TiO2 photocatalyst was found 26.5
times higher than the pure TiO,. Table 1 displays the calculated rate
constants of MB degradation by different photocatalysts and regression
coefficients of the linear fit. The degradation trend and the rate constant
determination of the counterparts Ag@TiO2 and Ag@CuO are displayed
in Figs. S8(a-b). In addition, the degradation of phenol using the pho-
tocatalysts was performed under a similar experimental setup and light
illumination (shown in Fig. S9 in SI). It was observed that the
Ag@Cu0-CuO/TiO photocatalyst exhibited 5 times more activity than
the pristine titania.

It was observed that the CuO/TiO2 photocatalyst also exhibits a
significant improvement in MB degradation compared to pure TiO». This
enhancement is likely due to the electron-hole separation due to the



R. Basumatary et al.

ENT 5004V
WO 59 mm

SignalA = inLens
Meg = 15.00K X

Date 13 Ape 2022
Time: 142708

Journal of Physics and Chemistry of Solids 180 (2023) 111435

ENT 5004V
WO 59 mm

Signel A= inens
Meg= 7S00KX

Date: 13 Ape 2022 f—
Time 142080
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built-in electric field at the interface that prolongs the lifetime of charge
carriers for photocatalytic reactions [16,77]. Notably, the activity was
further enhanced by Ag@Cu0-CuO/TiO, photocatalyst. The SPR effect
of bulbous Ag nanostructure amplifies the localized electric field in their
vicinity, increasing charge carrier generation and facilitating effective
separation between them [19]. Due to the shape effect of the plasmonic
nanostructures, the particular bulbous branched structure of Ag exhibits
low symmetry, allowing for extensive absorption over the visible spec-
trum [35,36,78]. In addition, the Ag nanoparticle acts as an electron
source, which promotes the electron injection into the CB of the semi-
conductors under visible light illumination [19]. The recyclability test
was carried out to evaluate the stability of the primary photocatalyst
Ag@Cu0-CuO/TiO2 under the similar experimental set-up and the
light source, shown in Fig. 10(a). The recyclability test was conducted
over four cycles of 60 min each and after the first cycle, remanent MB
concentration was made equal to the initial value (at 0 min). The fall in
the photocatalytic activity after fourth cycle was extremely minimal,
displayed in Fig. 10(b) (less than 15%), indicating the high stability and
robustness of the photocatalyst.

3.7. Active radical quenching experiments
To understand about the active species involved in the degradation

of MB, free radical quenching experiments were conducted for the main
photocatalyst Ag@Cup0-CuO/TiO3, shown in Fig. 11(a). The major

reactions that occur in the photocatalytic process are shown in Egs. (1)—
(9) [31,79]. It was observed that there is a significant drop in the order
SN > LH > AO, in MB degradation when the SN (e™ quencher), LH (102
quencher), and AO (h" quencher) was introduced, shown in Fig. 11(b).
This result indicates the major participation of e~, 10, and h" in the
degradation process. The calculated rate constants are shown in Table 2.
On the other hand, there is only a small decline in the degradation with
the addition of BQ (*O; quencher) and IPA (*OH quencher), up to 4.3%
and 1%, respectively. However, to ensure the role of *O and *OH rad-
icals, double-quenching test was performed using BQ and IPA simulta-
neously. Clearly, a substantial drop in the degradation was observed in
double-quenching, which indicates that *O, and *OH radicals are pro-
duced abundantly by e” and h' (as shown in Egs. (2)-(7)) and therefore
individual quenching is not sufficient using BQ and IPA [80]. It can be
speculated that, during *O5 quenching by BQ, the production of *OH (by
both e~ and h™) is sufficient to take part in the degradation reaction and
therefore no significant decline in the degradation can be observed.
Likewise, *OH quenching by IPA was supressed by O, production. In
addition, the double-quenching experiment using LH and SN demon-
strates lowest degradation of MB, implying the active participation of
both e , and '0,. ~
Summarily, when the scavenging agent SN and AO capturee andh™,
respectively, it prevents the formation of *O,, *OH, and 102, resulting
substantial decline in the degradation. The possible degradation path-
ways of MB and the possible intermediates are discussed in the SI
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3.8. Photocatalytic mechanism and its schematic representation

As indicated by valence band XPS analysis and the Tauc plot, the
conduction band minimum (CBM) of TiO, situated below the CBM of
Cuy0, whereas the valence band maximum (VBM) of TiO, lies much
below than that of Cuy0, forming a type-II (staggered gap) band align-
ment between TiO; and Cu;0. Likewise, the CBM and VBM levels of CuO
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microstructure obtained in this study enables electromagnetic wave to
stimulate multiple resonances in the nanoparticles resulting broad ab-
sorption of the visible light spectra [26,35]. The facets of Ag nano-

Table 1
Rate of degradation of MB using different photocatalysts under visible light.

Photocatalyst Rate constant (h™") Regression coefficient (R?) particles, revealed from FE-SEM image, can establish excellent contact
TiO, 0.067 0.961 with CuO and TiOq, forming a Schottky junction that effectively sepa-
Cuo 0.076 0.959 rates photogenerated charge carriers [81].

CuO/TiO, 0.301 0.997

When the photocatalyst is illuminated by light, the semiconductors
CuO, Cuy0, and TiO, generate electron-hole pairs, and the electrons in
the Ag metal exhibit local surface plasmonic resonance [82-84]. As
are situated between the CBM and VBM position of TiO,, resulting a depicted in Fig. 12, the photo-excited electrons at the CB of the Cu0
type-1 (straddling gap) heterojunction. Fig. 12 illustrates the ternary phase are first transferred to the CB of TiO; and subsequently to the CB

Ag@Cu0-CuO/TiO, 1.774 0.999

heterojunction system, where a type-I heterojunction exists between of CuO. On the other hand, the holes generated at the VB of TiO, migrate
CuO with TiO,, while a type-II heterojunction is present between Cu,0  towards the VB of CuO and Cuz0O. However, the holes that are trans-
and TiO,. The Ag nanoparticles are considered to be in contact with ferred to the VB of Cuy0 are unable to produce reactive species as its
CuO, Cup0, and TiO,. The unique branching shape of the Ag position is unsuitable for oxidation reactions (indicated with cross mark

in Fig. 12). Besides, the SPR promotes electron injection from Ag
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Fig. 10. (a) Recyclability test of Ag@Cu;0—-CuO/TiO, photocatalyst, and (b) In C/C, vs. time plot to determine the rate constant.
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Table 2
Quenching agents, amount, active radicals, and rate constants.

Quenching agent Amount Active radical (s) Rate constant (h™1)
SN 4 mM e 0.54
LH 0.5 mM 10, 0.56
AO 4 mM h* 0.88
BQ 0.5 mM *0, 1.56
PA 1 mL *OH 1.59
BQ + IPA 0.5mM + 1 mL *0, and "OH 0.55
SN + LH 4mM+05mM e and 'O, 0.32

nanoparticles, leading to a higher population of electron at the con-
duction bands of TiO5, CuO, and Cuy0, which ensures the adequate
availability of charge carriers for photocatalytic reactions [19]. These
electrons are the outcome of plasmonic excitations induced by the
time-dependent electric field of illuminating light in the visible range.
Consequently, the photogenerated electrons and holes undergo a large
spatial separation and migrate towards the surface of the photocatalyst
and participate in chemical reactions with the adsorbed molecules to
produce active radicals [9,85].

4. Conclusion

In summary, we report the synthesis of a novel plasmonic-
heterojunction photocatalyst (Ag@Cuy0O-CuO/TiO3) with extensive
visible light absorption and high photocatalytic activity. XRD and XPS
measurements corroborated the crystalline phases of CuO and TiOo,
and the presence of metallic Ag. The

chemical compositions,
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by Ag@Cu,0-CuO/TiO, photocatalyst with various scavenging agents.

asymmetrical feature of bulbous branched Ag, confirmed in the FE-SEM
analysis, results in SPR induced light absorption across the visible and
near-infrared region. The photocatalytic activity of the Ag@Cu,0-CuO/
TiO4 photocatalyst was found to be 26.5 times higher than the pristine
TiO4 counterpart towards methylene blue degradation without sacrifi-
cial reagents. The increased photoactivity of Ag@CuyO-CuO/TiO4
photocatalyst can be attributed to the synergistic impact of reduced
electron-hole pair recombination caused by the Cu0-CuO/TiO; ternary
heterojunction, strong visible light absorption, and SPR driven enhanced
localized field by Ag. In addition, the presence of the mixed phase of
TiO5 in Ag@Cu0-CuO/TiO, facilitates interfacial charge separation
between the phases. Remarkably, the photocatalyst exhibited excep-
tional recyclability, indicating its excellent stability and robustness for
efficient photocatalytic applications. The current study suggests that the
heterojunction-plasmonic nanostructured photocatalyst substantially
enhances the photocatalytic efficiency synergistically and shows great
potential for dye-contaminated water treatments.
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