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1. Introduction

Polyoxometalate-loaded reduced graphene
oxide-modified metal vanadate catalysts for
photoredox reactions through an indirect
Z-scheme mechanismf

Soumita Samajdar,$°¢ Gajiram Murmu,:°¢ Maitrayee Biswas,? Srikrishna Manna,*®
Sumit Saha*®® and Srabanti Ghosh () *¢

The growing energy demand and environmental concerns have accelerated research on the emergence
of photocatalysts for solar fuel generation and environmental remediation. Metal vanadates, such as
silver vanadate (AV) and copper vanadate (CV), are considered promising visible-light active photo-
catalysts owing to their narrow bandgap and suitable band structure; however, they are limited by rapid
electron—hole recombination. To overcome this limitation, amalgamation with polyoxometalate (POM)-
loaded reduced graphene oxide (RGO)-based novel co-catalysts is a facile strategy to improve
photocatalytic performance. Herein, metal vanadates were deposited on polyoxometalate-loaded
reduced graphene oxide (RPOM) via a one-pot coprecipitation method. The developed RPOM-AV and
RPOM-CV composites exhibited photocurrent densities of 223.7 and 85.8 pA cm™2, which were 51
times and 6 times higher than those of pristine AV and CV, respectively, owing to the remarkable aug-
mentation in the donor density after formation of composites. Moreover, the RPOM-AV composites
exhibited photocatalytic Cr(v) reduction of up to 94% in 60 minutes with a high rate constant of
0.044 min~! and 94% removal of the rose bengal dye in 120 minutes through adsorption. The RPOM—
CV composites demonstrated 96% photocatalytic degradation of methylene blue dye at a rate constant
of 0.011 min~*. The excellent photocatalytic activity of RPOM—metal vanadate composites was attributed
to the formation of an indirect Z-scheme heterojunction between metal vanadates and POM, in which
RGO acted as a suitable electron-mediator, facilitated the charge transfer, boosted the separation of
photogenerated charge carriers, and lowered the electron—hole recombination. The present work pro-
vides an innovative approach toward the development of polyoxometalate-based composites for
wastewater remediation.

via photocatalysis offers a viable technology for the utilization
of solar energy in an eco-friendly manner.*”® Photocatalysis

The elevation in the energy crisis and environmental
pollution has posed a serious threat to society in the 21st
century.’” To resolve these challenges, solar energy harvesting
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provides a promising approach towards sustainable solar-to-
chemical energy conversion via solar fuel generation as well as
environmental remediation through the photodegradation of
various pollutants in the presence of light.” ! Hence, there is
an urgent need for the development of visible-light active
photocatalysts that could be employed for various photocataly-
tic applications, such as H, generation via water splitting,'?
CO, photoreduction,™® N, fixation,"* and environmental reme-
diation via organic dye and heavy metal removal.’>*®

As an alternative to wide bandgap semiconductors, metal
vanadates, particularly silver and copper vanadates, have
gained immense attention in photocatalysis.’”>° They exhibit
a lower bandgap suitable for visible light absorption, suitable
band structure, exceptional chemical stability, high crystal-
linity, and non-toxic nature. For example, our group fabricated
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metallic Ag nanoparticles anchored to 1D AgVO; nanorods on
2D MoS, nanosheets. The as-synthesized nanocomposites with
1D/2D interface exhibited a high rate of photocatalytic H,
generation (~38.6 mmol g~ ') as a result of the development
of an all-solid-state Z-scheme heterojunction with Ag nano-
particles acting as the electron mediator.”* In another study,
Yu et al. synthesized irregular hexagon-shaped ternary AgVO;/
Ag,V,0,/BiOI heterojunction via a one-step hydrothermal
method.*” It was observed that the as-synthesized composites
resulted in the 100% and 45% photodegradation of methylene
orange and tetracycline antibiotic, respectively, within 80 min-
utes owing to the development of a double S-scheme hetero-
junction, which promoted effective charge transfer and lowered
the electron-hole recombination. The photoelectrochemical
(PEC) water splitting by copper vanadates as photoanodes was
investigated by Jiang et al,”® and it was observed that the
copper vanadates with different Cu:V elemental ratios exhib-
ited higher photocurrent densities (~0.206 mA cm™2), with
much stronger visible light absorption and better charge
separation efficiencies. However, pristine metal vanadates suf-
fer from various disadvantages, such as photo corrosion on
long-term light exposure, rapid electron-hole recombination,
and low quantum yield, which leads to poor photocatalytic
performance.>* To circumvent these drawbacks, several strate-
gies can be adopted, including defect modulation, vacancy
engineering, heterostructure construction, and co-catalyst
loading.>*™’

However, polyoxometalates are an emerging class of transi-
tion metal-oxygen anion nanoclusters, which have introduced
new horizons in the field of photocatalysis owing to several
benefits. They consist of abundant surface-exposed active sites,
tuneable band gaps, an easily modifiable framework, and
superior redox properties.”**° However, most pristine polyox-
ometalates have a wide bandgap, capable of only UV radiation
absorption, as well as a low specific surface area, which limits
their photocatalytic efficiency.** These limitations can be over-
come by combining polyoxometalates with two-dimensional
materials, such as reduced graphene oxide. Reduced graphene
oxide possesses excellent electron mobility that can facilitate
the continuous transfer of photogenerated charge carriers and,
therefore, can act as a solid-state electron mediator.>*** More-
over, the large surface area of RGO makes it a good support
material for anchoring the polyoxometalates.** The combi-
nation of RGO with POM may enhance visible light absorption,
improve electron transfer, and increase the number of active
sites. For example, Gao et al®® synthesized a set of three-
component materials, AgBr/polyoxometalate/graphene oxide
(AgBr/POM/GO) composites, by employing a hydrothermal
technique assisted by an ionic liquid. It was observed that
AgBr/PMo,,/GO exhibited a remarkably high rate of photocata-
Iytic H, generation (~256 pmol g~ ' h™") attributable to the
excellent redox properties of POMs. Interestingly, Li et al.®
explored the rate of photocatalytic N, fixation using POM-based
RGO composites (RGO@Hs[PMo0,,V,0,0]). It was observed that
the as-synthesized composites resulted in a superior rate of
NH; generation of ~130.3 pumol L™* h™*, which is 97.3% higher
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than that of pristine POM, as the introduction of RGO facil-
itates electron transfer and suppresses the rate of electron-hole
pair recombination. In another study, Yu et al®’ obtained
84.02% removal of methylene blue dye within 150 minutes
with the help of polyoxometalate-graphene oxide composites as
a result of the establishment of the Z-scheme heterojunction,
which favors spatial segregation of the charge carriers.

Although polyoxometalate-based graphene composites have
been explored for electrocatalysis applications, their applica-
tions in photocatalysis are marked by a significant scarcity.
To the best of our knowledge, the combination of metal
vanadates with polyoxometalate-loaded reduced graphene
oxide-based photocatalysts has not yet been reported. The
novelty aspect of our study comprises the exploration of the
photoelectrochemical properties and photocatalytic activity of
the polyoxometalate-loaded reduced graphene oxide-metal
vanadate composites. The interfacial charge transfer between
POM and metal vanadates via an indirect Z-scheme mechanism
was investigated for the first time. In the present work,
polyoxometalate-loaded reduced graphene oxide was success-
fully amalgamated with metal vanadates, such as silver vana-
date (AV) and copper vanadate (CV), via a facile one-pot
coprecipitation approach. Excellent charge separation and
lower charge-carrier recombination are examined with the help
of photoelectrochemical analysis and photoluminescence spec-
tral studies. The superior photocatalytic activity towards Cr(vi)
reduction and organic dye removal occurs owing to excellent
charge transfer through the indirect Z-scheme heterojunction,
with RGO acting as the electron mediator between the metal
vanadates and POM.

2. Experimental section

2.1. Materials and methods

The synthesis of all the materials was carried out at room
temperature. Sodium tungstate dihydrate, Na,WO,-2H,0
(99%), silver nitrate (AgNO;, 99%), ammonium metavanadate
(NH,VO3, 99%), and copper(u) acetate dihydrate (Cu(OAc),-
2H,0) were procured from Sigma-Aldrich. Methyltriphenyl
phosphonium bromide (99%) and anhydrous N,N-dimethyl-
formamide (ACS grade 99.8%) were purchased from Alfa-
Aesar. Hydrochloric acid (ACS grade) was purchased from
Finar. Acetic anhydride (Ac,O) was purchased from Pallav
Chemicals. Ethanol (99.8%) was purchased from Himedia.
Diethyl ether (99%) was purchased from Merck. Deionized
(DI) water (18.2 MQ cm) was obtained from the Millipore
system.

Powder X-ray diffractograms (PXRD) of the as-synthesized
composites were recorded using a Philips X'Pert diffractometer
with Cu Ko radiation at a slow scan rate of 1° min~". A Thermo
Nicolet 6700 spectrophotometer was employed to obtain the
FT-IR spectra within a range of 400-4000 cm . The Raman
spectra were obtained using a Micro Raman setup (Renishaw
InvVia Reflex Raman spectrometer) with an excitation line of
785 nm. NETZSCH, STA 449 F3, Jupiter was employed to carry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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out the thermogravimetric analysis (TGA) at temperatures ran-
ging from 30 °C to 900 °C. UV-Visible absorption spectra were
recorded with the help of an evolution-one plus spectrophot-
ometer within a wavelength range of 200-900 nm. Solid phase
DRS spectra were performed using a JASCO V-670 spectrometer
in the 200-900 nm range. JEOL JSM IT 800 SHL was employed
to record the field emission scanning electron microscopy
(FESEM) images, and EDAX and elemental mapping were
obtained using the EDAX-Octane Elect. JEOL JEM F200
with an EDS (Oxford) and Rio-16 Gatan camera was used to
capture the high-resolution transmission electron microscopy
(HRTEM) images. The degradation of dye was carried out in the
presence of Luzchem LZC-4 x 112 W cool white fluorescent
tubes. The X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a PHI 5000 Versa Probe III
spectrophotometer. Quantachrome, FL-314.326, was employed
to determine the N, adsorption-desorption isotherm.

2.2. Synthesis of (MePh;P),W0,9 (POM)

The novel phosphonium hexatungstates were synthesized from
sodium tungstate and modified by substituting phosphonium
bromide salt for the analogous tetraalkylammonium salt.*®
1.0 g of sodium tungstate dihydrate (Na,WO,-2H,0), 5 mL of
Ac,0, and 4 mL of DMF were poured into a 50 mL Erlenmeyer
flask under continuous magnetic stirring at 100 °C for three
hours. This led to the formation of a creamy-white suspension,
followed by the addition of 2 mL of Ac,O and 1.8 mL of 12 M
hydrochloric acid in 5 mL of DMF under magnetic stirring. The
reaction mixture was filtered using filter paper (Whatman) and
washed with 5 mL of MeOH. The obtained clear filtrate was cooled
to room temperature. A 507 mg of methyltriphenyl phosphonium
bromide prepared in 5 mL of methanol was added to the clear
filtrate under continuous stirring, which resulted in the formation
of a white precipitate of bis(methyltriphenyl phosphonium)hex-
atungstate (MePh;P),W0,) (POM).

Metal
Precursors
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2.3. Synthesis of POM-loaded reduced graphene oxide
(RPOM)

The synthesis of GO was carried out using a modified Hum-
mers’ method.>® The GO was converted to reduced graphene
oxide (RGO) after hydrothermal treatment at 180 °C for
16 hours. 50 mg of RGO was dispersed in a beaker containing
30 mL of a 1: 1 mixture of water and ethanol. In another beaker,
5 mg of POM was dispersed in 20 mL of a 1:1 mixture of water
and ethanol. Then, this solution was added to the previous
solution containing RGO, and the mixture was kept under mag-
netic stirring conditions for 24 hours. Then, the black precipitate
was washed with water and ethanol several times and dried at a
temperature of 50 °C to obtain POM-loaded RGO (RPOM).

2.4. Synthesis of silver-vanadate-loaded RPOM composites
(RPOM-AV)

The RPOM-AV composites were synthesized using a co-
precipitation strategy (Scheme 1). 35 mg of RPOM was dis-
persed in 35 mL DI water under ultrasonication for 30 minutes.
10 mg of AgNO; was added to the above solution under
continuous magnetic stirring for 30 minutes. 5 mg of NH,VO;
was dispersed in another beaker containing 35 mL DI water.
Then, the NH,VO; solution was added dropwise into the AgNO;
solution and stirred for 10 minutes at room temperature. A
yellow precipitate appeared, and it was washed several times
with DI water and isopropanol. After that, it was eventually
dried at 50 °C to obtain the RPOM-AV1 composites. Similarly,
RPOM-AV2 and RPOM-AV3 were synthesized by increasing the
metal precursor loading concentration by 2 times and 3 times
on RPOM, respectively.

2.5. Synthesis of copper-vanadate-loaded RPOM composites
(RPOM-CV)

The RPOM-CV composites were synthesized via a co-
precipitation strategy (Scheme 1). A 35 mg RPOM was dispersed

gg id wﬁ%
-

RPOM-AV

{ﬁ el ~ S s
S
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® — CuV,0,
— AgNPs RPOM-CV

Scheme 1 Schematic of the synthesis of RPROM-AV and RPOM-CV composites via a co-precipitation method.
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in 35 mL of DI water under ultrasonication for 30 minutes. 30
mg of Cu(OAc),-2H,0 was added into the above solution under
continuous magnetic stirring for 30 minutes. 12 mg of NH,VO;
was dispersed in another beaker containing 35 mL DI water.
Then, the NH,VO; solution was added dropwise into the copper
acetate solution and stirred for 10 minutes at room tempera-
ture. A dark yellow precipitate appeared, and it was washed
several times with DI water and isopropanol. After that, it was
eventually dried at 50 °C and subsequently calcined at 425 °C
for 1 hour to obtain the RPOM-CV1 composites. Similarly,
RPOM-CV2 and RPOM-CV3 were synthesized by increasing
the metal precursor loading concentration by 3 times and 9
times on RPOM, respectively.

2.6. Photoelectrochemical measurements

To perform photoelectrochemical measurements, a spin-coater
was employed to prepare thin films of the materials on FTO-
coated glass slides up to 3 layers. The photoelectrochemical
performance was determined with the help of a galvanostat-
potentiostat (ZIVE SP1) under a 150 W Xenon lamp. A three-
electrode setup was used with Ag/AgCl as the reference and Pt
wire as the cathode. The current versus voltage spectra were
recorded within the potential ranging from —0.2 V to 1.0 V vs.
Ag/AgCl in the presence of 0.1 M Na,SO, as an electrolyte. At a
constant voltage of 0.6 V vs. Ag/AgCl, the transient photocurrent
spectra were determined under light on-off conditions. Elec-
trochemical impedance spectroscopy was used to measure the
interfacial charge transfer resistance within a frequency range
from 0.1 Hz to 100 kHz. To determine the junction capacitance
of the electrodes, Mott-Schottky experiments were carried out
by sweeping the potential from —0.8 V to 1 V vs. Ag/AgCl at a
frequency of 1000 Hz.*>*"

2.7. Photocatalytic dye degradation

The synthesized RPOM-AV3 and RPOM-CV3 hybrid compo-
sites were used to adsorb rose bengal (RB) and photocatalytic
degradation of methylene blue (MB), respectively. The adsorp-
tion/degradation studies were performed with an initial dye
concentration of 50 pM, catalyst loading of 0.01 mg mL "
(RPOM-AV3), and 1 mg mL~' (RPOM-CV3) under neutral pH.
The RB dye adsorption was studied with a solution of RPOM-
AV3 and RB dye over time. The RPOM-CV3 and MB dye
solutions were irradiated with 112 W cool white fluorescent
tubes under continuous stirring at varying times. The adsorp-
tion and degradation of the RB and MB dyes were measured
with the help of UV-visible spectroscopy. The efficiency of
degradation/adsorption of the dyes was evaluated with the help
of eqn (1):

Cy—C,

Degradation efficiency (%) = C
0

x 100, (1)

where C, represents the initial concentration and C, denotes
the concentration of the dye at time ¢.
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2.8. Photocatalytic Cr(vi) reduction

The photocatalytic reduction of Cr(vi) with an initial concen-
tration of 100 mg L' was conducted in a quartz cell reactor
with RPOM-AV2 composite concentration of 0.5 g L™" in the
presence of 300 W Xenon light. Appropriate amounts of ali-
quots were taken up from the reactor at successive time
intervals, and absorbance was recorded using a UV-visible
spectrophotometer. The percentage of reduction of Cr(vi) (%
RE) was evaluated with the help of the following equation:**

IO_Ir

RE =
% 7

(2)
where I, represents the initial intensity of absorption and I
denotes the intensity of absorption after a time interval ¢ at
Amax = 340 nm.

3. Results and discussion

3.1. Powder XRD analysis

The phase purity and crystal structure of the as-synthesized
composites were determined using XRD analysis. Fig. 1 por-
trays the powder X-ray diffractogram (PXRD) of the RPOM, bare
AV, CV, RPOM-AV2, and RPOM-CV2 nanocomposites. In the
case of RPOM, it is observed that the diffraction peak at 24.7°
corresponds to the (002) plane of the reduced graphene
oxide.*>** The XRD pattern of pure AV shows that the peaks
at 20 values of 22.5°,24.9°, 27.4°, 28.2°, 31.6°, 32.1°, 32.8°, 34.9°,
39.7°,43.6°%,46.5°,53.2°, 55.4°, and 57.2° are well indexed to the
(111), (220), (310), (22—1), (221), (—131), (002), (311), (131),
(420), (240), (222), (421), and (150) planes (marked by O) of
monoclinic phase of «-AgVO;, respectively (JCPDS No: 89-
4396).” Additionally, the diffraction peaks at 38.1° and 44.2°
correspond to the (111) and (200) planes of Ag° (JCPDS No: 04-
0783), respectively, which indicate the presence of metallic Ag
nanoparticles along with AgvVO;.?® In the case of RPOM-AV2,
the diffraction peaks corresponding to the monoclinic phase of
a-AgVO; and metallic Ag® particles are observed. Moreover, the

0-AV ¢ -CV x-RPOM
—— RPOM-CV2
o of ® 0 00 60
00 A r M0 0 0 00 2829
0 -
. [N %% o " cv
- KR 00 2o o 0 A 2%
~
.,? . Ag Ag —— RPOM-AV2
(7] o %% _o
c O~ o o o [ Xe)
8 A 9
£ o % ©of Ag  Ag —AV
o o ‘ o ‘ o o 0O
*
k ——RPOM

20 30 40 50 60 70 80
20/ degrees

Fig. 1 PXRD pattern of RPOM, AV, RPOM-AV2, CV and RPOM-CV2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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broad peak at 24.7° in the XRD pattern of RPOM-AV2 corre-
sponds to the (002) plane of RPOM (indicated by *). Therefore,
the diffraction peaks of both RPOM and o-AgVOj; in the XRD
pattern of RPOM-AV2 provide evidence in favor of the nano-
composite formation. The crystallite size of AV in the RPOM-
AV2 composite was calculated to be 8.0 A by considering the
most intense peak at 27.6° according to the Debye-Scherrer
equation.?” Similarly, the RPOM-AV3 composite contained the
XRD patterns of bare AV and RPOM, and the peak pattern
mostly matched that of the precursors, indicating the for-
mation of the composites (Fig. S1, ESIt). The XRD pattern of
the RPOM-CV2 composite portrays that the diffraction peaks
corresponding to the (020), (021), (111), (200), (012), (—212),
(—221), (102), (211), (040), (231), (—313), (—133), (—204), (—411),
(400) and (—342) planes are present (marked by ¢), indicating
that the monoclinic crystal phase of Cu;V,Og is in the RPOM-
CV2 composite (JCPDS No: 74-1503).*® It also reveals that
proper growth of CuzV,0g nanoparticles occurs on the RGO
nanosheets in the presence of POM. Moreover, the crystallite
size of CV in the RPOM-CV2 composite was calculated to be 6.3
A by considering the most intense peak at 32.2° according to
the Debye-Scherrer equation. Similarly, the XRD patterns of the
RPOM-CV3 composite were consistent with those of bare CV
and RPOM, showing a resemblance with that of the precursor
and verifying the composite formation (Fig. S1, ESIT).

3.2. Raman spectroscopic analysis

Raman spectroscopy is an important spectroscopic technique
used to investigate the various vibrational modes present in
molecules. The presence of vibrational modes of both pristine

(@) —rPom-cv2 -

v,VO,
v,VO,

o

e N
— RPOM-AV2

> (=2}
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=
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Fig. 2

(a) Raman spectra of RPOM, RPOM-AV2, and RPOM-CV2 composites (inset: Raman spectra of composites in the range of 300 cm™
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metal vanadates and the D and G bands of RGO in the Raman
spectra of the as-synthesized nanocomposites provides success-
ful evidence in favor of composite formation. Fig. 2a portrays
the Raman spectra of the RPOM, RPOM-AV2, and RPOM-CV2
composites. In the case of RPOM, the D-band at 1353.9 cm™*
arises owing to the out-of-plane vibrations of sp® hybridized
carbon atoms in RGO, whereas the G-band at 1593.8 cm ™!
corresponds to the vibration modes of the in-plane vibrations
of sp® hybridized carbon atoms of RGO (Fig. 2a).**”>" In the case
of pristine AV, the characteristic Raman peaks at 532 cm ™"
corresponding to the V-O-V stretching vibrations (Fig. S2a,
ESI¥) are shifted to 490 cm ™" after composite formation with
RPOM. Peaks at 877 and 922 cm ™', which are attributed to V-
0O-Ag and V=0 stretching vibrations, are shifted to 878.7 cm™*
and 917.2 cm™' due to the interaction of RPOM with AV,
respectively.”> Moreover, the peaks at 1353.9 cm ' and
1583.3 cm ™" are attributed to the presence of D and G bands
of RPOM, respectively. The peaks at 799.8 cm ', 857.8, and
908.9 cm ™! corresponding to the vibrations of the VO; units
shift to 800.6 cm ™', 852.4 cm ™', and 905.1 cm ™' owing to the
strong interaction of RPOM with CV, respectively (Fig. S2b,
ESI¥).>® Moreover, the peaks at 1353.9 cm ™" and 1583.3 cm™*
are attributed to the presence of D and G bands of RGO in
RPOM-CV composites, respectively. Similarly, the Raman spec-
tra of the higher-loaded RPOM-AV3 (bare AV) and RPOM-CV3
(bare CV) composites exhibit a pattern comparable to that
observed for RPOM-AV2 and RPOM-CV2, respectively
(Fig. S2, ESIY).

Interestingly, it has been observed that although there was
no shift in the position of the D-band of pristine RPOM after

(b) —RPOM-CV2
1630 880
14191121 7
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>
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812
4000 3000 2000 1000
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1

—-1000 cm™Y). (b) FT-IR spectra of RPOM, RPOM—-AV2 and RPOM-CV2 composites.
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composite formation with the metal vanadates, a significant
blue shift in the position of the G-band occurred from
1593.8 cm ™' to 1583.3 cm ™ after composite formation in both
cases. This may be due to the interaction of RPOM with the
metal vanadates, which affects the in-plane vibrations of the
C=C bonds in RGO. In addition, the crystallite size of the
composites can be calculated from the Tuinstra-Koenig eqn (3)
by considering the ratio of the intensities of the D-band (Ip) and
G-band (I).>*

-1
L,=24x10714 (LD> , (3)
I
where the crystallite size is represented by L, and 4 denotes the
wavelength of the laser beam in nm. The I/ ratio decreases
from 1.04 in RPOM to 0.83 and 0.86 after composite formation
with AV and CV, respectively. This leads to an increase in the
average crystallite size from 16.1 nm in RPOM to 20.2 nm and
19.5 nm in the RPOM-AV and RPOM-CV composites, respec-
tively. Therefore, the interaction of RPOM with the metal
vanadates results in an increase in the crystallite size of the
composites, which boosts electron-hole separation, thereby
enhancing the photocatalytic performance of the as-
synthesized composites.

3.3. FT-IR analysis

FT-IR analysis was carried out to monitor the changes in the
stretching and bending vibrations of the metal vanadates after
nanocomposite formation. Fig. 2b shows that in the case of
RPOM, the peaks at 613 cm™ " and 812 cm™ " correspond to the
stretching vibrations of the bridging W-O-W units, and the
peak at 972 cm ™! arises due to the stretching vibration of the
terminal W-O bond of the Lindqvist POM.>> Moreover, the peak
at 1121 cm™ " corresponds to the C-O epoxy stretching vibra-
tions of RGO.’® Fig. S3 (ESIt) depicts the FT-IR spectra of
pristine AV and CV. In the case of bare AV, the peaks at
649.1 cm™! and 775.6 cm™!, which arise due to the anti-
symmetric stretching vibrations of VO; units, are shifted to
630.8 cm™ " and 791.3 cm™ ', respectively, owing to the inter-
action of RPOM with AV. The peak at 934.6 cm ™" for pristine AV
is attributed to the symmetric stretching vibrations of VO3
units. A red shift in this peak’s position to 939.8 cm™' has
been observed for RPOM-AV2 after composite formation as a
result of the strong interaction of AV with RPOM.>” The peak at
1388 cm ™ * for both pristine AV and RPOM-AV2 indicates the
presence of N—O bending vibrations of nitro groups of pre-
cursors AgNO;.°® Moreover, the peaks at 1114.4 cm ' and
1382.3 cm™ ' in RPOM-AV2 composites correspond to C-O
stretching and O-H deformation vibrations of RGO,
respectively.”® In the case of RPOM-CV2 composites, the
dcu-on deformation vibrations at 1116.3 cm™* for pristine CV
shift slightly to 1121.6 cm™ ' owing to the strong interaction of
CV with RPOM. Peaks at 891.2 cm™* and 795.1 cm ™!, which
arise owing to the symmetric and anti-symmetric stretching
vibrations of VO; units, respectively, in pristine CV, shift to
880.2 cm ' and 789.3 cm ' after nanocomposite formation
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with RPOM, respectively. Similarly, the peak at 697.3 cm™ ",
which is attributed to Cu-O bending vibration, also shifts to
689.9 cm ! for the RPOM-CV2 nanocomposites because of the
strong chemical interaction of RPOM with CV. The peak at
1412.4 cm ™ for bare CV, which is attributed to the presence of
overtones or combination bands, shifts to 1419.3 cm™ ' after
composite formation with RPOM.**°*

3.4. Optical and thermal properties

The UV-DRS spectra of various samples were taken in the solid
phase using a UV-visible spectrophotometer. It was found that
the absorbance range of bare AV was near the UV-visible region,
i.e., from 250 to 500 nm, with the absorbance peak at 381 nm.
Similarly, the absorbance range for bare CV was also near the
UV-visible region from 230 nm to 660 nm, with the absorbance
peak at 361 nm. The absorbance peak of RPOM was also taken,
showing absorption in the visible to near-infrared region, i.e.,
from 230 to 1100 nm (Fig. S4, ESIf). The band gap (Eg)
calculation was conducted with the Tauc plot; the band gaps
were obtained using direct and indirect methods. The band gap
energy for bare AV was 2.6 eV using the direct method.
Similarly, the band gap energy for pristine CV was 1.6 eV using
the direct method. Moreover, the band gap energy for bare
RPOM was 0.9 eV using the direct method.

The absorbance spectra of the RPOM-AV2 and RPOM-CV2
composites were also obtained using a UV-DRS spectrophot-
ometer. The absorbance ranges for RPOM-AV2 and RPOM-AV3
were within UV to the initially visible region, i.e., 230 to 500 nm,
corresponding to the bare AV absorbance spectra. The absor-
bance range for RPOM-CV2 and RPOM-CV3 was within the UV
to the visible region, i.e., 230 to 660 nm, corresponding to the
CV absorbance spectra (Fig. S4, ESIT). The band gap calculation
was conducted with the Tauc plot, and the band gaps were
obtained using direct methods. The band gap energies for
RPOM-AV2 and RPOM-AV3 were 2.0 eV and 2.48 eV with the
direct method, respectively (Fig. S5, ESIT). Similarly, the band
gap energies for RPOM-CV2 and RPOM-CV3 were 1.5 eV and
1.43 eV using the direct method, respectively (Fig. S5, ESIT).
This study conveys that there is a decrease in the band gap
energy for the composites, ie.,, RPOM-AV2, RPOM-AV3,
RPOM-CV2, and RPOM-CV3, compared to the precursor, ie.,
pristine AV, CV, and RPOM. This could be attributed to the
transition in doped impurities and defects caused by silver
vanadate and copper vanadate on POM containing reduced
graphene oxide. The decrease in the band gap energy of the
hybrid RPOM-AV and RPOM-CV composites is because of the
electronic interaction of individual precursors, thus modifying
the band structure of the composites.

The TGA curve depicts that the pristine metal vanadates
exhibit excellent thermal stability with mass losses of only 3.6%
and 1.3% of pristine AV and CV, respectively, at a temperature
of 500 °C (Fig. S6a, ESIT). However, RPOM shows a 15% mass
loss at 500 °C owing to the pyrolysis of oxygen-containing
functionalities of RGO (Fig. Seéb, ESIT).*” RPOM-AV2 and
RPOM-CV2 exhibit mass losses of 11% and 9%, respectively,
at that temperature. This reveals that the introduction of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pristine metal vanadates to RPOM increases the thermal stabi-
lity of the as-synthesized nanocomposites.

3.5. Photoluminescence spectral studies

Photoluminescence (PL) spectroscopy provides insight into the
radiative recombination processes of the photogenerated
charge carriers. As depicted in Fig. S7 (ESIt), the emission peak
for the pristine metal vanadates and the composites arises at
430 nm owing to the recombination of electrons from the
conduction band and the holes in the valence band in the case
of vanadates.®> For RPOM, a broad emission peak at 445 nm
appears owing to electron-hole recombination in RGO.%* It is
observed that the PL intensity of the bare metal vanadates is
reduced after composite formation with RPOM. This suggests
that the incorporation of RPOM into pristine metal vanadates
facilitates charge transfer and reduces the rate of electron-hole
recombination in the RPOM-AV2 and RPOM-CV2 composites.

3.6. Morphological studies and surface properties

The morphology and elemental distribution of the as-
synthesized composites are investigated using FESEM. The
FESEM images of RPOM-AV2 reveal that AgVO; nanorods of
average width of 100-200 nm and length of 1-2 pm are formed
on RGO nanosheets through co-precipitation (Fig. 3a and b).
Fig. S3c-h (ESIt) represents the EDS elemental mapping for C,
O, P, Ag, V, and W, denoting that the RPOM-AV2 composites
are successfully synthesized. Similarly, the FESEM image and
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EDS elemental mapping of RPOM-AV3 substantiate the com-
posite formation (Fig. S8a-h, ESIt). For the RPOM-CV2 com-
posites, the FESEM images reveal the uniform distribution of
spherical CV nanoparticles with an average diameter of ~ 50—
200 nm on the RGO nanosheets (Fig. 3i and j). Moreover, the
corresponding EDS elemental mapping for C, O, P, Cu, V, and
W indicates the successful formation of the RPOM-CV2 com-
posites (Fig. 3k-p). Further, FESEM and EDS elemental map-
ping of RPOM-CV3 validates the composite formation (Fig. S8i-
p, ESIt). Fig. S9(a)-(e) (ESIT) represents the FESEM image and
the corresponding energy-dispersive X-ray spectroscopy (EDS)
elemental mapping of pristine RPOM.

The microstructural analysis of the as-synthesized compo-
sites is further carried out in detail with the help of TEM and
HRTEM imaging. In the case of the RPOM-AV2 composites, the
TEM images reveal that metallic Ag nanoparticles decorated
with AgVO; nanorods are formed on RGO nanosheets (Fig. 4a
and b). The TEM image for bare AV reveals that metallic Ag
nanoparticles with a diameter of 18 nm are anchored on 1D
AgVO; nanorods with an average width of ~180 nm and
~1.3 um in length, as portrayed in Fig. S10 (ESIt). The HRTEM
image reveals the presence of five sets of lattice fringes,
corresponding to the presence of the (111), (240), (150), (222),
and (—310) planes of a-AgVO; (Fig. 4c). The SAED pattern
portrays the single crystalline nature of the AgVO; nanorods.
Moreover, the diffraction rings observed in the SAED pattern
reveal the presence of the (240) and (111) planes of monoclinic

Fig. 3 FESEM images of RPOM—-AV?2 at (a) lower and (b) higher magnifications, EDX elemental mapping for (c) C, (d) O, (e) P, (f) Ag, (9) V., (h) and W. (i) and
(j) FESEM images of RPOM-CV2. EDX elemental mapping for (k) C, () O, (m) P, (n) Cu, (o) V, and (p) W.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of RPOM-AV2 at (a) lower and (b) higher magnifications. (c) HRTEM image. (d) SAED pattern of RPOM-AV2 and TEM images of
RPOM-CV?2 at (e) lower and (f) higher magnifications. (g) HRTEM image. (h) SAED pattern of RPOM-CV2.

a-AgVO; (Fig. 4d). The TEM image of the lower and higher
magnifications of RPOM-AV3 is shown in Fig. Sila and b
(ESIf). The HRTEM image reveals the presence of a lattice
fringe corresponding to the (—131) plane of «-AgVO; (Fig.
Slic, ESIt). The SAED pattern showed the presence of the
(—131) plane of monoclinic a-AgVO; (Fig. S11d, ESIt).

The TEM images of RPOM-CV2 composites confirm the
uniform distribution of spherical CV nanoparticles with an
average diameter of ~90 nm on the RGO nanosheets (Fig. 4e
and f). The HRTEM image of the RPOM-CV2 composites
reveals the presence of crystal lattice fringes corresponding to
the (310), (220), and (—313) planes of the monoclinic CV
(Fig. 4g). Additionally, the diffraction rings observed in the
SAED pattern reveal the presence of the (021), (040), and (020)
planes of the monoclinic CV (Fig. 4h). Fig. Sile and f (ESIY)
show the TEM images of RPOM-CV3 at low and higher magni-
fications. The HRTEM images reveal that the lattice fringe
corresponds to the (012) crystallographic plane of the mono-
clinic CV (Fig. S11g, ESIT). The SAED pattern further confirms
the presence of (012) planes in the monoclinic CV (Fig. S11h,
ESIY).

The specific surface area of composites is determined with
the help of the Brunauer-Emmett-Teller (BET) equation
through the adsorption and desorption of N, gas. The meso-
porosity of the materials has been confirmed from the type-IV
hysteresis loop, as observed in Fig. S12(a)-(c) (ESIt).®® The
specific surface area of RPOM-AV composites is 86.7 m”> g™,
which is almost 6 times higher than that of RPOM (13.7 m> g™ ').
Moreover, the specific surface area of the RPOM-CV compo-
sites is 20.5 m”? g~ ', which is slightly higher than that of RPOM.
In addition, the pore volumes of RPOM-AV and RPOM-CV are
0.52 cc g~ ' and 0.08 cc g, respectively, which are also greater
than that of RPOM (0.02 cc g ). Therefore, composite for-
mation with metal vanadates increases the specific surface area
with a higher pore volume and abundant active sites, which
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ultimately causes an enhancement in the photocatalytic perfor-
mance of the as-synthesized composites.

X-Ray photoelectron spectroscopy measurements were per-
formed to determine the surface chemical composition and
oxidation states of the constituent elements present in the
composites. The survey spectra depicted in Fig. S13a and b
(ESIY) reveal the presence of Ag, V, O, C, W and Cu, V, O, C, W in
the RPOM-AV and RPOM-CV composites, respectively. The Ag
3d core level spectra are fitted with two doublet peaks at
binding energies of 367.5 and 373.5 eV, corresponding to
3ds/, and 3d;,, lineshapes in pristine AgVO;, which confirms
the presence of Ag" oxidation state, respectively.*"*> However,
after composite formation, both peaks shift to slightly higher
binding energies at 368.1 and 373.9 eV owing to the interaction
of AV with RGO and POM (Fig. S14a, ESIf). Fig. S14b (ESIY)
depicts the V 2p core level spectra. The characteristic peaks in
the V 2p lineshape at binding energies of 516.9 eV and 524.1 eV
are attributed to the 2ps,, and 2p;/, lineshapes, indicating the
presence of V in the +5 oxidation state in pristine AV,
respectively.”**® Moreover, the peak arising at 2ps, is further
resolved into a doublet signal at binding energies of 516.5 and
517.4 eV, which are slightly shifted to lower binding energies at
516.2 eV and 517.3 eV, respectively. However, a red shift in the
binding energies is observed in the case of 2p;, signal from
524.1 eV in bare AV to 524.9 eV owing to composite formation.
The O 1s lineshape is further fitted with peaks at binding
energies at 529.9 eV and 531.6 eV, which correspond to the
presence of lattice O atoms and surface adsorbed O atoms,
respectively, in pristine AV (Fig. S14c, ESIT).”" These peaks are
further shifted to 530.7 and 532.6 eV, respectively, owing to
electron-cloud redistribution between AV and POM with RGO
serving as electron-mediator. The C 1s spectrum is further
fitted with three peaks at 284.7, 285.4 and 286.6 eV, which
further correspond to the presence of graphitic carbon, C-O
and C-OH functional groups of RGO, respectively, in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RPOM-AV composites, as illustrated in Fig. S14d (ESI{).>**
The W 4f core level spectra are fitted with two peaks at binding
energies of 36.1 and 38.2 eV, which correspond to 4f;, and
af5;,, signifying the presence of W in +6 oxidation state
(Fig. S14e, ESIT).%°

In the case of RPOM-CV composites, the Cu 2p core level
spectra are fitted with characteristic peaks, which correspond
to the presence of 2p,,, and 2p;,, states, thereby confirming the
+2 valency of Cu.”>*® The 2p;,, lineshape is further fitted with
doublet peaks at binding energies of 930.6 and 932.9 eV in the
pristine CV, which slightly shift to lower binding energies at
930.4 eV and 932.6 eV. A similar trend in the red shift of
binding energies is also observed in the Cu 2p,,, lineshape
after composite formation. This suggests that there is an
increase in electron density after composite formation owing
to the flow of electrons from POM to CV through RGO serving
as the electron mediator, as observed from the charge transfer
mechanism depicted in Fig. S15a (ESIt). The V 2p lineshape is
further resolved into two peaks at binding energies of 515.1 eV
and 522.4 eV, which are attributed to the 3ds, and 3dj,
lineshapes in pristine CV and confirm the presence of V in
the +5 oxidation state, respectively.>®*® There is a slight shift in
binding energies to lower values by 0.2 eV after composite
formation, as depicted in Fig. S15b (ESIt). Moreover, the O 1s
lineshape is fitted with a triplet signal at binding energies of
284.8 eV and 285.8 eV, corresponding to the presence of lattice
and surface adsorbed O atoms in pristine CV, as shown in
Fig. S15c (ESIf). Moreover, there was no significant shift in
the binding energies of these peaks after RPOM-CV
composite formation. Fig. S15d (ESIt) illustrates the C 1s core
level spectrum, which is further fitted with two peaks at
284.8 €V and 285.8 eV owing to the presence of graphitic carbon
and C-O groups of RGO, respectively.>*>*> The W 4f core
level spectra are further fitted with peaks arising at
binding energy representing 4fs,, which also signifies the
presence of W in the +6 oxidation state, as depicted in
Fig. S15e (ESI{).%

3.7. Photoelectrochemical measurements

The photoresponse of the as-synthesized composites was
recorded by carrying out the current versus voltage measure-
ments in the presence of light irradiation. The photocurrent
density of the heterostructures increases after the formation of
the RPOM-AV and RPOM-CV composites, as portrayed in
Fig. 5a and d. Among the as-synthesized composites with
different loading variations, the highest photocurrent density
is observed for RPOM-AV2 composites (~223.7 pA cm ?),
which is 51-fold higher in comparison with pristine AV
(~4.4 pA ecm™?). Similarly, in the case of copper vanadates, it
was observed that the introduction of RPOM to CV enhances
the photoresponse of the as-synthesized RPOM-CV composites.
Among the RPOM-CV composites with different loading varia-
tions, the greatest photocurrent density (~85.8 pA cm™?) was
observed for the RPOM-CV2 composites, which is 6 times
higher in comparison with pristine CV (~14.6 pA cm ?).
Fig. S16a and b (ESIt) portray that the current densities of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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RGO-AV (23.1 pA cm™ %) and RGO-CV (33.6 pA cm™?) are much
less than that of RPOM-AV2 and RPOM-CV2 composites. This
indicates that the polyoxometalates may serve as cocatalysts
and play a crucial role in enhancing the photoelectrochemical
performance. Moreover, the photocurrent densities of AV-POM
(19.4 pA cm™~?) and CV-POM (8.5 pA ecm™2) are also much lower
compared to the RPOM-AV and RPOM-CV composites, respec-
tively (Fig. S16a and b, ESIt). This also reveals that RGO
enhances the charge transfer between metal vanadates and
POM and boosts charge carrier separation, which in turn leads
to an augmentation of the photoelectrochemical performance
of the as-synthesized composites. Transient photocurrent spec-
tra were recorded under chopped dark and illumination con-
ditions at a regular interval of 20 seconds to determine the
photostability of the as-synthesized composites. It can be noted
that the as-synthesized composites of both silver and copper
vanadates with RPOM are fairly stable and durable against
photo-corrosion (Fig. 5b and e). No decrease in the photocur-
rent density was observed for 260 seconds, which indicated the
photostability of the nanocomposites. To develop a better
understanding of the interfacial charge transmission pro-
cesses, impedance analysis was carried out in the presence
of light.

The Nyquist plots of the RPOM-AV composites revealed that
the charge transfer resistance of RPOM-AV2 was 312.4 Q, which
was significantly lower compared to pristine AV (11.3 kQ) and
RPOM (5.5 kQ), thereby ensuring facile charge transfer (Fig. 5¢).
Moreover, it was observed that there was a significant reduction
in the charge transfer resistance of RPOM-CV2 composites
(382.8 Q) in comparison with pure CV (18.9 kQ), as shown in
Fig. 5f. Because RPOM-AV2 and RPOM-CV2 exhibit the highest
photocurrent density among the as-synthesized RPOM-AV and
RPOM-CV composites, they are considered for further study
(Table S1, ESIt). Furthermore, the charge carrier lifetime was
calculated using Bode plot analysis. It is observed that the
charge carrier lifetime increases after composite formation
compared to pristine RPOM. The charge carrier lifetime for
RPOM-AV2 (3.9 ms) is much higher than that for pristine
RPOM (0.3 ms) and AV (0.2 ms), indicating a lower rate of
electron-hole recombination (Fig. S17a, ESIT). In the case of
pristine CV, the charge carrier lifetime is 3.2 ms, while it is
1.3 ms for RPOM-CV composites, as observed from Fig. S17b
(ESIY). Therefore, it can be noted that the charge carrier lifetime
of the composites increases after the incorporation of CV into
RPOM. The higher lifetime of the charge carriers leads to
superior photocatalytic performance after composite formation
compared to bare RPOM.

To explore the electrochemical properties of the semicon-
ductor photoelectrodes, a Mott-Schottky analysis was carried
out. All the semiconductors exhibit a positive slope, which
confirms n-type semiconductivity.®”®® The flat-band potentials
(Ep) of RPOM, RPOM-AV2, and RPOM-CV2 are —0.43 V,
—0.52 V, and —0.46 V, respectively, as shown in Fig. 6. It is
observed that the flat-band potentials of RPOM-AV2 and
RPOM-CV2 composites are more negative than that of RPOM.
Table 1 presents the various electrochemical parameters
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Fig. 6 Mott—Schottky plots of (a) RPOM, (b) RPOM—-AV2, (c) RPOM-CV2, (d) pristine AV and (e) pristine CV.

derived from the Mott-Schottky plots of the pristine materials

as well as their composites.

Moreover, the donor density (Ng) of the RPOM-AV2 and
RPOM-CV2 composites is much higher than that of RPOM and
pristine metal vanadates. The donor densities of RPOM-AV2
(171 x 107 e¢m™®) and RPOM-CV2 (20.1 x 10" cm™®
are 7 times and 3 times higher compared to pristine AV

648 | Energy Adv., 2025, 4, 639-656

(2.4 x 10" em™®) and CV (6.7 x 10'® cm™®), respectively, which
ultimately leads to a significant enhancement in the photo-
current density of the composites in comparison with the metal
vanadates, as observed from the linear sweep voltammogram.
Fig. S18 (ESIt) shows the variation in the width of the space
charge region as a function of the applied potential. There is a
significant decrease in the width of the space charge region of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrochemical parameters determined from the Mott—Schottky plots of AV, CV, RPOM, RPOM-AV2, and RPOM-CV2 composites

Material Eg, vs. Ag/AgCl (V) Eg, vs. RHE (V) CB (eV) E, (eV) VB (eV) Ng (em™?)
AV —0.58 0.03 —0.17 2.6 2.4 2.4 x 107
Ccv —0.45 0.16 —0.04 1.6 1.56 6.7 x 10*°
RPOM —0.43 0.18 —0.02 0.9 0.88 11.9 x 10"
RPOM-AV2 —0.52 0.09 — — — 17.1 x 10"
RPOM-CV2 —0.46 0.15 — — — 20.1 x 10

the composites compared to the pristine metal vanadates,
which facilitates interfacial charge transfer after composite
formation with RPOM.

3.8. Rose bengal (RB) and methylene blue (MB) degradation

The RB degradation was conducted using RPOM-AV3 compo-
site material. A solution of 50 uM RB dye with 0.01 mg mL ™" of
RPOM-AV3 was used to study the degradation of RB. It was
noticed that the RB degradation occurred in the absence of
light, and the dye was adsorbed on the catalyst surface owing to
the broad surface area of RPOM-AV composites. The reaction
mixture remained heterogeneous after dye adsorption; hence,
the solution was centrifuged to separate the catalyst. The major
absorption peak at 548 nm for the RB solution observed in UV-
vis spectra arises because of the m to n* transition (Fig. 7a).®
The RB degradation was tested with the precursor materials
RPOM and AV. The precursor RPOM showed negligible RB
degradation, and AV showed 68% RB absorption within 2 h
when applied to RB dye (Fig. 7b). Further, a time-dependent
degradation study of RB with the RPOM-AV3 catalyst was
performed at varying times. A steady increase in the adsorption
was noted in the period from 0, 20, 40, 60, 80, 100, and 120 min.

The adsorption efficiency after 120 minutes was 94% =+ 0.03%
(Fig. 7a (inset)). Additionally, to check the recyclability of the
catalysts, the catalytic activity of RPOM-AV3 was tested through
several cycles for the removal of RB, as shown in Fig. 7c. It was
observed that there was no appreciable loss in the degradation
efficiency of the as-synthesized composites towards RB adsorp-
tion even after 3 cycle runs. The RPOM-AV3 surface initially
had unoccupied active sites. As the active sites become
exhausted, the adsorption process becomes less effective. The
study demonstrates that the synergistic interaction between
RPOM and AV in the RPOM-AV3 composite enhances the dye
removal process and reaches a point of saturation after 120
min. The RPOM-AV2 composite was applied for the RB dye
adsorption but, in contrast, exhibited a lower dye removal
process compared to RPOM-AV3. The dye removal efficiency
was 49% after 120 min (Fig. S19a, ESI¥).

RPOM-CV3 was used as a photocatalyst to perform the MB
dye degradation in the presence of 112 W visible light. This
hybrid composite did not show any discernible degradation of
MB dye in the dark when stirred for 1 hour; thus, the adsorp-
tion-desorption equilibrium was maintained. The absorption
peak of MB observed at 664 nm corresponds to the (-N—C—=)

(b)
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(a) UV-Visible absorption spectra for the adsorption of RB dye (inset:

Time/ hr

degradation efficiency of RB dye in the presence of RPROM—-AV3 composites).

(b) Adsorption of RB using RPOM, AV and RPOM-AV3. (c) Recyclability of RPOM—-AV3 after successive cycles of RB absorption. (d) UV-Visible absorption
spectra for photocatalytic degradation of MB dye (inset: degradation efficiency of MB dye in the presence of RPOM-CV3 composites). (e) Degradation of
MB using RPOM, CV, and RPOM-CV3. (f) Recyclability of RPOM~-CV3 after successive cycles of MB degradation.
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iminium part of MB.”>”" The UV-visible spectra of MB degrada-
tion were examined under variable periods from 0 to 5 h, as
shown in Fig. 7d. The photocatalytic degradation of MB was
evaluated using the precursor RPOM and CV. These results
indicate that the precursor RPOM and CV have a limited effect
on photocatalytic MB degradation. The MB degradation effi-
ciency with respect to time is shown in Fig. 7d (inset). After 5 h
of photocatalytic degradation of MB dye, the degradation
efficiency was 96% =+ 0.04%. The degradation of MB dye is
due to the generation of adequate holes/radicals after the
photon absorption by photocatalyst RPOM-CV3. The MB dye
is adsorbed on the active site of the surface of the photocatalyst.
The photo-generated holes/radicals consequently degrade the
MB dye. The UV-vis spectra of MB using precursor RPOM and
CV exhibited minimal photocatalytic degradation of MB
(Fig. 7e). Furthermore, to assess the recyclability, the catalytic
performance of RPOM-CV3 was evaluated over multiple cycles
for the removal of MB, as depicted in Fig. 7f. The result
indicated that the degradation efficiency of the synthesized
RPOM-CV3 composites for MB degradation remained constant,
with no significant decrease in performance even after 3
successive cycles. The study indicates that the RPOM-CV3
composite exhibits elevated dye degradation capability owing
to the cooperative effect between RPOM and CV. The photo-
catalytic degradation proceeds according to a pseudo-first-
order with a 0.011 min~"' reaction rate at a pH of 6.3. The
RPOM-CV2 composite was employed for the MB degradation, but
it showed low dye degradation efficiency relative to the RPOM-
CV3. The dye degradation efficiency was quantified to be 79%
after 5 h (Fig. S19b, ESIt). A comparative study of MB degradation
using different photocatalysts is presented in Table S2 (ESIT).

In this study, we investigated the role of photo-induced
reactive species crucial for the photocatalytic process, namely
electrons, holes, and hydroxyl radicals. Photocatalytic dye
degradation has been performed with a series of scavengers:
ethylenediaminetetraacetic acid disodium salt hydrate (EDTA)
to scavenge h', silver nitrate (AgNO;) to scavenge e, and
isopropyl alcohol (IPA) to scavenge hydroxyl radicals (*OH).
The MB degradation utilizing quenchers over the photocatalyst
RPOM-CV3 when exposed to visible light irradiation is illu-
strated in Fig. S20 (ESIf). On adding IPA (1 mmol L"), the
degradation of MB is inhibited, indicating that *OH radical
species were required for dye elimination. The degradation was
slightly enhanced upon the addition of AgNO; (1 mmol L),
indicating that e” presence is less prominent for dye degrada-
tion. The addition of EDTA (1 mmol L") to the reaction
mixture shows that the degradation of MB dye is more
enhanced, indicating that h" radicals are also not prominent;
thus, the absence of h' rather increases the dye removal
process. Therefore, the presence of *OH radical species is
notable for dye degradation.

3.9. Photocatalytic Cr(vi) reduction

The photocatalytic activity of the RPOM-AV2 composite was
examined by following the rate of photocatalytic reduction of
toxic Cr(vi) to non-toxic Cr(m) under visible light. It was
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observed that the removal efficiency of hexavalent Cr(vi) was
only 36% under the dark for 60 minutes owing to adsorption
(Fig. 8a). It was observed that the concentration of toxic Cr(vi)
gradually decreased with time and the effective photocatalytic
removal of toxic Cr(vi) up to 94% was observed in 60 minutes
under visible light illumination at acidic pH (pH = 2) using
RPOM-AV2 nanocomposite as photocatalyst in the presence of
8 vol% of isopropanol as a sacrificial agent, while pristine AV
exhibited 63% removal efficiency of Cr(vi) under similar reac-
tion conditions. Fig. 8b depicts the rate constants for the
photoreduction of Cr(vi) using pristine AV, RPOM, and
RPOM-AV composites with various loading variations. Among
the as-synthesized RPOM-AV composites, RPOM-AV2 exhibits
the highest rate of photocatalytic Cr(vi) reduction with a rate
constant of 0.044 min "' (pseudo-first order reaction). It was
observed that by further increasing the metal loading concen-
tration on RPOM, there was a decrease in the kinetic rate
constants for photocatalytic Cr(vi) reduction, as observed in
Table S3 and Fig. S21a (ESIt). Fig. 8c illustrates the UV-visible
absorption spectra of 100 ppm Cr(vi) solutions treated with the
RPOM-AV2 composite. It was observed that the strong absorp-
tion of Cr(vi) at 340 nm decreased with time, and almost no
absorption occurred after 60 minutes of light irradiation. More-
over, it was noticed that the efficiency of Cr(vi) reduction was
almost 74% when using the RGO-AV composite, which
increased to 94% with the RPOM-AV2 composite, as shown
in Fig. S21b (ESIT). This reflects the role of POM in enhancing
the photocatalytic performance of the as-synthesized compo-
sites. The effect of hole scavengers, i.e., EDTA and isopropanol,
on the rate of photocatalytic Cr(vi) reduction is presented in Fig.
S21c (ESIT). It was observed that without using a sacrificial
agent, the photocatalytic Cr(vi) reduction efficiency for RPOM-
AV composites was 65% after 60 minutes, while it reached 72%
and 94% in the presence of EDTA and isopropanol, respec-
tively. The sacrificial agent captures the holes, which reduces
electron-hole recombination and increases the photocatalytic
performance of the as-synthesized composites. Moreover, to
check the reusability and stability of the catalysts, the catalytic
activity of the RPOM-AV composites was tested through several
cycles for the removal of hexavalent Cr(vi), as shown in Fig. 8d.
It was observed that there was no appreciable loss in the
degradation efficiency of the as-synthesized composites
towards photocatalytic Cr(vi) reduction even after several cyclic
runs. Table S4 (ESIt) presents a comparative study of the
photocatalytic activity of various metal vanadate-based compo-
sites towards Cr(vi) reduction from where the as-synthesized
RPOM-based silver vanadate composites exhibit much superior
performance.”>”””

The photocatalytic removal of Cr(vi) was also performed with
the help of the RPOM-CV composites. However, the results
were not at all encouraging, as only 13% removal of Cr(vi) was
observed after 60 minutes, as shown in Fig. S21d (ESIY). Copper
vanadate-based composites may not favor Cr(vi) reduction
owing to their inherent electronic structure. Basically, copper
and vanadium exist in the +2 and +5 oxidation states, respec-
tively, in CuzV,0g.”® Vanadium in its +5 oxidation state is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Photocatalytic reduction of 100 mg L™ Cr(vi) solution using pristine AV, RPOM, and RPOM—AV composites as catalysts (inset: colour change
observed before and after light irradiation). (b) Rate constants for Cr(vi) reduction using pristine AV, RPOM, and RPOM—-AV composites as catalysts. (c) UV-
Visible absorption spectra of Cr(vi) with the help of the RPOM-AV2 composites. (d) Recyclability of the RPOM-AV2 composites after several successive

cycles of Cr(vi) reduction in the presence of a 300 W Xenon lamp.

extremely stable and does not readily lose electrons. In addi-
tion, the +2 oxidation state of Cu is highly stable, and Cu®" is
reluctant to donate its electrons and attain higher oxidation
states. Therefore, copper vanadate-based composites are not
conducive to electron donation and do not promote Cr(vi)
reduction.

3.10. Charge transfer mechanism

According to the positions of the energy bands of pristine
metal vanadates and polyoxometalates determined from the

Mott-Schottky analysis and bandgap calculation from the Tauc
plots, it is observed that the charge transfer occurs through
the indirect Z-scheme mechanism for both RPOM-AV and
RPOM-CV nanocomposites with RGO acting as the solid-state
electron-mediator. Conceptually, indirect Z-scheme heterojunc-
tions are formed when the charge transfer occurs through an
electron-mediator between one semiconductor with highly
negative conduction band edge potential (reduction catalyst)
and another semiconductor with highly positive valence band
edge potential (oxidation catalyst).””®! The indirect Z-scheme
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Fig. 9 Charge transfer mechanism in (a) RPROM-AV and (b) RPOM-CV composites.
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mechanism promotes the transfer of photogenerated charge
carriers through the redox mediator and lowers electron-hole
recombination.®” % The schematic presentation for the Cr(vi)
reduction by RPOM-AV composites is displayed in Fig. 9a. In
the presence of visible light, the generation of electron-hole
pairs occurs in pristine AgVO; and POM. Moreover, electron—
hole pairs are generated within the metallic silver nanoparticles
in the presence of visible light owing to the surface plasmon
resonance effect and dipolar character of metallic Ag. The
plasmon-induced electrons of metallic Ag are transferred to
the conduction band of AgVO;. RGO present at the interface of
the two pristine semiconductors acts as an electron-mediator
and provides efficient charge transfer channels to promote the
excellent transfer of photogenerated electrons present in the
conduction band of POM to recombine with the holes present
in the valence band of AV. Therefore, the electrons with greater
reducing capability, which are fully retained in the conduction
band of AV, perform the reduction of toxic Cr(vi).

A similar charge transfer mechanism also occurs for the
RPOM-CV composites, as illustrated in Fig. 9b. In the presence
of light, charge carriers are generated in bare CV and POM.
RGO acts as an electron-mediator to promote electron transfer,
and the electrons present in the conduction band of POM
recombine with the holes in the valence band of pristine CV.
Therefore, the electrons with strong reduction ability are pre-
served in the conduction band of CV. The holes with greater
oxidizing power, which are reserved in the valence band of
POM, perform the oxidation of the MB dye.

4. Conclusion

In summary, polyoxometalate-loaded RGO-based metal vana-
dates were synthesized via a facile co-precipitation method, and
their photocatalytic activity was explored in visible light. It was
observed that the RPOM-AV composites with an optimized
loading of metal precursors exhibited photocatalytic Cr(vi)
reduction of up to 94% within 60 minutes and 94% removal
of the RB dye in 120 minutes through adsorption owing to its
large surface area. The RPOM-CV composites showed 96%
photocatalytic degradation of MB dye after 5 hours in the
presence of visible light. Moreover, it is evident from the
photoelectrochemical investigation that the RPOM-AV and
RPOM-CV composites exhibit 51 times and 6 times enhance-
ment in the photocurrent density in comparison with pristine
AV and CV, respectively, as a result of the remarkable augmen-
tation in the donor density upon the incorporation of RPOM
into metal vanadates. Additionally, the quenching of the photo-
luminescence intensity reflects the lower rate of electron-hole
recombination after composite formation. The superior photo-
catalytic activity of the RPOM-based metal vanadate composites
can be attributed to the development of the indirect Z-scheme
heterojunction with RGO acting as the solid-state electron med-
iator. Therefore, our results indicate that polyoxometalate-based
metal vanadates provide a novel paradigm for the development of
efficient visible-light active photocatalysts for environmental
remediation.
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