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Efficient photocatalysts capable of toxic dye degradation using perennial solar radiation have
tremendous potential in environmental remediation. Herein, a surfactant-free hydrothermal process was
used to synthesize undoped bismuth vanadate BiVO, and (Gd**, Mo®") co-doped Bi;_xGd,V;_,M0,O4
(x = 0.02, 0.04, 0.06, 0.08, 0.10; y = 0.02) nanoparticles. The presence of mixed monoclinic scheelite
(ms) and tetragonal zircon (tz) phases in the as-synthesized nanoparticles due to co-doping was
quantified from Rietveld refined X-ray diffraction, Raman, and Fourier transform infrared spectroscopy.
Field emission scanning electron microscopy images revealed buck-horn and rod-shaped nanoparticles
with an average size of 80-130 nm for undoped and co-doped samples, respectively. The good
crystallinity of the (Gd®*, Mo®*) co-doped samples was corroborated by high-resolution transmission
electron microscopy. The desired chemical oxidation states of all constituent elements of the co-doped
samples were confirmed from X-ray photoelectron spectroscopy. The suitable valence band edge
position for driving photocatalytic reactions was observed from ultraviolet photoelectron spectroscopy.
The diffuse reflectance measurements implied an increase in the electronic band gap due to co-doping.
Hubbard U corrected density functional theory (DFT+U) indicates a shallow trap center in the co-doped
samples in favor of reduced electron—hole recombination, which was also supported by photolumines-
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electron-hole pairs (EHPs) put severe constraints on the photo-
catalytic activity of BiVO,.'>™* Several strategies have been
explored, based on experimental and first principles density
functional theory (DFT), to mitigate the shortcomings of BiVOy,,
such as metal doping, facet control, heterojunction formation,
semiconductor recombination, and incorporation of functional
materials.”>° Of these approaches, chemical doping with
metal ions has been demonstrated as an effective technique
for modifying the crystalline phase along with distortion in the
[VO,]™ and [BiOg]™ units, morphology, and electronic structure
for enhancing the photocatalytic performance of BivVO,.>”*®

There are several reports on attempts to mitigate photo-
generated carrier recombination in BiVO, by mono-doping
rare-earth (RE) lanthanides (e.g., Ce, Eu, Gd) and transition
metals (TMs) (e.g., Fe, Co, Ni) into the Bi-sites, leveraging their f
and d orbitals. On the contrary, few reports on co-doping of the
Bi-sites with RE elements exist. Noor et al. demonstrated
photocatalytic dye degradation performance enhancement by
Gd*" and Y** co-dpoing into the Bi-site.>® Obregén et al.
reported superior photocatalytic degradation for Er** and Y**
co-doping of the Bi-site of BiVO,.>® Jia et al. observed higher
photocatalytic degradation for La** and Gd** co-doped BivO,.*"
Regmi et al. co-doped the Bi-site with an RE trio (Yb*", Er*",
Tm®") to achieve notable photocatalytic degradation.'® There
are reports on (Fe**, Cu*"), (Cu**, Zn*"), and (Mn**, Zn*>*) co-
doping into the Bi-site that enhanced the photocatalytic
activity.>>*

In recent times, the use of two distinct elements selectively
substituted for Bi*" and V** ions in BiVO, has drawn consider-
able research interest, as it substantially affects the material’s
structural and phase properties. For instance, Ce*"/Mo®" co-
doping created a mixed ms-tz phase, while Fe**/W°" co-doping
caused a transition to an orthorhombic structure.>®>° In con-
trast, Zr*"/W°®" co-doping maintained the desired ms phase of
BiVO,.*” Now, Gd** (93.8 pm) can act as an isovalent dopant for
Bi** (103 pm), and can reduce the hole effective mass, and enhance
the carrier separation and photocatalytic performance.’®*° The
comparable ionic radii of Mo®" (59 pm) and V°* (54 pm) enable
molybdenum to function as an n-type dopant on vanadium sites in
BiVO,, producing shallow impurity states that facilitate the separa-
tion of photo-induced electrons and holes, thereby improving the
photocatalytic efficiency.’®** Can we leverage these favorable attri-
butes of Gd>*/Mo®" dopants synergistically? To the best of our
knowledge, the effect of Gd*>'/Mo®" co-doping of Bi*/V>* on the
structural, morphological, electronic structure, and photocatalytic
performance of BiVO, has rarely been reported.

Here, we synthesized undoped and (Gd**, Mo®") co-doped
BiVO, nanoparticles with Bi;_,Gd,V;_,Mo0,0, (x = 0.02, 0.04,
0.06, 0.08, 0.10; y = 0.02) stoichiometry via a surfactant-free
hydrothermal process. Detailed structural and ms-tz phase
explorations of all as-synthesized nanoparticles are presented
using X-ray diffraction, Raman, and Fourier transform infrared
spectroscopy. The surface morphology variation, crystallinity,
and elemental identification of the nanoparticles were probed
using scanning and transmission electron microscopy and
energy dispersive X-ray spectroscopy, respectively. The desired
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chemical oxidation states and valence band structure were
analyzed using X-ray and ultraviolet photoelectron spectro-
scopy. The effects of co-doping on the electronic structure of
BVO were quantified from combined diffuse reflectance mea-
surements and DFT simulations. The photogenerated carrier
recombination of the nanoparticles was captured from photo-
luminescence measurements. The superior methylene blue
(50 ppm) dye degradation capabilities of co-doped BiVO, were
corroborated from UV-vis absorption measurements and band
edge alignment analysis. Overall, this work may have presented
detailed information in favor of the superior photocatalytic
performance of (Gd**, Mo®") co-doped BiVO,4 nanoparticles.

2. Methodology

2.1. Computational details

The Vienna Ab Initio Simulation Package VASP 6.3.1 code was
used to model the core-valence interaction with the projector-
augmented wave (PAW) method.*®™*® The PAW considered 15
electrons of Bi-5d'%6s*6p>, 11 electrons of V-3p°3d*4s’, 6 elec-
trons of 0-2s’2p*, 18 electrons of Gd-5s*5p®4f’5d'6s”, and 12
electrons of Mo-4p®4d°5s" in valence configurations, and trea-
ted the remaining ones as the core. For the undoped BiVO,, a
total of 198 atoms in a 2 x 2 x 2 supercell having 32 Bi atoms,
32 V atoms, and 128 O atoms, were considered (see Fig. S1). To
incorporate varying degrees of Gd concentration in the simula-
tion, four different supercells with 1, 2, 3, and 4 Bi atoms
replaced by Gd atoms were considered, to obtain 3.125, 6.25,
9.375, and 12.5% Gd concentration levels, respectively. To
emulate 2% Mo doping in all co-doped structures, one V atom
was replaced by a Mo atom in the supercell to achieve 3.125%
Mo doping level. The structural relaxations were performed
with self-consistent electronic and Hellmann-Feynman ionic
convergences of 10~ eV per atom and 102 eV A", respectively.
The plane-wave energy cut-off was set to 500 eV. The 2 x 2 x 2
Monkhorst-Pack (MP) k-mesh was used to perform Brillouin
zone (BZ) integrations. A logical choice for the exchange
correlation functional (XCF) based on a balance between com-
putational complexities and precision is crucial in DFT
simulations.*®*° We made use of Hubbard interaction U cor-
rected DFT+U to boost dilute Coulomb interaction of the
localized V-3d and applied U = 4.8, 3.1, 2, and 2.3 eV in Bi-6p,
V-3d, 0-2p, and Mo-4d, respectively.'®>' > For the localized Gd-
4f orbitals, U = 6 eV was used based on the findings of ref. 57
and 58.

2.2. Sample preparation

7.72 mmol (3.746 g) Bi(NO3);.5H,O (99.99%, Sigma) and
7.72 mmol (0.906 g) NH,VO; (99%, Sigma) were dissolved in
15 ml of 2 M HNO; (as a transparent clear solution) and 70 mL
of deionized (DI) water (~18 MQ) heated to 65 °C (as a
transparent yellow solution), respectively, under vigorous
magnetic stirring (650 rpm) for 2 h. The NH,VOj; solution was
added dropwise from a burette into Bi(NOj3);-5H,0 subjected to
constant magnetic stirring. The solution turned into an
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opaque, yellow-colored, dense suspension as 25 wt% NH,OH
was added to fix the pH = 9, and loaded into a 100 mL Teflon-
lined autoclave for hydrothermal reaction at 180 °C for 48 h
inside an oven. The sample was naturally cooled to room
temperature, centrifuged (10 000 rpm), washed (6 consecutive
cycles in DI water and ethanol alternately), and dried at 120 °C
for 48 h. The dried powder was sintered at 400 °C for 2 h and
subsequently ground in a mortar pestle for 1 h. The final bright
yellow product is termed as u-BVO hereafter. In the case of the
(Gd**, Mo®") co-doped samples Bi; ,Gd,V;_,M0,0,, the same
hydrothermal technique was implemented where Gd(NO;);-6H,0
(99+ %, Sigma) and (NH,),MoO, (99+ %, Sigma) were dissolved
into 15 mL of 2 M HNO; and 20 mL of DI water in stoichiometric
proportions, respectively. The co-doped Bi;_,Gd,V;_,M0,0, sam-
ples, where x is varied as 0.02, 0.04, 0.06, 0.08, and 0.10
while keeping the y fixed at 0.02, were subsequently termed as
Gx%My%-BVO. The sintered co-doped samples appeared
yellowish-white and turned to light yellow after grinding for 1 h.

2.2.1. Photocatalytic sample preparation. The methylene
blue (MB) dye solutions were prepared at two different concentra-
tions of 50 and 100 ppm in 100 mL of DI water. Both the undoped
and co-doped photocatalyst concentrations were set to 1 g L™".
The pH of the dye-catalyst mixture was set to 10 by adding the
required amount of NH,OH solution. The desired adsorption—-
desorption equilibrium in the mixture was established by 30 min
of magnetic stirring in the dark state. The synthetic solar irradia-
tion was provided from a 100 W Hg-Xe lamp with a fused silica
exposure window. During the photocatalytic exposure, constant
magnetic stirring prevented unwanted dye concentration gradi-
ents from occurring in the solution, thereby eliminating spurious
degradation effects. Photocatalytic measurements were performed
at an ambient temperature of ~300 K. The photocatalyst removal
was done with high-speed centrifugation and the UV-vis absorp-
tion of the dye solution was recorded at 30 min intervals over a
180 min measurement time.

2.3. Characterization techniques

The powdered X-ray diffraction (XRD) data of all as-synthesized
samples were obtained within the 10° to 80° angular range
(0.02° step, scan speed 2° min~') from a Rigaku SmartLab SE
multipurpose XRD system operating at a tube voltage and
current of 40 kV and 40 mA, respectively. The Raman modes
(calibrated with a Si 520.7 cm ™" photon peak) were obtained in
a Horiba Scientific LabRAM HR evolution confocal Raman
microscope operating with a 532 nm green laser. The infrared
absorption bands were captured by using a PerkinElmer spec-
trum Fourier transform infrared (FTIR) spectrometer. For sur-
face morphology, elemental purity and spatial distribution
analysis, a field emission scanning electron microscope
(FESEM, JEOL 7610F) coupled with an energy dispersive X-ray
(EDX) detector (Model: JED 2300) and a scanning electron
microscope (SEM, AVO 18) with EDX (Model: EDAX Team) were
used. The high resolution transmission electron microscope
(HRTEM) and selected area electron diffraction (SAED) images
were recorded with a Talos F200X TEM operating at 200 kV. The
elemental binding energy measurements were performed by an
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Fig. 1 Powdered XRD data of u-BVO, G2ZM2-BVO, G4M2-BVO, G6M2-
BVO, G8M2-BVO, and G10M2-BVO. The ms and tz phases are marked
with ¢ and *, respectively.

X-ray photoelectron spectrometer (XPS) operating with a mono-
chromatic Al Ko source (1486.69 eV, 15 keV, 10 mA, 225 W). The
binding energy of extraneous C-1s (284.8 eV) was used for XPS
peak position calibration. The deep UV from a Hel (21.2 eV)
source was used to record the valence band structure with an
ultraviolet photoelectron spectrometer (UPS). The UV-vis dif-
fuse reflectance spectroscopy (DRS) was facilitated by using a
Shimadzu UV-2600i UV-vis-NIR spectrometer. The steady-state
photoluminescence (PL) emissions were recorded in an F-7000
fluorescence spectrophotometer operating with a 150 W Xe
lamp and photomultiplier tube voltage of 700 V. The UV-Vis
absorption spectra of the dye degradation measurement were
obtained with a Shimadzu UV-1900i spectrometer.

3. Results and discussion

3.1. Structural analysis

The XRD data of the undoped u-BVO and co-doped Gx%My%-
BVO (x% =2, 4, 6, 8 and 10; y% = 2) powder are shown in Fig. 1.
A quantitative structural refinement of all samples was done
based on the Rietveld method, see Fig. S2. Detailed crystal-
lographic parameters from the Rietveld refinements are pre-
sented in Table S1. The pure ms phase (point group C3y, space
group C2/c (15), JCPDS# 014-0688/ICSD#100602) is present in
undoped u-BVO.”® The (Gd**, Mo®") co-doping induced the
coexistence of tz phase (point group C,,,'° space group 41/
amd (141), and JCPDS# 14-0133/ICSD#100733) with ms.>%°0%
This incomplete ms to tz phase transition due to Gd and Mo
mono-doping is well-known in the existing literature.*"**>5

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD peak shifts in the 260 range of (a) 18.2-19.2°, (b) 23-30°, (c)
30-35° and (d) 46-53° of u-BVO, G2M2-BVO, G4M2-BVO, G6M2-BVO,
G8M2-BVO, and G10M2-BVO.

Now by comparing the normalized intensities 122D and
12°9 of the most dominant diffraction peaks corresponding
to the ms (221) and tz (200) planes as

7220
Cms (%) = —5315 £200)

ms tz

x 100, 1)

the ms—tz phase mixing is quantified in Table $2.°®> The tz
phase turned out to be the dominant one in all co-doped
samples ({ms < () except for the G8M2-BVO sample where
the (s (64.21%) exceeds the (., (35.79%). The refinement
correlation parameters R, (5.89-12.1), Ry, (5.13-10.3), and Ry,
(3.74-6.64) of all co-doped samples are in the satisfactory range,
resulting in a goodness of fit parameter x> in the high con-
fidence range of 1.67-2.55.

The quantities like crystallite size D of the samples are
derived from the full-width-half-maxima (fwhm) of the different
XRD peaks (101), (221), and (200) using Debye-Scherrer’s for-
mula, along with other derivatives like defect density and strain
as displayed in Table S3. It is evident that the dopants inhibit
crystal growth, effectively reducing the crystallite size of the co-
doped samples. Incorporating (Gd**, Mo®*) dopants into the
BivO, lattice increases the defect density and strain as
expected. The strain due to the dopant incorporation results
in XRD peak shifts as shown in Fig. 2a-d. The slight discre-
pancies in ionic radii of the Gd** (105 pm) and Mo®" (59 pm)
dopants with their corresponding hosts Bi** (103 pm) and V°*
(54 pm) originate from strain in the BiVO, lattice. The small
shift of the (101), (200), (112) and (312) peaks to higher angles
indicates the presence of mild compressive strain due to the
replacement of smaller host Bi** with the larger Gd*" dopant
incorporation.>® Moreover, the intensity of the ms and tz phase-
specific peaks varies following their relative percentages in the
mixed phase. For example, the (221) peak of the ms dominates
in u-BVO and G8M2-BVO, whereas the (200) dominates in other

© 2026 The Author(s). Published by the Royal Society of Chemistry
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G8M2-BVO, and G10M2-BVO measured at room temperature.

co-doped samples with tz as the dominant phase. The absence
of the tetragonal scheelite phase can be substantiated by
the higher pH (9) and hydrothermal reaction temperature
(180 °C).***° As the hydrothermal reaction progresses, the
initial tz undergoes a gradual phase transition to ms for
pH > 7.%% The presence of dopants inhibits the complete
ms to tz transformation, and the mixed ms-tz phase prevailed
in the co-doped sample.

3.2. Raman analysis

The irreducible representations of the I'kaman (C2/c) = 8As+ 10B,
and I'gaman ([41/amd) = 2A,4 + 4By, + B,y + 5E, define the Raman
active modes of the ms and tz phases, respectively.'®*”°® The
room temperature Raman spectra of all samples are presented in
Fig. 3 and the corresponding mode assignment is displayed in
Table S4. The phase-independent external lattice modes (trans-
lation or rotation) of [VO,]>~ appeared near 115(2) (By), 190(2)
(A;) and 208(2) (Ay) em '.*>*° In all co-doped samples, sym-
metric stretching (A,) of the tz phase produced the Raman band
at 247(2) em ™. The bands near 341(2) (By) and 366(2) (Ag) cm ™"
can be ascribed to asymmetric and symmetric deformation of
the [VO,J*~ tetrahedron of the ms phase.®® The Raman band of
the ms phase around 731(2) cm™ " is observed due to symmetric
stretching of the V-O bond. The bands near 759(2) and
854(2) cm™ ' represent asymmetric (By) stretching and symmetric
(A;) bending vibration of the V-O bond in the tz phase. The
Raman band near 810(2) cm™ ' is observed owing to the char-
acteristic symmetric stretching of the V-O bond in the ms
phase.”” The ms phase purity of the undoped u-BVO was
corroborated from the Raman bands near 325(2), 367(2),
731(2), and 811(2) em ™. The coexistence of these ms bands along

Mater. Adv., 2026, 7, 322-337 | 325
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with tz bands near 247(2), 759(2), and 854(2) cm ™" confirmed the
mixed ms-tz phase in all (Gd*", Mo®") co-doped samples.

3.3. Fourier transform infrared spectroscopy

The FTIR spectra (Fig. 4) of all as-synthesized nanoparticles are
assigned to relevant atomic bond vibrations (Table S5). The
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symmetric stretching vibration of Bi-O stems from the IR
bands near 360(4) and 404(4) cm ".”" The absorptions near
476(4) and 600(4) cm ™" for u-BVO and G8M2-BVO are owing to
[VO,J*~ tetrahedral symmetric bending and asymmetric stretch-
ing vibration of the V-O bond, respectively.”> The asymmetrical
stretching of the [VO,]*~ unit appeared near 720(4) cm™ " in all
samples.”*”® The IR band near 823(4) cm " can be assigned to
the stretching vibration of V-O. The (Gd*', Mo®") co-doping
slightly shifts this 823(4) cm™"' mode to a lower wavenumber
due to a change in V-O bond length induced by dopants.®® A
weak IR absorption is detected near 888(4) cm ' in the u-BVO,
corresponding to symmetric stretching of the V-O. The extra-
neous CO, adsorbed in the samples during material processing
stemmed from the minor IR absorption of the C—=0O bond near
1320(4)-1450(4) cm "> The bending vibration of the O-H in the
H,O molecule appeared at 1620(4) cm™*.**’””® This tendency of
water adsorption at the surface can be favorable to the photo-
catalytic activity.”®

3.4. Surface morphology and elemental analysis

The u-BVO morphology in Fig. 5(a) displayed connected
buckhorn-shaped nanorods with an average diameter of
650 nm.*>*° The (Gd**, Mo®") co-doping transformed the surface
morphology to an irregular agglomeration of randomly shaped
nanorods (Fig. 5b-e, f) with an average size lying in the range of
80-130 nm. The high pH = 9 during synthesis randomizes nano-
particle shapes across all co-doped samples.*®**>5! The nanopar-
ticle agglomeration can be ascribed to sizable surface energies in the
hydrothermal process.®”> For the G8M2-BVO sample with a domi-
nant ms phase among the ms-tz mixture, the uniform compact
agglomeration may have hindered the intra-agglomerate pore

7

N
A\
N

N\

A1
N

Fig. 5 FESEM micrographs of (a) u-BVO, (b) G2M2-BVO, (c) G4M2-BVO, (d) G6M2-BVO, (e) GBM2-BVO, and (f) GIOM2-BVO with particle size

histograms superimposed.
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Fig. 6 HRTEM micrographs and SEAD images (inset) of (a) G6M2-BVO, (b) G8BM2-BVO, and (c) GIOM2-BVO.

formation.®* The desired elemental identifications of all the samples
were confirmed by the EDX spectra (Fig. S3 and Table S6). The EDX
spatial scans of u-BVO and co-doped G6M2-BVO, G8M2-BVO, and
G10M2-BVO (Fig. S4-S7) corroborate the desired homogeneity of the
host (Bi, V, and 0O) and dopants (Gd, Mo) across the samples.***
This excludes the possibility of spurious effects due to dopant
agglomeration in the as-synthesized samples.***%%*

Fig. 6a—c presents the HRTEM, and SAED measurements of the
(Gd, Mo) co-doped G6M2-BVO, G8M2-BVO, and G10M2-BVO sam-
ples, respectively. The textured morphology of the polycrystalline
sample formed concentric circles with non-uniform intensities in
the SAED patterns. The lattice fringes of the ms and tz phase are
marked with rectangular yellow boxes R1 and R2 on HRTEM, and a
magnified view is presented in the insets. The lattice fringes with a
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Fig. 7 (a) XPS full survey spectra and core level spectra of (b) Bi-4f, (c) V-2p, (d) O-1s, (e) Gd-4d, and (f) Mo-3d of u-BVO, G6M2-BVO, G8M2-BVO, and

G10M2-BVO.
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d-spacing of 0.363 nm and 0.480 nm in Fig. 6a can be ascribed to
the (200) and (101) planes of the tz and ms phases, respectively. The
d-spacing of 0.17 nm in the R1 region as displayed in Fig. 6b inset
corresponds to the (200)/(112) crystallographic planes of the ms/tz
phases. The ms (111) (R1) and tz (113) (R2) planes are detected in
G6M2-BVO (Fig. 6¢) with d-spacings of 0.463 and 0.351 nm,
respectively. Overall, the TEM analysis confirmed the presence of
mixed ms/tz phases along with the desired crystallographic planes
in the co-doped samples.

3.5. Chemical state analysis

The XPS survey spectra in Fig. 7(a) corroborated the Bi, V, O,
Gd, and Mo as the desired constituent elements in the

u-BVO
— G2M2-BVO
——G4M2-BVO
2 ——G6M2-BVO
= ——G8M2-BVO
= ——G10M2-BVO
g
8
3
O
2
O
<
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 8 The UV-vis absorbance of u-BVO, G2M2-BVO, G4M2-BVO,
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respective samples. The adventitious C-1s peak at a binding
energy of 248.8 €V is present in all samples. The high-resolution
core level Bi-4f spectra of u-BVO in Fig. 7(b) revealed Bi-4f;,, and
Bi-4f;,, XPS lines at 158.9 and 164.3 eV, which are consistent
with the Bi** oxidation state.”>®> The blue shift of the binding
energies of these two peaks increases with the Gd concen-
tration, but their splitting due to spin-orbit coupling (SOC)
remains ~5.4 eV. The V-2p core spectra of u-BVO in Fig. 7(c)
display ~7.4 eV SOC driven splitting of the V-2p;/, and V-2p;,
lines at 516.5 and 523.9 eV, respectively, corroborating the V°*
oxidation state.”® The (Gd, Mo) co-doping introduced asymme-
try and blue-shift in the V-2p;,, peak. The distinct symmetrical
peak of u-BVO at 529.7 eV in Fig. 7(d) corresponds to the O-1s
XPS peak originating from the lattice O of the BVO crystal.””
The weak XPS line at 530.9 eV is ascribed to extraneous OH
formed on the surface of the sample.®’ The (Gd**, Mo®")
dopants blue shift the O-1s signal, enhance the XPS signal of
the extraneous OH, and make it most prominent for the G6M2-
BVO sample. The Gd-4d core level in the G6M2-BVO sample in
Fig. 7(e) exhibits Gd-4ds,, and Gd-4d;/, XPS lines occurring at
binding energies of 142.5 and 147.7 eV, subjected to 5.2 eV
splitting due to SOC.>® This matches the Gd** oxidation state in
Gd,0;, implicating successful Gd dopant incorporation as it
binds with O atoms.’® The Gd-4d core levels are red-shifted
with increasing Gd concentrations. The XPS core level of Mo-3d
in the G6M2-BVO sample in Fig. 7(f) have undergone 3 eV SOC
splitting of the Mo-3d5/, and Mo-3d;/, XPS lines located at 232.1
and 235.1 eV, respectively, conforming with the Mo®* oxidation
state.’?91%° The Mo-3d XPS lines get blue-shifted as more Gd
is incorporated into the lattice. In general, these XPS binding
energy shifts can be ascribed to different electronegativities of
the hosts (Bi**, V°*) and dopants (Gd**, Mo®") as well as dopant-
induced changes in the local coordination environments of the
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Fig. 9 (a) Direct and (b) indirect band gap in the Tauc plot of u-BVO, G2M2-BVO, G4M2-BVO, G6M2-BVO, G8M2-BVO, and G1OM2-BVO, derived from
DRS.
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3.6. UV-vis spectroscopy

The UV-vis absorbances (Fig. 8) were derived from measured
diffuse reflectance using the Kubelka-Munk function F(R..).
The undoped u-BVO possesses a single-slope edge, whereas the
co-doped samples display edges with two different slopes. The
steeper edge of the G2M2-BVO co-doped sample was blue-
shifted by 60 nm from that of u-BVO. With increasing Gd
concentrations of 4 and 6%, the steeper edges of the co-
doped G4M2-BVO and G6M2-BVO samples were blue-shifted
by ~10 nm with each increment. No palpable shift in the
absorption edge was observed between G10M2-BVO and G6M2-
BVO. The exception occurred in G8M2-BVO, where the steep
absorption edge stayed close to that of u-BvO, and an absorp-
tion tail appeared in the longer wavelength region. This repre-
sents Urbach tails resembling the sub-band gap optical
absorption, originating from defect states introduced by the
(Gd**, Mo®") dopants in the band gap of BiVO,.'**'** The Tauc
procedure was employed to evaluate the E,, which is related to
photon energy hv by the F(R,,) as:
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[F(R. )] = A(hv — Ey), )

where A is a constant and y defines the nature of the electronic
transition (indirect: y = 2 and direct: y = 1/2). The direct Tauc
plots of all samples in Fig. 9(a) revealed an E, of 2.53 eV for the
u-BVO. The introduction of (Gd = 2%, Mo = 2%) dopants in
G2M2-BVO increased the direct E; to 2.99 eV. The further
increments in Gd dopant concentration in G4M2-BVO (3.01 eV),
G6M2-BVO (3.05 eV), G8M2-BVO (2.88 eV), and G10M2-BVO
(3.05 eV) seem to have minor effects on direct E,. For G8M2-
BVO, an additional E, with a lower energy of 2.60 eV is
observed. Next, the indirect Tauc plots are displayed in
Fig. 9(b). The u-BVO possessed an indirect E, of 2.41 eV. For
all co-doped samples, a pair of E, is observed, one of which lies
close to that of u-BVO, and the other is located higher in energy
(except for G8M2-BVO, where the E, = 1.76 €V) range is 2.84-
2.93 eV. The estimated direct and indirect E, of all samples,
along with their corresponding electronic transitions, were
displayed in Table S7. The E, = 1.76 eV can be ascribed to the
electronic transition from the Mo-4d to O-2p states. The E, lying

——TDOS —— V-4s 0-2p —— Gd-4f
——Bi-6s V-3p —— Gd-6s Mo-5s
—~ 150 - ——Bi-6p —— V-3d ——Gd-5p Mo-4p
> ——Bi-5d ——0-2s Gd-5d Mo-4d
5
2 100 -
2
B 50-
¢ o
N
‘5 -50-
2
@ -100
O
A 1150 1
‘200 I)}':’T-*I—[] ) T £ T ': T 2 ; ] :I ¥ IC}31'VI3;B\'/O T L
S5 -4 03 -2 -lEEO( Vl) 2 3 4 5
- F e
(d) 200 | ——TDOS —— V-4s 0-2p ——Gd-4f
——Bi-6s - V-3p —— Gd-6s Mo-5s
—~ 150+ ——Bi-6p —— V-3d —— Gd-5p Mo-4p
> | Bi-5d ——0-2s Gd-5d Mo-4d
) 1 1 1
% 100 | I I
= 1 1 1 1
2 50 - 1 1 1
~ | 1 1 1
£ 20 Y
1/} 1 1 1 1
S -50- I 1 I
> | 1 1 1
= 1 1 1
& -100 + I | I
O 1 1 1 1
R 1504 r—:—j E,=247eV
200 | DFT+U ) | i G9M3-BVO
S5 4 3 2 -1 0 1 2 3 4 5
E-E; (eV)

Fig. 10 Total density of states (TDOS) and its projections on different atomic orbitals of (a) u-BVO, (b) 3.125% Gd and 3.125% Mo co-doped G3M3-BVO,
(c) 6.25% Gd and 3.125% Mo co-doped G6M3-BVO, and (d) 9.375% Gd and 3.125% Mo co-doped GOM3-BVO using DFT+U XCF. The Fermi level Er is set

as the zero of energy.
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in the 2.41-2.59 eV range corresponds to electronic transitions
from the V-3d states of the conduction band (CB) to the O-2p
states of the valence band (VB). The electronic transitions
between impurity states like Mo-4d near CB and Gd-4f in VB
stemmed from E, in the range of 2.84-3.05 eV.

3.7. Electronic structure analysis

The total density of states (TDOS) and its orbital projections of
the u-doped and (Gd, Mo) co-doped BVO supercell were simu-
lated using optimum DFT+U XCF. The u-BVO supercell yields
an E, of 2.42 eV (Fig. 10a). The states near the valence band
maxima (VBM) originate from O-2p and Bi-6s hybridization.
The presence of Bi-5d states near the VBM and conduction
band minima (CBM) is insignificant. The states near the CBM
stemmed from hybridization of V-3d, Bi-6p, and O-2p orbitals.
The V-3d has undergone tetrahedral crystal-field induced split-
ting. In the case of (Gd**, Mo®") co-doping, in addition, two
distinct features became evident: (i) Gd-4f spin down states
appeared near the CBM and take part in hybridization with Bi-
6p, V-3d, and O-2p; (ii) shallow up-spin impurity states (closer
to CBM) stemmed from the hybridization of Mo-4d, O-2p and V-
3d orbitals. These trap states can capture photogenerated
electrons, retarding their recombination with holes, effectively
prolonging their lifetime, and thereby improving the photo-
catalytic performance.*®'%>'%1% gor the co-doped supercells,
where the Gd dopant concentration varies as 3.125, 6.25, and
9.375% while keeping the Mo concentration fixed at 3.125%
(Fig. 10b-d), the VB and CB edge positions remain essentially
the same and the E; remains fixed at ~2.45 eV. The Gd-4f
orbital contribution near the CBM gradually increases with the
Gd dopant concentration.

Now we probe the valence band structure of u-BVO and
(Gd**, Mo®") co-doped BiVO, nanoparticles by targeting the
valence electrons with a Hel source in UPS measurements. The
photoelectron intensity is plotted against the binding energy
(Fig. 11) near the Fermi level (Eg). The dotted circle encloses
very similar rising edges from Er for undoped and co-doped
samples. The linear extrapolations of these rising edges on the
binding energy axis yield a similar VB edge energy of ~0.12 eV.
This corroborates the fact that the VBM energy remains fixed as
we introduce (Gd**, Mo®") dopants, consistent with our DFT
simulation.

3.8. Steady state photoluminescence

The photo-excited EHP recombination generates PL emission,
and hence its intensity is correlated with the photocatalytic
performance of the material.’®”'°® Generally, higher PL inten-
sity indicates higher EHP recombination, leading to photoca-
talytic performance deterioration.'* "> The room temperature
steady-state PL emissions of all samples are presented in Fig. 12
with an excitation wavelength A, at 270 nm. The electrons from
the CB (V-3d states) make a downward radiative transition to
holes in the VB (Bi-5d and O-2p hybridized states) of undoped
u-BVO, generating the PL emission at ~582 nm with a fwhm of
~75 nm.*>8%114115 The PL emission peaks are blue-shifted to
469-508 nm for the (Gd**, Mo®") co-doped samples. This blue-
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Fig. 11 Ultraviolet photoelectron spectra of the valence band of u-BVO,
G6M2-BVO, and G8BM2-BVO near the Fermi energy Ef.

shift is consistent with the band gap increment due to co-
doping in the BiVO, crystal as presented in Section 3.6. The PL
intensity gradually decreases with increasing Gd content from 2
to 8%, inferring a reduction of radiative EHP recombination.
The observed red shift in PL emission for G8M2-BVO (~ 508 nm
with a fwhm of ~96 nm) compared to other co-doped samples
can be ascribed to extrinsic radiative recombination from
Urbach tail states at longer wavelengths. The PL intensity peak
reaches a maximum for G10M2-BVO at ~464 nm with a fwhm
of 97 nm among all co-doped samples. This enhancement in PL
emission can be attributed to the higher EHP recombination
via the defect states.
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Fig. 12 Steady-state room temperature photoluminescence of u-BVO
(inset), G2M2-BVO, G4M2-BVO, G6M2-BVO, G8M2-BVO, and G10M2-
BVO.
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Fig. 13 The photocatalytic degradation measurements from UV-Vis absorption spectra of (a) u-BVO and (b) G6M2-BVO photocatalysts (1 g L™ with

50 ppm MB dye.

3.9. Photocatalytic performance analysis

The photocatalyst induces decolorization of toxic dyes by
annihilating their chromophoric structure under optical illu-
mination. Fig. 13(a) displays the UV-vis absorption measure-
ments, characterizing the MB dye degradation by u-BVO. The
degradation in dark conditions due to surface adsorption is
nominal. As the photocatalyst degrades the MB dye, the inten-
sity of its characteristic 665 nm peak gradually diminishes over
irradiation time."*®™*"® By plotting the ratio of C to C,, where Cj
and C stand for initial and time-specific dye concentrations, the
photocatalytic efficiency was evaluated to be 81% (inset). In
addition, a pseudo-first-order In(Cy/C) = kt model was used to
capture the reaction kinetics, and the estimated reaction rate
constant k turned out to be 0.00776 min~". The pure ms phase
of u-BVO with a direct band gap of 2.53 eV can be attributed to
this visible photocatalytic activity.'*® Moreover, the buck-horn
type morphology of the u-BVO may have enhanced electron-
hole separation, desired in the efficient photocatalytic
mechanism.®'?! For the sake of brevity, the detailed photo-
catalytic degradation measurements of the co-doped sample
are presented in Fig. S8 and S9 and the results are summarized
in Table S8. The (Gd**, Mo®") co-doping of BiVO, improved the
photocatalytic efficiencies. The best-performing co-doped
G6M2-BVO (Fig. 13b) obtained 96% efficiency over 180 min of
optical exposure with a reaction rate as high as 0.01524. Several
factors can be ascribed to this photocatalytic performance
enhancement due to co-doping. The 2% Mo®" donor dopant
present in V°* acts as a shallow donor and enhances stability,
electron conductivity, diffusion length, mobility, and EHP
separation efficiency.”® The isovalent Gd** dopant in Bi*" can
provide the desired distortion in the monoclinic structure,
effectively reducing the hole’s effective mass to enhance its
mobility.>®*** Moreover, the Gd*" at the surface of BVO can act
as a charge trapping center to facilitate the charge transfer in

© 2026 The Author(s). Published by the Royal Society of Chemistry

photocatalytic reactions.'®® Notably, the Gd** dopant inflates
carrier mobility and lifetime in BVO, effective in preventing
unwanted EHP recombinations. This conjecture is supported
by the reduced PL emission of the G6M2-BVO, presented in
Section 3.8.

3.10. Photocatalytic mechanism

During the photocatalytic reaction, optical energy hv excites
electrons from the VB to CB of the photocatalyst, creating holes
in the VB. These EHPs can produce reactive oxygen species,
facilitating the redox reactions to degrade the MB dye. The
photogenerated e~ in CB may successively reduce dissolved O,
to H,0, and hydroxyl (*OH) radicals. The photogenerated h*
react with adsorbed H,O on the surface of the photocatalyst to
supply *OH radicals. A tentative reaction pathway for MB dye
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Fig. 14 Experimental (Exp.) and DFT+U derived conduction Ecgm and
valence Eygm band-edge positions of undoped and (Gd, Mo) co-doped
BiVO, with respect to relevant photocatalytic redox reaction potentials at
pH = 10.
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degradation with these EHP-generated *OH is as follows:
BiVO4 + hv — BiVO4 +2e~ +h*

2H" +0; +2¢~ — H,0,

H,0, + H" + ¢~ — *OH + H,0 3)
H,O +h" — H" +*OH

MB + *OH + e~ +h* — Degraded product

Table S9 summarizes the relevant chemical reactions and
their corresponding redox potentials at different pH levels. To
probe the reaction potential, the Mulliken electronegativity y of
BivVO, was estimated to be 6.04 eV, as the geometric mean of
the absolute electronegativities of Bi (4.25 eV), V (3.60 eV), and
O (7.54 eV). Assuming free electron energy of E. = 4.44 eV in the
normal hydrogen electrode (NHE) scale, VBM and CBM edge
energies can be estimated as

1
Evpm =y — Ec + EEg (4)
Ecgm = Evem — Eg (5)

By using the experimental and DFT+U derived Eg, the VBM
and CBM edge energies Eygy and Ecpy Were obtained. Fig. 14
presents the Eygy and Ecpy band-edge locations of undoped
and (Gd**, Mo®") co-doped BivO, along with the redox poten-
tials of 0,/H,0, and H,O/*OH at pH = 10. The Eygy and Ecgm
straddled these photocatalytic redox potentials, corroborating
the proposed photocatalytic MB dye degradation by the
(Gd**, Mo®") co-doped BiVO, photocatalyst.

4. Conclusion

We report a surfactant-free hydrothermal synthesis of (Gd**,
Mo®") co-doped BiVO, nanoparticles. The incorporation of Gd
and Mo dopants gradually changes the ms-tz phase mixing
proportions of the Bi;_,Gd,V;_,Mo,0, samples. The Raman
peaks further corroborated the co-existence of mixed ms-tz
phase in the co-doped BiVO,. Co-doping induced a morpholo-
gical evolution in BiVO,, transforming it from buckhorn-
shaped nanorods to rectangular nanorods and finally to irre-
gular nanoparticles. High resolution transmission electron
microscopy revealed the desired crystallinity of the co-doped
nanoparticles. The desired Bi**, v**, 0>, Gd**, and Mo®"
oxidation states in the as-synthesized undoped and co-doped
samples were confirmed from X-ray photoelectron spectro-
scopy. The (Gd**, Mo®") co-doping essentially left the valence
band edge energy unchanged, as revealed from ultraviolet
photoelectron spectroscopy and DFT+U simulations. The co-
doping induced multiple band gaps lying in the range of 2.41-
3.05 eV as per the DRS due to multiple electronic transitions
among different states, supported by DFT+U derived density of
states simulations. The suppression of radiative recombination
of photogenerated carriers was evident due to (Gd**, Mo®")
co-doping in steady-state photoluminescence. The best-performing
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Bio.04Gdo.06V0.0s8M0p0204 photocatalyst nanoparticles degraded
50 ppm methylene blue dye in 180 min with 0.01524 min~'
reaction rate. The band edges straddled the desired photocatalytic
redox potentials for driving the relevant reactions. This superior
photocatalytic performance of (Gd**, Mo®") co-doped BiVO, may
have originated synergistically from mixed ms-tz phase distortion,
higher optical absorption, high surface-to-volume ratio of the
nanoparticles, favorable band edge alignment, and reduced radia-
tive recombinations.
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