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Direct observation of anisotropic small-hole polarons in an orthorhombic structure of BiVOy films
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Here, we report an anisotropic small-hole polaron in an orthorhombic structure of BiVO, films grown by
pulsed-laser deposition on yttrium-doped zirconium oxide substrate. The polaronic state and electronic structure
of BiVO, films are revealed using a combination of polarization-dependent x-ray absorption spectroscopy at V L3 »
edges, spectroscopic ellipsometry, x-ray photoemission spectroscopies, and high-resolution x-ray diffraction with
the support of first-principles calculations. We find that in the orthorhombic phase, which is slightly different
from the conventional pucherite structure, the unoccupied V 3d orbitals and charge inhomogeneities lead to an
anisotropic small-hole polaron state. Our result shows the importance of the interplay of charge and lattice for
the formation of a hole polaronic state, which has a significant impact in the electrical conductivity of BiVO,,

hence its potential use as a photoanode for water splitting.
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I. INTRODUCTION

Bismuth vanadate (BiVO,) has been a subject of interest
for decades due to its rich fundamental properties and a wide
range of applications, including, for example, the commercial
use as a nontoxic yellow pigment [1,2], degrading agent for
organic contaminants (dye) under ultraviolet or visible light
irradiation [3], gas sensor [4], and in solid-oxide fuel-cell
applications [5,6]. Other unique properties, viz, ferroelasticity
[7], photochromic effects [8], and ionic conductivity [9] of the
material, have also attracted intensive research interest. Re-
cently, BiVO4 was found to be a promising solar-light-driven
photocatalyst owing to its moderate band-gap energy, which is
ideal for both ultraviolet and visible light absorption [10,11]. In
addition, the well-positioned band-edge alignment with respect
to water redox potential [12] has made BiVO, an attractive
candidate as a photoanode for photoelectrochemical (PEC)
water splitting by utilizing the solar energy for producing H,
and O, as alternative fuels [13,14]. However, the solar-to-
hydrogen conversion efficiency of BiVOy is significantly lower
compared to the theoretical value, which is ascribed to the
poor charge transport of the material and limits its application
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as a photoanode in practice [15,16]. It has been theoretically
predicted that charge localization might result in the formation
of small polarons, thereby restricting the charge mobility [17].
Instead of moving freely, the charges are forced to hop via V
sites of the lattice; this hopping motion of electron is considered
as the principal cause of the low electrical conductivity [17,18].
However, this explanation for the low charge transport has
not yet been substantiated, as no direct evidence of polaron
formation has been reported for pristine BiVOy. The possibility
of polaron formation and their contribution in charge transport
remains a critical issue in BiVO, for the PEC application. Here
we present direct evidence of anisotropic small-hole polaron
formation in an orthorhombic phase of pristine BiVO, using
polarization-dependent x-ray absorption spectroscopy along
with spectroscopic ellipsometry, and corroborate the results
with x-ray photoemission spectroscopy and high-resolution x-
ray diffraction as well as theoretical calculations of a distinctive
polaronic state.

The photocatalytic activity of BiVO, is believed to be
strongly influenced by the crystal phases [19,20], facets [21],
and bond distortions. The structural unit of BiVO, consists
of VO, tetrahedra and BiOg dodecahedra [22,23], which
are connected to each other via an apex oxygen atom. The
distortion of the polyhedra in BiVOy structures affects the
photocatalytic property [24], Monoclinic BiVOy, with a band
gap energy of 2.4-2.5 eV, has been reported to show higher
efficiency as a photo-catalyst, especially, in water splitting and
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O, evolution reactions compared to the polymorphs [20,24,25].
Hence, studies have been mainly performed to synthesize,
characterize, and explore the fundamental properties of mon-
oclinic BiVOy; while reports on the other phases are limited.
It remains challenging, so far, to synthesize the orthorhombic
structure [7].

In this paper, we report the orthorhombic BiVO, thin
film grown on yttrium-doped zirconium oxide (YSZ) sub-
strate via pulsed-laser deposition method. Synchrotron-based
high-resolution x-ray diffraction (HR-XRD) measurements,
polarization-dependent x-ray absorption spectroscopy (XAS),
and reflective spectroscopic ellipsometry (SE) have been car-
ried out as the part of the experiments to characterize the
crystal and the electronic structures in detail with the support
of the first-principles calculation (density-functional theory,
DFT). The crystal phase, structure, and unit-cell parameters
are precisely determined by HR-XRD [26]. The polarization-
dependent XAS is employed at the V L3, edges to probe
the electronic structure and the orbital splitting of the V 3d
states. The observed XAS is directly compared to the DFT
calculations to assign the unoccupied d orbitals near the
conduction-band minimum. A new prepeak is experimentally
observed at the V L3 edge, and its origin is explained by the
DFT calculations obtained from the orthorhombic structure
using the lattice parameters evaluated by HR-XRD. The SE
measurement shows an optical transition just below the absorp-
tion edge, hence confirming the existence of the hole polaronic
states.

II. EXPERIMENT
A. Sample preparation (pulsed-laser deposition)

YSZ (a = 5.145 A) has an excellent lattice match with the
base of the unit cell of monoclinic BiVO,4 (a = 5.1956 10%, b=
5.0935 A) [27]. In our present work, a high-quality orthorhom-
bic phase of BiVOy (thickness ~750 nm) is grown epitaxially
on cubic YSZ substrate via the pulsed-laser deposition method.
Note that there was an earlier report of monoclinic structure
formation (thickness ~65 nm) on this substrate [28]. The
ceramic targets are made using Bi; O3 and V,05 (99.99%) pure
nanopowder by solid-state reaction. The target composition
and laser fluence (2J/cm?) are kept constant throughout the
film growth. Depositions are carried out under the condition
of 80 mJ per laser pulse at 2 Hz, 600 °C substrate temperature,
and 100-mbar oxygen partial pressure.

B. High-resolution x-ray diffraction

The film is characterized by HR-XRD in the x-ray demon-
stration and development beam line at Singapore Synchrotron
Light Source (SSLS). The detailed description of the beam line
is reported elsewhere [29]. A monochromatic x-ray beam, with
photon energy close to Cu-Ka line (8.111 keV), is used for HR-
XRD measurement. The data for HR-XRD reciprocal-space
mappings (RSMs) were collected under the framework of an
(hkl) coordinate system with precision better than 0.5/1,000
in reciprocal lattice units. The coordinates of three selected
reciprocal-space vectors, for both substrates and films, are
measured during data collection or read from RSMs; these
are used to determine the crystal system and to calculate its

lattice parameters. The coordinate system with respect to the
substrate is used.

C. X-ray absorption spectroscopy

XAS measurements were carried out at the Surface, In-
terface and Nanostructure Science (SINS) beam line, SSLS.
Details of the beam line are described elsewhere [30]. The
V L-edge absorption data are collected in total electron yield
(TEY) mode monitoring total current. The base pressure in the
UHV chamber is maintained at ~2 x 107! mbar throughout
the measurements. The collected V L3 XAS spectra are nor-
malized by the incident photon flux (/) and fitted with a Shirley
background subtraction and Voigt line shapes for the peaks.

D. Spectroscopic ellipsometry

Spectroscopic ellipsometric parameters ¥ and A (viz., the
ratio of the amplitude and phase difference between p-and
s-polarized reflected light, respectively) are collected at 70°
angle of incidence, with a photon energy range between 1 and
5 eV using a Woollam V-VASE ellipsometer. Details of the in-
strument and measurement geometry are described elsewhere
[31]. The real and imaginary parts of the dielectric constant (&,
and &) are derived from the measured values of the parameters
W and A, using Woollam COMPLETE EASE software.

E. X-ray photoelectron spectroscopy

The x-ray photoelectron spectra (XPS) measurements are
performed at room temperature using a monochromatized
AlK, x-ray radiation source (hv = 1486.6eV, linewidth
0.85 eV), on a Krotos Axis ultra DLD system. The base
pressure is maintained below 10~% mbar during measurements.
The energy scale of the spectrometer has been calibrated with
standard Ag 3ds;, samples. C 1s = 284.6eV as a reference
criterion is used to correct the charge effect. CASA XPS analysis
software is used for the spectral fitting.

III. COMPUTATIONAL DETAILS

All spin-polarized calculations were performed by using
the DFT-based Vienna Ab initio Simulation Package (VASP
5.4.1) [32,33] with the generalized gradient approximation
(GGA) functional in Perdew-Burke-Ernzerhof format and the
projector augmented wave potentials [34,35]. A cutoff energy
of 500 eV was set for the electronic plane-wave expansion. A
I'-centered 9 x 8 x 3 k-point mesh was used to sample the first
Brillouin zone of the orthorhombic BiVO, unit cell. The total
energy and force on each atom were converged to 107% eV and
0.01 eV/A, respectively. In this study, the generalized gradient
approximation (GGA) with Hubbard correction (U) (GGA+U)
method based on Dudarev’s scheme with an effective Hubbard
U = 2.25eV was applied to the d orbital of vanadium atoms
in order to take into account the orbital-dependent Coulomb
and exchange interaction [36].

A 2 x 2 x 1 orthorhombic BiVO, supercell was adopted to
calculate the electron polarons, in which the Brillouin zone was
sampled by a 5 x 4 x 3 k-point mesh. To create the polaronic
state, we introduce one excess electron in the supercell, and
apply a small distortion to a selected V atom to break lattice
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FIG. 1. RSMs for BiVO, showing the twin variants in reciprocal space. L value denotes the height of the central spot at the L axis.
(a) (—204) hl mapping for the film: L = 3.521; (b) (004) hl mapping for the film: L = 3.521; (c) (—204) hk mapping for the film: L = 3.521;
(d) (—224) hk mapping for the film: L = 3.521; (e) blocks of a- and b domain; (f) formation of twist lattice network in film parallel to the

substrate.

symmetry before the structural optimization. We also consider
anonpolaronic state, in which the excess electron is introduced
into the supercell but without the initial perturbation on the V
atom.

IV. RESULTS AND DISCUSSION

The RSM precisely determines the unit-cell parameters and
confirms the existence of the orthorhombic phase with twin

formation. The lattice parameters are determined as a =
5.104 +0.003A, b =5.191+0.001 A, and ¢ =11.693 +
0.001 A. Interestingly, the average diagonal length of the
lattices in the ab plane is 7.276 A, close to 7.278 A of the
YSZ substrate. This is significant to judge the reasonableness
of twin formation. The twin variants are shown in reciprocal
space (Fig. 1). There is only one concentrated spot in (004)
hl mapping in Fig. 1(b), which indicates that the twin variants
are all aligned along the (001) plane without any tilting. There
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are fourfold-distributed spots in the (—204) hk mapping in
Figs. 1(c) and 1(a), implying that there are two lengths for
in-plane axes of a and b. Further, (—224) hk mapping shows
that the lengths of all spots are the same in the RSM, i.e., there
is no more than one d-spacing of {110} type, which implies
the angle between the in-plane a axis and b axis is 90°. This
confirms that the crystal system of the lattice is orthorhombic.
The peaks in (—224) hk mapping show the same spacing of
four twin variants of { —220} type (the distances are the same to
the origin), the twist lattice illustrated in Fig. 1(f). The central
peak is formed with two of the variants overlapped and another
two formed with misorientation due to the twist lattice in film.
A schematic of twin formation in the ab plane, blocks of a
domain, b domain (a # b), and the model of lattice network
in film parallel to the substrate are proposed, respectively, in
Figs. 1(e) and 1(f). The boundary between the substrate and
the film forms a kind of twist boundary. Choosing the spots in
Fig. 1(c) and using @ = 5.104 A and b = 5.191 A for a- and
b domains, respectively, the mutual angles of the domains are
matching each other, around 0.97°.

The V L-edge XAS originates from the transition of elec-
trons from V 2p core level to the unoccupied V 3d bands.
The spectrum splits into two well-defined L3 and L, white-
line regions centered at ~518 and ~525 eV, respectively.
Considering the j-j coupling scheme and dipole selection rule,
these regions can be attributed to transitions from the inner 2p
shell of the V atom to the empty 3d states, i.e., V2p3» — V 3d
and V2py,, — V 3d. The separation between the L3 and L,
region in the spectrum, the spin-orbital splitting (~6.9 eV),
defines the splitting of the 2p core level of the V atom. Our
observed value is slightly higher than that (6.6 eV) of the
previously reported value for the monoclinic structure [37],
implying a slightly different degree of distortion in the V
tetrahedral unit than that of the monoclinic structure. The V
L3 and L, peaks have their own characteristic broadening. For
the early 3d transition metals like V, there is some overlap
between these two regions and the separation is not distinct.
The L, edge, which is due to the transition from the p; ; states,
also contains the Coster-Kronig Auger decay process [38].
As a result, the peak is broadened and sometimes there are
losses from the main line intensities to satellite structures [39].
Hence, the V L, edge is rather complex in terms of elucidating
the electronic structure of the VOy tetrahedron unit within
BiVO,.

The V L3-edge spectrum is a fingerprint of the d-projected
unoccupied density of states. Multiplet effects and crystal-
field splitting dominate the features of the spectrum, and it
is sensitive to site symmetry and oxidation states as well
[40,41]. Figure 2(a) displays the V Lj absorption edge, taken
at normal incidence, enabling the polarization vector of the
incident radiation to be perpendicular to the surface normal.
To evaluate the specific multiplet states associated with the
p-d orbital interactions, the XAS spectrum at the V L3 edge is
deconvoluted into four components at 515.9 £ 0.01, 516.9 +
0.01, 518 £ 0.01, and 518.7 4+ 0.02 eV and are compared
with the energy states obtained from the computed partial
density of states (described later) of the orthorhombic structure
under consideration. The tetrahedral crystal field splits the
V L3 spectrum into two distinct energy states "e” (contains
doubly degenerate states 3d,>_,> and 3d,2) and f, (contains
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FIG. 2. X-ray absorption spectra of orthorhombic BiVO, mea-
sured in TEY mode at the V L3-edge absorption edge (a) at normal
incidence, (b) at grazing incidence. Data points are shown as empty
circles. The spectral fits (continuous black line) are made up of the sum
of individual component peaks (colored traces). The distinct prepeak
is shown by green arrow in (b).

triply degenerate states 3d,,, 3d,., and 3d,.), around 515.9 £
0.01 and 518 % 0.01 eV, respectively. The separation between
the two states, i.e., the so-called "10 Dqg" value is 2.1 eV,
which is comparable with 2.12 eV of monoclinic BiVOy [37].
A close comparison with the DFT calculations suggests that
the peak at 515.9 eV corresponds to the e state, where the
3d,>_,» orbital is pushed up to higher energy and the 3d..
orbital mainly dominates the conduction band edge similar
to that observed in the case of monoclinic structure [42]. The
multiplet at 516.9 eV, within the #, region, exhibits a combined
character of d,; and d,. orbitals, whereas the peak around
518.0 eV arises mainly from the transitions associate with d,,
and d,, multiplets. The precise evaluation of the peak around
518.7 eV remains uncertain as the spectral feature in this region
can be suppressed and distorted by the contribution from the
L, edge.

Our significant observation is a prepeak close to the ab-
sorption edge around 514.9 £ 0.14 eV of the V L3 XAS
spectrum, which is about ~0.9 eV below the conduction
band. Note that this prepeak was absent in monoclinic BiVO,
[37]. Interestingly, the prepeak becomes clearly noticeable
and distinct when the spectrum is collected at a grazing
angle with the polarization vector of the incident radiation
at 60° relative to the surface normal [see Fig. 2(b)]. Thus,
we observe an anisotropic character of the prepeak with
respect to the polarization of the incident photon beam, similar
to that reported for the tungsten-doped monoclinic BiVOy
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FIG. 3. Real part(e;) andimaginary part (¢,) of dielectric function
of the orthorhombic BiVO, thin film obtained by spectroscopic
ellipsometry. For comparison, reported &, and &, for the monoclinic
BiVO, [43] are included.

structure [18], confirming the transition is more likely arising
from bulk, rather than a surface effect.

In Fig. 3, we compare the dielectric functions of our
orthorhombic BiVQy,, obtained from the spectroscopic ellip-
sometry, with that of the monoclinic BiVO, [43]. A clear peak
(indicated by the vertical arrow) in the imaginary part (&;) of
the dielectric function at around 2.55 eV is observed in the
orthorhombic BiVOy, nearly 0.26 eV below the absorption
edge of the monoclinic BiVO,4. The appearance of distinct
transition just below the optical absorption edge strongly
suggests existence of a polaronic state. Together with XAS,
which probes unoccupied states, we confirm that the peak is a
hole polaronic state.

Although the experimental evidence for the existence of
the polaronic state from the V L3 XAS spectra has not been
reported so far; the polaronic satellites were observed in the
L-edge absorption spectra for different oxide phases of TiO,
[44]. Note that previous study has shown the presence of
small electron polaronic states in Li, V,0s nanowires using
hard x-ray photoemission spectroscopy measurements [45].
The formation of a polaronic state is attributed mainly to the
charge transfer due to V>* to V#* oxidation states resulting a
local lattice distortion around the V47 site. The oxidation state
of the BiVO, sample is verified by the V 2p XPS (shown in
Fig. 4). The V 2p3,, (at 516.8 eV) and V 2py» (at 524.6 eV)
peaks are separated by a spin-orbit split of 7.8 eV in 2:1 peak
ratio, typical for V>* oxidation state. The weak shoulder at
the 515.7 eV of V 2p3,, and 523.4 eV of V 2p;,, may be
attributed to V4t states; however, it remains challenging to
quantify it precisely.

To have further support for our experimental results, the
partial density of states is calculated. The optimized structure
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7.7eV

A

2ps

Intensity (a.u.)

528 526 524 522 520 518 516 514
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FIG. 4. X-ray photoelectron spectra of V 2 p3, for BiVO,4 sample
under consideration. (Solid dots: experimentally observed data. Solid
lines: fitted curves, red: V>*, green: V4+).

and the electronic properties of the orthorhombic BiVO, unit
cell are shown in Fig. 5, in which the lattice parameters are a =
5.10A,b =5.38 A, and ¢ = 12.06 A; and an indirect band gap
with a value of 2.55 eV is noted. This calculated band gap is
comparable with 2.48 eV of monoclinic BiVOy due to similar
bonding character in these two phases [37,42]. Figure 6(a)
shows the projected density of states of the orthorhombic
BiVO,, from which we can see that the valence-band maxi-
mum is mainly contributed by the O 2 p orbital that hybridizes
with V 3d and Bi 6s orbitals. The conduction-band minimum
is predominantly composed of the antibonding states of V 3d
orbital, as well as weak contribution from O 2p and Bi 6p
orbitals. It is found that the crystal field of VO, tetrahedron in
the orthorhombic BiVOy lifts the V 3d orbital degeneracy and
shifts the e states toward lower energy. Further, the suppression
in the z direction causes a further splitting in e states, leading
to a dominant 3d,2 orbital in the conduction-band minimum,
as shown in Fig. 6(b).

The excess electrons in oxides can either retain free-electron
character (nonpolaron state), or interact with the host lattices
strongly, forming a polaronic state [46]. For an excess electron
in the orthorhombic BiVOy, we find that the formation of the
polaronic state is favorable as the energy of polaronic state is

A
O
:ﬁ\
—
G

Energy (eV)

® ©

FIG. 5. (a) Atomic structure of the optimized orthorhombic
BiVO, unit cell and (b) the corresponding band structure. The Fermi
level is shifted to O eV.
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FIG. 6. PDOS of BiVO, supercell without an excess electron. (a) PDOS of BiVO, supercell and (b) the PDOS projected on V 3d_: at the
conduction-band edge of the BiVO, supercell, which clearly shows small-hole polaronic state. (¢c) The PDOS of BiVO, with an excess electron

and (d) the visualized partial charge density at the energy position of the polaron state with an isosurface value of 1.0 x 1.0 3¢/ A’. The Fermi
energy is shifted to 0 eV. (e) The PDOS of BiVO, supercell with 3.4% strain. (f) The PDOS of BiVOy supercell with 3.4% strain and an excess

electron.

about 418 meV lower than that of the nonpolaronic state. It
turns out that the electron will localize at the vanadium site,
filling up the lowest unoccupied states, 3d, state of the V 3d
orbital, and reducing the valence state V>* to V4*. This strong
electron-phonon interaction results in significant local lattice
distortion, as suggested by about 0.12-A elongation of the
V4t —0 bond in the polaron state compared with the V>* —O
bond in the nonpolaronic state. The filled 3d,> state is split
from the antibonding states of the V 3d orbital and moves
toward lower energy, forming a localized state shown in the
partial density of states (PDOS) [Fig. 6(c)], which is about
1.01 eV below the conduction-band edge. Due to the orbital
hybridization, the weak contribution from the O 2p orbital
can also be seen in the polaronic state. The visualized partial
charge density of the polaronic state is shown in Fig. 6(d).
The dominant charge density with a character of d,. state is
localized at the distorted vanadium ions, as well as weakly
contributed from its neighbor O ions, consistent with the
calculated PDOS.

Since the orthorhombic BiVO, thin films is epitaxially
grown on YSZ substrate, about 3.4% compressive strain is
expected along the y direction of the films; as a result, the
lattice parameter "b" is modified to 5.191 A, as observed by
HR-XRD. This compressive strain slightly reduces the band
gap to 2.35 eV [see Fig. 6(e)]. We find that the polaronic
state remains stable at this strain as shown in Fig. 6(f), but
its peak position in the PDOS is about 0.93 eV below the
conduction edge, in good line with the 0.9 eV observed in
the XAS spectroscopy. Although, the compressive strain of
3.4% is rather high and is not corrected for the temperature
effect, we notice the modification of the polaronic peak position
will remain nearly unaltered. More importantly, comparing
with the DFT results, the complex dielectric functions from

spectroscopic ellipsometry measurement show that the polaron
peak as well as the optical band gap occur at higher energies
than our theoretical calculations. This reveals the importance
of electron-electron interaction in the formation of polaron
in the optical response. It is known that the electron-electron
interactions push the spectral weights toward higher energies
[47] as we observe for the orthorhombic BiVQy thin film in
this study.

Nevertheless, our experimental data, with the support of
DFT calculation, suggest that formation of the small-hole
polaronic state, which is due to the interplay of charge and
lattice, is intrinsic for the pristine BiVO4 phase under con-
sideration. Oxygen vacancies, which often exist particularly
in thin films and are typical for the transition-metal oxides
like V, may provide the extra electrons to the system and
these electrons are localized to the VT sites reducing the
charge to V**, measured weakly by XPS. We note that it is
challenging, though, to quantify the oxygen vacancies. By
combining XAS and SE results with the DFT calculations,
we conclude that a hole polaronic state exists at the bottom
of the conduction band. This polaronic state exhibits a spatial
anisotropic character with a peak width which is wider in the
ab plane compared to the ¢ axis. The origin of the anisotropy
of the bulk electronic conductivity of BiVOy (the dc electrical
conductivities measured in the ab plane are higher than that
along the c axis) [18,48] may be viewed through the spatial
anisotropic nature of the polaronic state.

V. CONCLUSIONS

In conclusion, the electronic structure of the orthorhombic
BiVO, film, which closely resembles that of the mono-
clinic BiVOy structure, shows a highly anisotropic small-hole
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polaronic state just at the edge of the conduction band. As
supported by the theoretical calculations, this polaronic state
of the orthorhombic structure is contributed by the vanadium
oxidation states ranging from V>* to V** resulting in local
lattice distortions of VO, tetrahedral symmetry. Our study
explicitly supports the formation of polarons in BiVOy, an
important visible-light photocatalyst. Thereby, the role of this
polaronic state as a "charge trap" due to its close proximity to
the band edge leading to the poor performance for the water
splitting, can be explained at the fundamental level from this
study. Our results may open up new strategies to mitigate the
detrimental effect of polarons in the performance of BiVOy,
in photocatalytic applications and the methodology presented
to probe polaronic states can be used to other transition-metal
oxides.
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