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ABSTRACT

Photoelectrodes used in solar water splitting must operate in aqueous media. However,
many computational studies on oxide photoelectrodes assume vacuum conditions and
investigate dry surfaces. To date, computational studies that explicitly compare the dry and
solvated photoelectrode energetics at finite temperature and the impact of photoelectrode
surface composition, including the presence of surface defects, are lacking. In this study, we
used first-principles molecular dynamics simulations to investigate the solvation and
thermal effects on the energetics of the BiVOs4 (010) surface with different surface
compositions and oxygen vacancies, a common defect responsible for the intrinsic n-type
behavior of BiVO4. We find that the alignment of the photoelectrode electronic bands with
the water redox potentials is modified in the presence of water, similar to other oxides, and
that solvation effects and thermal fluctuations are more prominent for Bi-rich surfaces. We
also predict that infrared sensitive spectroscopies should be useful to distinguish between
the stoichiometric and Bi-rich surfaces. Our results provide a detailed understanding of the
behavior of BiVO4 photoanodes operating in aqueous media and are directly comparable
with experiments conducted on the stoichiometric and Bi-rich surface.
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Oxide semiconductors are interesting materials for use as photoelectrodes in solar water
splitting, as they exhibit compositional flexibility and relatively good stability in aqueous
environments?!. Recently, the importance of understanding and optimizing surface structure
and composition, in addition to the bulk properties of the oxide photoelectrode, has been
demonstrated by various studies?®. For example, we showed that epitaxially-grown BiVO4
(010) photoelectrodes with the stoichiometric (Bi:V ratio of 1:~1) and Bi-rich outermost
layer have considerably different surface energetics that directly impact their
photoelectrochemical properties; the band edges and work function of the Bi-rich BiVO4
(010) photoelectrode are closer to the vacuum level than those of the stoichiometric surface,
resulting in a more pronounced band bending under any applied potential, which in turn
leads to a better electron-hole separation and hence to enhanced photocurrent generation0.

Unlike photoelectrodes used in solid-state solar cells, photoelectrodes used in water-
splitting photoelectrochemical cells must operate in aqueous solutions. Thus, an accurate
understanding of the impact of the aqueous environment on photoelectrode surfaces
requires an understanding of how solvation affects the photoelectrode energetics and
electronic properties. However, many computational studies assume vacuum conditions
when investigating photoelectrodes. For example, the properties of epitaxially grown BiVO4
(010) photoelectrodes with Bi-rich surfaces were computationally investigated using only
dry surfaces? while several studies of the solvated stoichiometric ones have appeared in the
literaturel1®> When a ternary oxide with the formula of AxByO: is prepared, the surface A:B
ratio can often be different from the bulk A:B ratio and varies by the synthesis method. Thus,
understanding how surfaces with different composition are affected by solvation is of great
interest and importance. Another important factor when considering solvation effects is the
presence of defects on the photoelectrode surfaces. For example, oxygen vacancies are
common defects in n-type oxides such as BiVO4 and their presence on the surface may alter
the way the surface and water molecules interact, thereby changing the surface energetics.

In order to address our lack of understanding of solvation effects as a function of surface
composition, we investigate the electronic, structural, and vibrational properties of dry and
solvated BiVO4 (010) surfaces and we compare results for the stoichiometric and Bi-rich
surfaces, with and without oxygen vacancies. The experimentally observed
photoelectrochemical properties of BiVOs (010) with different surface compositions
(stoichiometric surface where Bi:V is 1:~1 vs Bi-rich surface) have been well documented?°.
Hence, the computational results reported in this study can be validated by our previous
experimental studies, while providing a detailed understanding of the fundamental
properties of BiVO4 photoanodes operating in aqueous media.

We carried out first-principles molecular dynamics simulations (FPMD) at the meta-GGA
levell® of theory and investigated the electronic properties of selected snapshots, using
hybrid functionals?’. Specifically, we used the (SCAN) functional and the Qbox code (versions
1.74.2 and 1.75.0)18 (see SI for details). A total of twelve trajectories of ~ 8 ps each were
obtained for the pristine stoichiometric and Bi-rich BiVO4/water interfaces, respectively, for
a total simulation time of more than 30 ps in each case. Two additional trajectories of 6 ps
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each were generated for each of the BiVO4 interfaces (stoichiometric and Bi-rich) with
oxygen vacancies, starting from pre-equilibrated trajectories of the corresponding pristine
systems.

We modeled bismuth vanadate in contact with heavy water (64 D20 molecules) for
computational convenience (use of a larger time step than in the case of hydrogenated
water) and we used (2 x 2 x 2) symmetric slab models of composition BiisV16064 and
Bi16Vs0s6D24 (4 BVO layers) and Bi32V320128 and Bi32V240120D24 (8 BVO layers) to represent
the stoichiometric and the bismuth-rich surfaces, respectively (see SI for a study of finite size
effects). The Bi-rich model used in our previous study? was constructed by removing all V
atoms from the top-most layer of the stoichiometric surface and terminating the topmost
layer with Bi atoms. Experimentally, in order to obtain a Bi-rich sample, the stoichiometric
sample is treated in a strongly basic solution for an appropriate duration to remove the top-
most vanadium atoms10. In such a OH-rich basic aqueous solution, the remaining surface Bi
atoms are expected to be hydroxylated. We optimized the geometry of the Bi-rich surface
where Bi is terminated with one, two and three OD groups and found that the one with three
groups was the most stable. Hence, to closely mimic the experimental Bi-rich sample, the Bi-
rich surface model used here consists of stoichiometric BiVO4 layers, covered by four Bi
(OD)3 groups on each surface of the slab. The dimensions of the simulation supercell were
chosen so that the average water density corresponds to the computed SCAN equilibrium
density of 1.05 g/cm3 (the experimental density for heavy water is 1.11 g/cm?3)1°. A ball and
stick representation of the pristine models used here is shown in Figure 1.

To study the effect of defects on the properties of the BiVO4/water interfaces, we considered
the presence of surface oxygen vacancies, building on our previous work where we
investigated vacancies in the absence of water2021, We considered the same symmetric slabs
described above and removed an oxygen atom from each of the outermost layers, formally
removing two oxygen atoms from the slab.

Figure 1 Structural models (balls and stick representation) of the stoichiometric (left) and bismuth-
rich BiVO4 (010) surfaces in contact with deuterated water (64 D20 molecules). We used periodic boundary
conditions with a symmetric slab and hence in our supercell two surfaces exposed to water are present. For
ease of visualization we show the 64 water molecules at the center of the slab. Color coding: oxygen atoms
(red), vanadium (blue), bismuth (purple) and hydrogen (grey).
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We discuss the results of our simulations starting from the structural and vibrational
properties of water in contact with BiVOs4, as obtained from computed vibrational densities
of states (VDOS) and infrared (IR) spectra, beginning with the stoichiometric surface.

In agreement with our previous results obtained at the PBE+U#level of theory, we found
that molecular (i.e., non-dissociative) adsorption of water is energetically preferred with
respect to dissociative adsorption on the stoichiometric surface when using the SCAN
functional. The SCAN functional yields slightly larger adsorption energies than PBE+U,
possibly due to the partial inclusion of short-range van der Waals interactions. We then
investigated whether dissociative adsorption is also thermodynamically unfavorable for the
fully solvated surface, i.e. when the surface is entirely covered by water molecules. To this
end, , we started some of our FPMD simulations from configurations of pre-dissociated D20
molecules on the surface. We observed that most dissociated fragments present at the
interface did recombine to form water molecules, which were then molecularly adsorbed on
the surface, in agreement with previous ab-initio simulations22 and with our own results for
one water monolayerl4.

Specifically, on the stoichiometric surface we find that oxygen atoms from water molecules
adsorb on the topmost bismuth atoms, interacting with Bi through their lone electronic pairs.
Water molecules also adsorb by donating hydrogen bonds to surface oxygen atoms.
Interestingly, molecular adsorption does not lead to a full hydration of the surface (i.e., not
all surface sites are covered with -OH groups).

In the case of the bismuth-rich (010) surface, where the topmost Bi(OD)3 groups can receive
and donate hydrogen bonds to water, the surface-liquid interactions are different from those
on the stoichiometric surface. The Bi-rich surface forms temporary hydrogen bonds with
water molecules using its terminal deuterated hydroxyl groups which sterically hinder the
adsorption of molecular water. While the stoichiometric surface exhibits direct molecular
adsorption, the Bi-rich surface features fluctuating hydrogen bonds, which possibly lead to
faster diffusion of molecules in the second water layer.

In search of signatures that could be detected experimentally and used to distinguish
between the stoichiometric and Bi-rich aqueous interfaces, we computed the vibrational
density of states and IR spectra of water at the interface23. The VDOS spectrum is obtained
from the velocity-velocity autocorrelation function, and it can be easily decomposed into
atomic contributions from different species, hence leading to a facile interpretation of the
vibrational modes of liquid water in the slab.
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Figure 2 Averaged vibrational densities of states (VDOS) computed from FPMD/SCAN trajectories at
330 K. We show spectra of stoichiometric (left panels) and Bi-rich (right panels) BiVO4 (010) surfaces.. Spectra
in the full frequency range and between 2,000-3,000 cm ! are shown in the top and bottom panels, respectively.
Raw data are smoothed by applying the Hann window function (cos?(wt)). Color coding: total VDOS (red).In
blue, the VDOS for only the D20 molecules at the interface; in orange, green, and purple, the VDOS for each
water layer (L1, L2, L3) in contact with the surface, with L1 being the closest to the BiVO4 surface. In black:

VDOS only for Bi(OD)3 groups adsorbed onto the Bi-rich surface.

In Figure 2, we show the VDOS spectra for stoichiometric and bismuth-rich interfaces. In
both cases, we observe a band below 1000 cm-! associated with the low-frequency water
modes and with lattice vibrations (Bi-O and V-0 stretching modes fall within 600 and 900
cm1); we also observe the well-known D20 bending peak at about 1250 cm-1. At higher
frequencies, in the regime of the O-D stretching modes, we find notable differences between
the spectra of the stoichiometric and Bi-rich interfaces. In the stoichiometric surface, the
molecular vibrations of adsorbed molecules give rise to a broad band centered below 2600
cm-1, with shoulders at 2700-2800 cm-! associated with asymmetric D20 stretching and at
2400 cm! originating from intermolecular hydrogen bonding vibrations. The bismuth-rich
interface shows more complex features in the vibrational frequencies corresponding to the
0-D stretching modes, originating from the occurrence of both water and Bi(OD)3 vibrations:
O-D stretching modes from surface bismuth hydroxide groups contribute to the peaks at high
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frequency close to 2700 cm-1, with lesser impact to the hydrogen bond modes below 2500
cm-1. Although less prominent than in the stretching band, the bismuth hydroxide vibrations
also differ in the lower-frequency part of the VDOS spectrum, yielding an additional shoulder
to the 800-900 cm-1 band, which is consistent with Bi-O stretching modes.

As a further step to investigate the vibrational properties of solvated BiVO4 surfaces, we
report infrared spectra obtained from FPMD, where vibrational intensities were calculated
by computing the dipole-dipole autocorrelation function obtained from Maximally-Localized
Wannier Functions (MLWFs)19; the IR spectrum at finite temperature was obtained as:

AW) n(w) = Z2E [**(M(0) - M(t)) et dt (1)

where M is the total dipole moment obtained from MLWFs, 8, V ¢, A(w), n(w) are the
Boltzmann inverse temperature, the speed of light, the absorption coefficient and the
refractive index, respectively.

Stoichiometric
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Figure 3 Infrared (IR) spectrum computed from FPMD/SCAN trajectories (six each for the
stoichiometric and hydroxylated Bi-rich surfaces) at 330 K for solvated BiVOs (010). Color coding:
stoichiometric interface (red), bismuth-rich (blue). Raw data are smoothed with a Gaussian windowing of 40
cml,

Similar to the VDOS spectra, the computed IR response in the O-D stretching region show
differences between the stoichiometric and bismuth-rich interfaces, originating from the
presence of Bi(OD)3 groups. Compared to the VDOS, the IR intensities are slightly different,
but again exhibit a main band centered around 2500-2600 cm! and shoulders at 2800 cm-1
and 2400 cm-l, respectively. Our calculations show that differences between Bi-rich and
stoichiometric BiVO4 should be detectable in surface-sensitive IR measurements, such as
sum frequency generation (SFG) measurements?4. If these experiments are feasible, they are
expected to be a useful tool to assess the type of aqueous interfaces formed under different
experimental conditions.
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Figure 4 Band alignment of the valence band maxima (VBM, in green) and conduction band minima

(CBM, in red) with respect to vacuum level for stoichiometric and hydroxylated- Bi-rich BiVO4(010). We report
experimental values of single-crystalline BiVO4 obtained in ultra-high-vacuum conditions (Exp. UHV) from
Refs.[10,32]. and results obtained from first-principles simulations (Sim.) for the dry and solvated (Solv.)
stoichiometric and Bi-rich surfaces. Electronic energy levels are computed at the DDH level of theory on 20
snapshots obtained from SCAN/FPMD trajectories at 330 K for both systems. Thermal fluctuations of V(C)BM

values are indicated with green and red rectangles, yielding a 150 and 280 meV spread for the stoichiometric
and bismuth-rich interfaces, respectively.
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Figure 5 Band alignment of the valence band maxima (VBM, in green) and conduction band minima (CBM, in
red) relative to the vacuum level for solvated (Solv.) stoichiometric and hydroxylated- Bi-rich BiVO4 (010), in
the presence of oxygen vacancies (Vo), as obtained from first-principles simulations (Sim.). Electronic energy
levels are computed at the DDH level of theory from 20 snapshots obtained from SCAN/FPMD trajectories at
330 K for both systems. Thermal fluctuations of V(C)BM values and defect levels are indicated with green, red
and gray rectangles, respectively. The defect levels were computed at the SCAN level of theory, and they were
positioned relative to the top of the vacuum-referenced valence band obtained in Fig.4.

We now turn to the discussion of the electronic properties of solvated stoichiometric and Bi-
rich surfaces, in particular the effect played by solvation and surface composition on the
band edge positions of the photoelectrode.

Following previous work10.1214.21,2530 yye determined the absolute valence band maximum
(VBM) and conduction band minimum (CBM) positions with respect to the vacuum level, and
we then aligned them to the water electrochemical potentials (see SI for details).

Figures 4 and 5 summarize our results for pristine and defective BiVO4, respectively; the
electronic structure was obtained using the DDH hybrid functional on SCAN trajectories and
using 8 layer slabs to represent the surface (see SI). Note that we adopted corrections due to
spin-orbit coupling, excitonic and nuclear quantum effects, which for BiVO4 have been shown
to lead to a shift (A) in the band edge positions (AVBM = +0.50 eV, ACBM = -0.43 eV). Such
corrections are numerically different from those previously reported?131 as thermal
fluctuations are already included in our finite-temperature FPMD simulations and were thus
omitted from the corrections proposed in Ref. 21.
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We start by describing the surfaces in the absence of defects. Figure 4 compares the band
alignments of stoichiometric and hydroxylated Bi-rich BiVO4 (010) with dry and solvated
surfaces (see SI) so that the effects of solvation on the band edge positions are explicitly
shown.

For dry, UHV-like conditions, we find that the VBM of the stoichiometric surface is located at
7.40 eV from vacuum, in agreement with previously reported values?! computed at the
PBE+U(2.7 eV) level and also with photo-emission experiments (7.45 eV)32. When
considering a solvated stoichiometric surface, we find that the VBM moves up to 6.91 eV and
the CBM moves up to 4.42 eV. Such a shift in the electronic band edges due to solvation is
consistent with what has been reported for other oxides33.

We note that in our previous study!?, the positions of the VBM and CBM levels of the dry
bismuth-rich surface were calculated without hydroxylation or solvation, and hence their
positions were unrealistically close to the vacuum level (at 4.63 eV and 2.49 eV from vacuum,
respectively); in particular, the VBM position was even higher (less positive in the reversible
hydrogen electrode scale) than that of the water oxidation potential, which is unrealistic.
However, when the surface is hydroxylated, namely terminated by Bi(OD)s, we find that the
VBM and CBM levels are lowered and are positioned closer to but not above the oxygen
evolution reaction (OER) potential. At the same time, the CBM and VBM of the dry,
hydroxylated Bi-rich surface are still slightly higher than those of the dry stoichiometric
surface (Figure 4). For example, the VBM of the dry, hydroxylated Bi-rich surface is higher
by 0.14 eV: this value is comparable to the experimentally observed difference (0.15 eV)
between the VBM levels of these two samples, which was determined by XPS under vacuum
conditions10,

When the surface is fully solvated, the VBM and CBM levels of the hydroxylated Bi-rich
surface moves up slightly closer to the vacuum level as in the case of the stoichiometric
sample, and hence they remain higher than those of the solvated stoichiometric surface,
consistent with the experimental results discussed in detail below.

The CBM of the solvated, hydroxylated Bi-rich surface shown in Figure 4 is slightly above the
HER potential (-4.44 eV)34 We note that this result was obtained by carrying out MD
simulations of a Bi-rich surface with the top-most layer having only Bi and no V (i.e,
equivalent to having 4 Bi atoms at the top-most layer). However, in experiments, Bi-rich
samples can still contain some V atoms on the surface and the coordination of Bi may be
different from that used in our calculations. We expect that both the surface Bi:V ratio and
their detailed coordination environments can impact the exact CBM position of experimental
samples. For example, the experimental Bi-rich sample prepared in our previous study? had
the Bi:V ratio of 79:21, and our previous calculations showed that the band edge positions
shift closer to the vacuum and vary linearly with increasing Bi:V ratiol0. Therefore, we
repeated some of our calculations using 75% Bi-rich substrates and we observed a slight
lowering of the CBM below the hydrogen evolution potential, consistent with the
expectations that Bi-rich surfaces may indeed contain some V atoms at the surface and that
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the BiVO4 surface is not HER active. We also observed a modest lowering of the VBM when
decreasing the Bi-concentration at the surface.

It is important to note that thermal fluctuations have a larger influence on the electronic
structure of the Bi-rich surface relative to the stoichiometric one, as shown in Figure 4. This
difference is shown by the width of the colored rectangles, whose edges show the energetic
range of the fluctuations. The increased amplitude in the Bi-rich surface is due to the
presence of Bi-OH groups and dynamically gives rise to a more favorable positions of the
CBM and VBM for water splitting.

Next, we consider the effect of the surface O vacancy (Vo) on the solvation effects. In BiVOa,
oxygen vacancies are considered a common source of n-type dopants, as in many
semiconducting oxides. In a previous work by our group?1, an extensive analysis of oxygen
vacancies in bulk and surface bismuth vanadate was reported, shedding light on the role of
this type of defect on the electronic structure of BiVOa.

Here, we considered a neutral Vo where an oxygen atom is removed from a VO43- anion and
the remaining VO33- species has two unpaired electrons in the vanadium 3d-orbitals (V3+
with a d? electronic configuration), making the oxygen vacancy an n-type dopant. Due to this
change in composition and electronic structure, the atoms surrounding the anion vacancy
undergoes a structural deformation at finite temperature, and the geometry is stabilized by
hydrogen bonding with D20 molecules.

Figure 5 compares the band alignments of the solvated surfaces of stoichiometric and
hydroxylated Bi-rich BiVO4 (010) without and with Vo so that the effects of Vo on the band
edge positions are explicitly shown. First, the presence of Vo does not shift the VBM and CBM
of the stoichiometric surface. However, the presence of Vo on the Bi-rich surface further
shifts the CBM toward the vacuum level by 0.1 eV while the VBM remains the same. This
shows that the effect of Vo on the solvation effects vary with the surface composition. This
also means that in order to most accurately elucidate the effect of Vo on the solvation effects
for any given oxide photoelectrode3?, knowing the surface composition and using a surface
model mimicking the experimental surface is critical to obtain the most meaningful results.

The band diagrams of the solvated models with Vo (Figure 5) are those most relevant to use
to interpret the experimentally observed photoelectrochemical behavior of the two samples
under illumination. In our previous study, we compared BiVO4 (010) photoelectrodes with
stoichiometric and Bi-rich surfaces for photoelectrochemical sulfite oxidation9. Sulfite is a
hole scavenger with fast interfacial oxidation kinetics unlike water whose oxidation kinetics
on the BiVO4 surface are much slower3236, Therefore, during photoelectrochemical sulfite
oxidation the surface recombination of holes can be assumed to be negligible. As a result, the
photocurrent onset potential for sulfite oxidation can be considered as the apparent flat band
potential of the photoanode3¢. Furthermore, the difference in photocurrent between the two
samples can be directly related to the difference in the number of surface-reaching holes,
which results from the effect of surface composition on interfacial energetics and band
bending. Our previous experimental results showed that the sample with the Bi-rich surface
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has a more negative photocurrent onset potential and significantly enhances photocurrent
for sulfite oxidation10. Previously, these differences were interpreted with the band
diagrams obtained without including the effect of hydroxylation of the Bi-rich surface, the
presence of Vo, or solvation effects. Qualitatively, our previous and current results both show
that the Bi-rich surface has band edge positions and work function closer to the vacuum level
than those of the stoichiometric surface. This qualitatively explains the fact that the sample
with the Bi-rich surface is expected to have a greater degree of band bending under any given
potential, thereby leading to a greater degree of electron-hole pair separation, compared to
the stoichiometric surface, and thus generating an enhanced photocurrent for sulfite
oxidation. However, previous calculations were not quantitatively accurate and neglected
solvation and defect effects. The current results reported in Figure 5 show more accurate
band positions for the two samples with a difference that explains the experimentally
observed behaviors.

As seen in Figure 5, two in-gap states corresponding to the two oxygen vacancies introduced
appear for both systems, with the spacing between these defect levels depending on the sur-
face composition. For the stoichiometric interface, the defect levels are separated by about
350 meV, while in the Bi-rich case they are separated by 800 meV and are subject to larger
thermal fluctuations. Both defect levels are occupied in the case of neutral vacancies, for-
mally shifting the Fermi level upward.

We note that when BiVO4 is used as a photoanode for water oxidation in an aqueous solution
under illumination, some of the defect levels will be emptied, due to the recombination of
the electrons in these levels with the photogenerated holes in the VBM. If the resulting empty
defect levels are located below the OER potential, they may mediate the electron transfer
from water to the VB of BiVO4 (equivalent to hole transfer from the VB of BiVO4 to water)
during photooxidation of water, affecting the rate of OER. Physically, the Vo may also offer a
site where water adsorbs differently than on the non-defective surface (i.e., by dissociative
adsorption), affecting the OER mechanism and potentially allowing for a more facile water
oxidation1274,

In reality, however, the BiVO4 surface is poorly catalytic for OER and is always paired with
an oxygen evolution catalyst when used for solar water oxidation3”. Then, the position of the
defect levels relative to the redox level of the catalytic center in the OER catalyst will be
important as the position of the defect levels can impact how well the holes can be
transferred from BiVO4 to the OER catalyst, and what fraction of the holes will be lost at the
interface due to interfacial electron-hole recombination. The impact of the defect levels
studied here (Figure 5) and their interaction with OER catalysts merits further investigation,
and it is expected to vary depending on the choice of the OER catalyst. Nevertheless, our
study clearly demonstrates that even with the same type of defect (in this case, Vo), the
solvation effects on the positions and fluctuations of the defect levels and band edges vary
depending on the surface composition of BiVOs4, all of which will influence differently the
OER performance and the way BiVO4 photoanodes interact with an OER catalyst.
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In summary, we have investigated how solvation, and the presence of defects influence the
structural, vibrational, and electronic structure of the BiVO4 (010) surface, as a function of
the surface composition. While most computational studies of BiVO4 surfaces have been
limited to static calculations and solvation properties have been studied in only a few papers
for stoichiometric surfaces, here we investigated also Bi-rich surfaces, known
experimentally to yield photoelectrodes of superior performance. Our results, obtained with
first-principles MD simulations, reveal the beneficial effect of solvation in leading to a more
favorable position of the VBM and CBM with respect to the OER potential in comparison to
those of the dry surfaces. The presence of Vo in combination with thermal fluctuations also
contribute to a more favorable electronic structure of Bi-rich BiVO4 (010) for solar water
splitting. Our results also provide accurate band positions that can explain the previously
observed experimental result where BiVOs4 (010) with the Bi-rich surface exhibited a
pronounced band bending and enhanced electron-hole separation, resulting in higher
photocurrent generation compared to BiVO4 (010) with the stoichiometric surface. Finally,
we presented calculated IR spectra indicating that the differences between the
stoichiometric and Bi-rich surfaces should be detectable in IR-sensitive spectroscopies, such
as sum-frequency generation techniques. The realistic models of solvated and defective
surfaces obtained in this work will serve as a basis of further studies of BiVO4
photoelectrodes interfaced with protective layers and with catalysts, and as a template for
understanding the aqueous interface of other complex oxide surfaces.
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