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Abstract

We study hole and electron polarons in BiVO4 at finite temperature through hybrid

functional molecular dynamics simulations. Through the thermodynamic integration

method, we obtain the transition levels corresponding to the localized charges at 300 K.

We observe that the polaron levels achieved in this way lie significantly closer to each

other than at 0 K. We find both hole and electron levels to lie within the band gap,

with binding energies of 0.11 and 0.88 eV, respectively. Our calculations show that the

polaron localization significantly affects the alignment at the solid/liquid interface and

that electron-hole recombination through polaronic states competes with the evolution

of the water-splitting reaction in BiVO4.
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Photocatalytic water splitting is a promising way of generating chemical fuels from so-

lar energy.1–3 To achieve higher efficiency of photoelectrochemical cells, the search for new

functional materials with optimal properties is ongoing. Several high throughput studies

have recently been undertaken and resulted in the proposal of several ternary metal-oxide

semiconductors as suitable absorber candidates.4–7 Since these findings inspire considerable

experimental effort, it is of great importance to verify the usefulness of the considered descrip-

tors. In the computational screening of photoabsorbers for water splitting, two requirements

are generally considered. First, the band gap of the semiconductor has to be larger than at

least 1.23 eV, which is the energy per transferred electron needed to split water. Accounting

for losses at the semiconductor-liquid junction, due to e.g. overpotentials, the minimal value

should rather be 1.6–2.4 eV.8,9 Second, for single absorber photoelectrochemical devices, the

redox potentials of water should be straddled by the valence band maximum (VBM) and

conduction band minimum (CBM) of the semiconductor.3,10 This is based on the assump-

tion that the H+ reduction and H2O oxidation are driven by delocalized holes and electrons

occupying the highest and lowest levels of the valence and conduction band, respectively.

It has been shown for many metal oxides that excess charges induce lattice distortion

and form localized polarons.11–17 If stable, such quasiparticles, occupy energy levels within

the gap. Therefore, upon their creation within the semiconductor, the charge carriers diffuse

through the lattice by hopping from one stable position to another, until they recombine,

get trapped, or reach the solid/liquid interface. Besides inhibiting carrier transport kinetics,

the formation of polarons might also impact the catalysis process at the interface. Since the

water-splitting reaction is driven by photogenerated excess charges, the reaction can only

occur if the redox levels are not only straddled by the band edges, but also by the polaron

levels. This is in contrast with the previously described screening methodologies for metal

oxide photoabsorbers, and might prove a crucial factor in future material discovery efforts.

Monoclinic bismuth vanadate (m-BiVO4) has been considered as a promising photoan-

ode for water-splitting photoelectrochemical cells18–21 and has thus been extensively studied
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both experimentally and computationally. Since BiVO4 is representative of a broader class

of complex metal oxides,22 it can be used as a benchmark material to understand crucial

phenomena affecting the water-splitting reaction. Additionally, polarons in BiVO4 have al-

ready been observed.16,17,23–27 However, previous theoretical studies only considered charge

localization at 0 K, while the electronic structure of BiVO4 is strongly affected by thermal

distortions.28 Additionally, the thermodynamic transition levels of polarons in this material

have not been addressed so far.

In this Letter, we highlight the effect of polaronic energy levels on water splitting by

applying state-of-the-art computational methods. To achieve a realistic description of the

localization of excess holes and electrons in BiVO4, we perform hybrid functional molecular

dynamics (MD) simulations. We determine the polaron binding energies at finite tempera-

ture through the thermodynamic integration method, which is suitable for calculating free-

energy differences. Finally, we align the polaronic levels with the redox potentials of water

and discuss the consequences of this alignment on the water-splitting reaction.

Since standard semilocal functionals are not able to treat the self-interaction error29–31

and erroneously favor the delocalization of electronic states, we study the polarons with

the hybrid functional PBE0.32 We set the α parameter to 0.22, as this value leads to a

fundamental band gap in agreement with experiment (about 2.6 eV), after including all

relevant corrections.28 The MD simulations are performed with the cp2k code33 in the

canonical NV T ensemble at a temperature of 300 K. The orbitals are described with atom-

centered Gaussian-type basis functions and the electron density is re-expanded with an

auxiliary plane-wave basis set. We use the MOLOPT basis set34 for Bi, O, and V, and a cutoff

of 600 Ha for the plane waves. Core-valence interactions are described by Goedecker-Teter-

Hutter pseudopotentials.35 The calculations are carried out for an optimized orthorhombic

supercell containing 192 atoms (a = 10.30, b = 10.26, and c = 23.50 Å) and the Brillouin

zone is sampled at the Γ point. The time step is set to 1 fs and the simulations are carried

out for 5–10 ps. We study hole and electron polarons, by removing or adding one electron to
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the supercell. In this case we perform spin-polarized calculations. Since the cp2k code does

not include spin-orbit effects and only allows for Γ-point sampling of the Brillouin zone, we

correct the positions of the band edges of BiVO4 using the results of Ref. 28. We neglect

finite-size corrections in the calculations,36 due to the high dielectric constant of BiVO4

(ε0=68).37

To obtain the energy levels of the hole and electron polarons, we follow the grand-

canonical formulation for defects in crystalline materials.36,38 In this case, the charge transi-

tion level µ can be written as:

µ(q/q′) =
Gq[X]−Gq′ [X]

q′ − q
− εv, (1)

where Gq[X] and Gq′ [X] are the free energies of the defect X in the charge states q and

q′, and εv is the position of the valence band maximum. To take into account the thermal

disorder, we calculate free-energy differences with the thermodynamic integration method.39

In the following, we neglect volume changes and apply the linear Marcus approximation.

The hole polaron level can then be calculated as:40

µ(hloc) =
〈∆Eh〉0 + 〈∆Eh〉1

2
− εv, (2)

where 〈∆Eh〉0 is the energy of vertical removal of one electron in the bulk configuration and

〈∆Eh〉1 is the energy of adding an electron in the geometry of the hole polaron. In the case

of the electron, the transition level reads:

µ(elloc) =
〈∆Eel〉0 + 〈∆Eel〉1

2
− εv, (3)

where 〈∆Eel〉0 corresponds to the vertical injection of one electron in the bulk geometry and

〈∆Eel〉1 to the removal of an electron in the polaron geometry. In the case of the electron,

for which the energy differences are larger, we examine the validity of the linear Marcus
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approximation by including an additional value of the Kirkwood coupling parameter39,41 at

0.5. The additional point changes the position of the electron polaron transition level by

only 0.07 eV.

First, we study the electron and hole polarons at 0 K. The charge localization is given in

Fig. 1. The charge distribution is consistent with previous studies.24,25 The electron polaron

localizes around a vanadium atom, which changes its ionization state from +5 to +4. At the

same time, the V–O bond lengths around the polaron increase, from about 1.72 Å to 1.81 Å.

The localized polaron introduces a one-particle level within the band gap at 1.43 eV below

the conduction band minimum. Through Eq. (1), we find that the associated transition level

lies at 1.09 eV below the CBM.

The hole polaron is mostly distributed between one bismuth and eight oxygen atoms.

The charge localization results in Bi–O bond shortening, from about 2.48 Å on average to

about 2.42 Å. The charge occupies a one-particle level at 0.78 eV above the valence band

maximum. Through Eq. (1), we obtain a transition level at 0.30 eV above VBM. We give

the alignment of the polaronic transition levels with the band edges of BiVO4 in Fig. 2. We

note that the fundamental (electronic) band gap at 0 K amounts to 3.61 eV when calculated

with the current setup. This results in a band gap of 2.69 eV after including thermal and

quantum renormalization effects.28

In Ref. 28, we have observed that the electronic structure of BiVO4 is strongly affected

by thermal disorder. We also expect the temperature to have an effect on the polaronic

energy levels. Therefore, we determine the polaronic energy levels through thermodynamic

integration based on hybrid functional molecular dynamics. First, we study the evolution of

the electron polaron. We observe that during a MD duration of 5 ps, the electron remains

localized around the same vanadium atom. Also the geometry around the V4+ ion does not

change, as the average V–O bond length still amounts to 1.81 Å. Through thermodynamic

integration at 300 K, we obtain a transition level at 0.88 eV below the CBM, as illustrated

in Fig. 2. The binding energy of the electron polaron (energy separation from the CBM)
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Figure 1: Isodensities of the (a) electron and (b) hole polarons in monoclinic BiVO4 at 0 K.
The electron is localized around a vanadium atom and the hole around a bismuth atom.

reduces by 0.21 eV due to temperature, while the absolute position of the transition level

shifts by 0.16 eV towards lower energies.

For the hole polaron, we carry out molecular dynamics lasting for 10 ps. Since the

hole polaron is much less localized than the electron, we observe polaron hopping and the

charge localizes around various bismuth atoms during the simulation. Most of the time

the charge is distributed between one bismuth and eight oxygen atoms. In about 20% of

the configurations, we observe a stronger localization of the hole, mostly at a single oxygen

atom. From the thermodynamic integration, we obtain a transition level lying at 0.11 eV

above the valence band maximum, consistent with the weaker charge localization compared

to the electron polaron. We note that the calculated binding energy of the hole polaron at

300 K is close to the thermal hopping activation energy of about 0.09 eV, derived from THz

spectroscopy measurements.16 The different localization of the hole and the electron polaron
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is consistent with the observation that the electron mobility limits the photocarrier transport

and extraction in BiVO4.42–45 The relatively weak localization of the hole polaron is also in

line with the study of Butler et al.,17 who observed that above a critical Mott concentration,

the wavefunction of trapped positive charges can overlap leading to an enhanced charge

mobility. We note that the binding energy of the hole at 300 K is lower than the one

calculated at 0 K by 0.30 eV, similarly to the case of the electron polaron. Further, we

observe that at 300 K the polaronic energy levels also differ from the 0 K case on an absolute

energy scale (see Fig. 2).
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Figure 2: Energy diagram showing the transition levels of the hole and electron polarons
with respect to the band edges of BiVO4 at 0 and 300 K. The results are aligned through
the V 3s level.

Next, we consider the effect of the energy levels of the electron and hole polarons on the

water-splitting reaction. First, we observe that the energy separation between the localized

charge carriers amounts to 1.70 eV. This is smaller by about 1 eV than the fundamental band

gap of 2.69 eV. This considerable difference shows how drastic of an effect the localization of
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charge carriers can have on the alignment of the energy levels in this class of materials. The

significant difference between the energy levels of delocalized and localized states highlighted

here could have a critical impact on the search for new materials among metal oxides.

In Fig. 3 we align the band edges and the polaronic levels with the H+/H2 and H2O/O2

redox levels. The alignment of these levels is illustrated for pH = 7. For this purpose, we

use the pH of zero point charge of BiVO4 calculated in Ref. 46 and the band alignment

at the BiVO4/water interface given in Ref. 47. We note that, as the same pH-dependence

(Nernstian behavior) is expected for all the presented levels, the relative positions of the

various levels will be preserved at other pH.

The hole polaron in BiVO4 is relatively weakly localized, and hence the H2O/O2 redox

level is positioned above both the VBM and the polaron level. However, the electron polaron

level falls very close to the H2O/O2 redox level. This means that the recombination process

between electron and hole polarons at the BiVO4/water interface could compete with the

charge transfer to the electrolyte. This observation is in agreement with experimental find-

ings showing that the photocurrent of BiVO4 is limited by surface recombination processes.48

We note that the binding energies of the polarons are expected to increase near the surface,

which would imply an even stronger tendency towards recombination.

Polaron levels as calculated in the present work would also severely restrict the scope of

band level engineering efforts. The H+/H2 potential is found at 0.34 eV above the CBM,

which suggests that the band edge could reach this level through band structure engineer-

ing, and that slightly modified monoclinic BiVO4 could be suitable for driving overall water

splitting. However, considering that the localized electron lies at 1.22 eV below the redox po-

tential, water reduction would be much more difficult to achieve. This is consistent with the

fact that the overall water-splitting reaction based on BiVO4 could only be achieved through

strong modification of its structure or composition by alloying.49,50 The points mentioned

above suggest that a reevaluation of the descriptors used in materials screening processes

might be in order to account for charge localization in metal oxides.
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Figure 3: Alignment of the band edges of BiVO4 and polaron transition levels at 300 K with
H+/H2 and O2/H2O redox levels at pH = 7.

In conclusion, we highlighted the role of hole and electron polarons in BiVO4 at finite

temperature by combining the thermodynamic integration method and hybrid functional

molecular dynamics simulations. The polaron levels calculated at 300 K lie significantly

closer to each other than at 0 K. We found that the localization of both the hole and the

electron introduce levels within the band gap, with binding energies of 0.11 eV and 0.88 eV,

respectively. The polaron localization significantly affects the alignment at the BiVO4/water

interface, suggesting that electron-hole recombination through polaronic states could hamper

the evolution of the water-splitting reaction.
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