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Abstract Computation and simulation is a powerful approach to aid in character-
izing, understanding, and ultimately making predictions about materials, processes, 
and systems for efficient and cost-effective photo-electro-chemical (PEC) conver-
sions of solar energy to fuels, one of the essential elements of broad strategies toward 
renewable energy. Solar energy-driven water splitting using semi-conductor-based 
photo-catalysts is perceived as the most desirable opportunity. For robust PEC tech-
nologies, viable materials and systems must exhibit good visible light absorption 
and carrier generation, good carrier transport, and good carrier redox reactivity. 
Overall conversion efficiencies of systems have improved in recent years. Chal-
lenges remain to achieve the needed performance characteristics, including several 
fundamental science issues toward the discovery and development of semiconductor 
photo-electrode materials that permit high overall efficiency in devices. Modern first 
principles-based multi-scale approaches are proving extremely valuable in providing 
fundamental understanding of many experimental observations in PEC catalysis. 
Here we highlight illustrative examples of the application of theory and computa-
tion to study carrier transport and carrier utilization in semiconducting electrodes. 
The examples address strategies to enhance charge carrier separation and strategies to 
mitigate stability and high over-potentials in redox reactivity of carriers. The growing 
body of computational studies in these areas suggests a bright and impactful future 
of theory and computation in the field of renewable and sustainable energies.
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1 Introduction 

Computation and modeling is now playing a major role in essentially all areas of 
chemistry and materials sciences. Efficient and powerful theories have been devel-
oped and methods implemented in the past couple of decades that deal with the 
atomic, mesoscale, and macroscale levels of characterization and understanding of 
processes and systems. Beyond characterization and understanding, the ultimate 
objective of computation and modeling is to predict new molecules, new materials, 
new processes, and new chemistries that go beyond the current state of synthesis, 
efficiencies, and capabilities. Photo-electro-chemical conversions of solar energy 
to fuels comprise one of the essential elements of broad strategies toward renew-
able energy. In fact, solar energy-driven water splitting using semi-conductor-based 
photo-catalysts is perceived as the most attractive, challenging, and yet highest pay-
off opportunity. In this chapter we highlight from a computation and modeling-driven 
perspective where computation has become a powerful contributor and can emerge as 
a driver of progress in solar energy conversion technologies. In Sect. 1 of this chapter, 
we discuss the fundamentals of PEC and give an overview of where computation has 
a role. In Sect. 2, we highlight our research involvement in this field in collaborations 
with others. We end the chapter with an outlook, in particular mentioning areas of 
computational and theoretical limitations and challenges. 

2 Photo-Electro-Chemical Catalysis and the Role 
of Computation 

2.1 Fundamental Science Concepts 
for Photo-Electro-Chemical Conversions 

Efficient and cost-effective conversion of solar energy into electrical and chemical 
energy is widely accepted as an essential element of a broad strategy toward renew-
able energy [1–7]. In fact, solar energy-driven water splitting using semi-conductor-
based photo-catalysts is perceived as the most desirable opportunity [8–10]. An 
illustration of the science of photo-electro-chemical conversion, also referred often 
as photocatalysis, is seen in the schematics of PEC devices in Fig. 1 adapted from 
Sivula and van de Krol [11], and of the chemical processes taking place in such 
devices yielding water splitting in Fig. 2, reproduced from Yang et al.. [12] Sunlight 
absorbed by an anode semiconductor material excite the electrons in the material 
and create electron e− and hole h+ carriers that migrate to the electrode surface to 
split water through water oxidation at an anode and proton reduction at a cathode. 
The overall process converts essentially solar energy into chemical fuels. 

For robust photo-electro-chemical conversion technologies, viable materials and 
systems must exhibit good visible light absorption and carrier generation, good
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Fig. 1 Schematic of a PEC device for water splitting. Under the right circumstances, absorption of 
sunlight in a semiconductor anode electrode gives rise to catalytically active electrons e− and holes 
h+. Holes go on to oxidize water while electrons go on to the cathode where they reduce protons 
to evolve H2. The sunlight is the source of the energy required to split water. Illustration adapted 
from Sivula and van de Krol [11], with permission 

Fig. 2 Light absorption and 
charge carrier generation, 
carrier transport, and carrier 
redox reactivity are the three 
critical characteristics for 
viable photo-catalytic 
systems. The present 
proposal addresses issues on 
charge carrier structure, 
transport, and reactivity. 
Illustration from Yang et al. 
[12], with permission
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Fig. 3 Band structure and potentials of selected semiconductors positioned relative to the Normal 
Hydrogen Electrode (NHE) at pH = 7, with standard potentials for selected conversion chemistries 
also indicated (illustration from Zhang et al. [22], with permission 

carrier transport, and good carrier redox reactivity [9, 11], as depicted in Fig. 2. 
Overall conversion efficiencies of PEC systems have improved in recent years [13– 
17]. Challenges remain to achieve the needed performance characteristics [11, 16–21] 
including several fundamental science issues. Among those are (a) understanding and 
predicting material structure and properties, and their relationships to light absorp-
tion, carrier generation, transport, and reactivity efficiencies in single, multi-phase, 
and/or multi-materials systems; (b) tailoring and optimizing the composition, phase, 
microstructure, and integration of materials to achieve superior light harvesting, 
charge carrier transport, and overall energy conversion performance. The biggest 
challenge to enabling practical PEC science and technology is the discovery and 
development of semiconductor photo-electrode materials that permit high overall 
efficiency in devices.

The physical chemistry fundamentals and challenges that come into play in PEC’s 
are illustrated in Figs. 3 and 4[22]. Absorption of sunlight by the semiconductor 
electrode is the first step in the creation of charge carriers that ultimately get involved 
in the redox chemistries of water splitting at the electrode/electrolyte interface. For 
water oxidation at an anode electrode, the h+ charge carrier states at or near the 
maximum of the valence band need be below the O2/H2O potential, while, at a 
cathode, the e− carrier states at or near the conduction band minimum need be higher 
than the H2/H2O potential. These points make the thermodynamics requirements 
clearly. 

To create charge carriers, sunlight photons need have an energy greater than the 
band gap of the material. The sun radiation spectrum displayed in Fig. 4 shows that 
~42% of the light that reaches the earth is visible. Thus, to make good use of solar 
light on earth, the challenge is to have materials that absorb strongly in the visible 
region of light AND that have bands edges (valence and conduction bands) well 
positioned vs the standard redox potentials of the relevant chemistries.
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Fig. 4 Solar irradiance (Figure reproduced from https://www.fondriest.com). Visible light radiation 
makes up ~ 42% of light that reaches the earth, indicating that the best PEC’s will absorb light in 
the visible 

2.2 Fundamental Challenges in Photo-Electro-Chemical 
Conversions 

Based on the fundamentals enunciated above, it is possible to formulate broad 
strategies to improve PEC efficiency. Those include: a. band structure and band 
gap engineering of existing materials [15] for improved visible light absorption; b. 
surface engineering [16] and multi-phase or multi-material junction engineering [16] 
for improved charge separation; and c. hetero- and homo-junction engineering for 
improved light absorption, charge separation, and redox band alignment. Beyond 
engineering existing electrode materials for improved properties, much research is 
also devoted to the discovery of semiconductors materials with inherently better prop-
erties [11, 15] than current materials (TiO2, WO3, Fe2O3, CuWO4, and BiVO4—the 
highest performing oxide to date). 

Light absorption: Band structure and band gap engineering are widely pursued to 
extend material absorption into the visible region and enhance carrier generation [23– 
25]. Band structure engineering includes cation and anion doping and substitution 
to reduce the band gap, usually through up-shifting of the valence band edge and 
down-shifting of the conduction band edge. We note that band structure engineering 
is very conducive to data science-based discovery, and recent such computational 
investigations have been reported [23–27]. It must be realized that engineering the 
band gap shifts also the band edges, thus affecting the redox surface chemistry at the 
solid/electrolyte interfaces [11, 15]. 

Charge carrier structure: The generation and dynamics of charge carriers in 
early times following light absorption has been studied extensively in recent years

https://www.fondriest.com
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because of the availability of time-resolved techniques. The impetus for this research 
arose from the thought that detailed knowledge of charge carrier characteristics 
(exciton generation and lifetime) would lead to the identification of design princi-
ples, and to the design and discovery of intrinsically better photocatalytic materials. 
The experimental techniques to generate this information are many. They include 
a variety of time-resolved techniques such as transient UV-vis spectroscopies to 
detect the changes in UV-vis spectra due carriers’ thermodynamic and structural 
features [28–30] and transient microwave conductivity (TRMC) measurements [31, 
32]. Other approaches include time-resolved photo-charge (TRPC) measurements 
for lifetime of charge carriers [33, 34] and for electron-hole separation distance [35]; 
and time-resolved terahertz THz spectroscopy (TRTS) for ultrafast carrier dynamics 
and conductivity mechanisms and measurements [36, 37]. Electron paramagnetic 
resonance (EPR) is also useful to get information about trapping of photogenerated 
electron [38]. Transient extreme—ultraviolet (XUV) spectroscopy is an emerging 
powerful capability. A notable point is that it yields descriptions of exciton and 
polaron structures and dynamics in terms of ‘localized’ atomistic and chemical 
concepts as the absorption is interpreted in terms of oxidation states of atoms [39– 
43]. Theoretical methods have emerged also recently that afford the characteriza-
tion of exciton structures and lifetimes, based on non-adiabatic molecular dynamics 
combined with density functional theory and other wavefunction types [44–47], with 
recent applications in photovoltaics [48–50]. 

Carrier transport: The overarching issue about ‘carrier transport’ is charge separa-
tion. Promoting charge separation means reducing charge recombination and making 
use of as many e− and h+ carriers as possible that were created by light absorption. 
This number is one of the quantifiers of conversion efficiency. Physical situations 
that promote charge separation include single phase facet selective materials [51, 52], 
multi-phase and/or multi-material junctions [53, 54], single-phase homo-junctions 
[55–57], and the use of cocatalysts [12, 58, 59]. Surface engineering [16] refers 
to utilization and manipulation of all these situations. Crystal facet engineering and 
interface engineering are emerging as promising approaches to enhance carrier sepa-
ration and overall water splitting efficiency, both for hydrogen evolution and oxygen 
evolution [51, 54, 60, 61]. Facet engineering deals with the growth of crystal facets 
that exhibit selectively either reduction or oxidation chemistry. Facet selectivity has 
been reported for a number of semiconductor materials, including bismuth vanadate 
BiVO4 (BVO) [51], strontium titanate SrTiO3, [62] copper oxide Cu2O [52, 63, 64], 
and titania TiO2, [61, 65, 66] for example. Other examples include tungsten oxide 
WO3, gallium oxide Ga2O3, tantalum nitrite Ta3N5, and several tantalates. Interface 
engineering is the design of mixed-phase interfaces such as in TiO2, [67–69] and 
gallium oxide Ga2O3, [53] or multi-materials interfaces such as BiVO4/ Cu2O [63], 
WO3/TiO2, [70] WO3/BiVO4, [71] and many other combinations, all interfaces that 
enhance charge separation. 

Redox chemistry at electrode/electrolyte interface: There are numerous studies 
about solar fuels [9, 17] (water splitting, CO2 and CO reduction and conversion, 
along with N2 reduction to NH3) but a relatively small number have focused on 
understanding the details of the chemical reactions at the surfaces in contrast to the
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more global and effective conversion efficiencies. From the perspective of overall 
solar conversion efficiency, detailed knowledge of surface reaction mechanisms and 
kinetics is needed, as importantly as details about light absorption, carrier generation, 
transport and separation [15]. For surface reaction kinetics, transient IR spectroscopy 
(TRIR) is playing an increasingly important role when attempting to identify and 
characterize the reactions intermediates [72–74]. It has been used for a number 
of materials, including BiVO4, TiO2, SrTiO3, and others. For water splitting, the 
emphasis has been on water oxidation as it is the more challenging process compared 
to proton reduction. [75]. 

Water oxidation with O2 evolution (OER) is most often discussed in terms of a 
four proton-coupled-electron transfer steps with *OH, *O, and *OOH intermediate 
species [76]. The design of better catalysts relies on Sabatier’s principle of bonding 
strength [77]. Still, not all cases fall into this framework. Nucleophilic attack of 
hole-carrying surface lattice oxygen sites have been proposed as mechanism [73]. 
Other proposals include O-O coupling in adsorbates (adsorbate evolution mechanism 
AEM) or direct O-O coupling to a lattice oxygen (lattice oxygen oxidation mechanism 
LOM) [78]. To date, to the best our understanding, it remains challenging to predict 
which mechanism applies to which class of materials. Even if volcano plots can be 
derived from universal scaling of binding energies of intermediates *OH and *O, 
there are large differences in binding strengths within classes of materials (oxide 
perovskites are an example) [79]. An increased understanding of the structure-redox 
activity of materials and of the chemical factors that govern the reaction mechanisms 
is highly desirable. 

2.3 Computation and Simulation 
for Photo-Electro-Chemical Catalysis 

The field of photo-electro-chemical catalysis is ripe for the application of existing 
computation and simulation methods, and the development of new methods for the 
characterization of the fundamental science in the three phases of PEC operations 
outlined earlier. The scientific challenges that can be addressed by computational 
means are summarized in Table 1. 

2.3.1 Computational Materials Screening and Discovery 

Characterization of processes in the phase of light absorption and carrier generation 
fall under the umbrella of ‘computational materials screening and discovery’, some 
aspects of it were mentioned earlier. The objective is to discover improved or new 
materials that absorb strongly in and near the visible range of light and generate 
e− and h+ charge carriers with a high degree of efficiency while exhibiting low 
recombination rates. Systematic calculations of material structure and stability, of
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Table 1 Opportunities for theory and computation in photo-electro-chemical catalysis. HER = 
hydrogen evolution Reaction, OER= oxygen evolution reaction, CO2RR=CO2 reduction reaction, 
CORR = CO reduction reaction, N2RR = N2 reduction reaction 

• Light absorption and carrier generation: 
Computational materials screening & discovery 
– structure and stability and phonons 
– band structure and band gap engineering 
– doping and defects (vacancies) 
– work function 
– d-d transitions 
• Carrier transport and separation: 
Computational modeling of e−/h+ carrier dynamics in crystalline single-phase, multi-phase, 
and multi-materials systems 
– transport 
– trapping, defect-mediated recombination 
– enhanced charge separation 
ofacet selectivity 
ophase separation—multi-phase 
oe−/h+ transport layers—multi-material 
odoping—homojunctions 
• Redox alignment and reactivity: 
Computational modeling of e−/h+ catalytic utilization 
– HER, OER 
CO2RR, CORR, N2RR 

their phonons, of their band gaps and band structures, of the effects of doping and 
defects (such as vacancies), and of their work functions, are widely pursued and 
found in the literature [23–25]. They are aided by modern approaches of machine 
learning (ML) and artificial intelligence (AI) as extensive databases have become 
well established and widely used, such as from The Materials Project and from the 
AFLOW consortium [24–26, 80–83]. 

A challenge affecting selected transition metals semiconductors deals with d-d 
transitions. Such transitions occur in semiconductors with partially occupied d bands, 
such as hematite Fe2O3. Hematite absorbs light in the visible range, around ~2 eV, 
a range that is highly desirable in the quest for materials that are chemically photo-
active while absorbing a large fraction of solar radiation. However, excitations of d 
electrons within the d band occur in the same range of excitation energies, they are 
intra-band excitations and do not lead to e−/h+ separation because of the electronic 
structure of the resulting excited state, in contrast to valence-to-conduction band 
excitations that lead to carriers that are mobile within the separated bands. In these 
situations of d-d transitions, the materials are plagued with absorption that is not 
efficient for photocatalytic e−/h+ activity. The characterization, understanding, and 
control of d-d transition remains a challenging problem of computational modeling 
and design of efficient PEC devices.
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2.3.2 Computational Modeling of e−/h+ Carrier Dynamics 
in Crystalline Single-Phase, Multi-Phase, and Multi-Materials 
Systems 

Upon creation of charge carriers, the dynamics of carriers are the essential elements 
of the phenomena involved in carrier transport and separation. Their computa-
tional modeling falls under the umbrella of ‘computation modeling of e−/h+ carrier 
dynamics in crystalline single-phase, multi-phase, and multi-materials systems.’ 
Issues are the carrier transport proper, be it by band transport [84] or by polaron 
hopping with activation barriers [85–90]. Transport in crystalline semiconductors 
is affected by dopants and defects that may lead to trapping (thus reducing trans-
port efficiency) and defect-mediated recombination (thus eliminating e− and h+ and 
affecting overall efficiency). Trapping energies can be obtained from first-principles 
calculations. To the best of our knowledge, computational investigations of recom-
bination are not widely carried out. Both trapping (relatively ‘standard’ calculations) 
and recombination (challenging theoretical models) can be addressed with solid state 
quantum chemical calculations. 

The overarching objective here toward tailoring efficient PEC materials is to 
enhance charge separation to increase PEC overall efficiency (number of molecules 
of H2 and O2 that evolve per absorbed photon. Several strategies are being pursued, 
that fall in three main categories: 1. synthesis of electrodes with designed and tailored 
structures and that exhibit facet selectivity, whereby oxidation and reduction occur 
at specific facets; 2. phase separation in junctions of materials that exhibit more than 
one stable phases. Titania and gallium oxide are two examples mentioned above 
with experimental and computational evidence that e− carriers are more thermody-
namically stable in one phase and the h+ carriers in the other phase. Multi-material 
junctions and co-catalysts are other design features that are particularly conduc-
tive to enhanced charge separation, again owing to the different thermodynamic 
stability of e− and h+ among materials. Obvious examples are those of e−/h+ trans-
port layers, with junctions between materials enducing charge separation due to 
differential thermodynamic stability between electron and hole carriers. 

2.3.3 Computational Modeling of e−/h− Catalytic Utilization 

This domain of modeling encompasses all the aspects of chemical reactivity by the 
charge carriers e− and/or h+ at the semiconductor/electrolyte interfaces. In the context 
of water splitting, the hydrogen evolution reaction (HER) occurs at a cathode while 
the water oxidation reaction (oxygen evolution reaction OER) occurs at an anode. 
(In the chemical equations below, * represent an empty site for adsorption and H*, 
or OH*, or X* in general, denotes an H atom adsorbed at that site, or an OH or X 
group adsorbed at that site). 

The multi-step mechanism of HER has been the subject of much research, an 
informative review of which is given by Lasia [91]. The mechanism is a combination
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of the Volmer reaction and the Heyrovsky electrochemical reaction or the chemical 
hydrogen desorption reaction. 

In acidic conditions, the steps have the form: 

H+ + ∗ + e− ⇔ H∗ Volmer step (1) 

H∗ + H+ + e− ⇔ ∗ + H2 Heyrovsky step (2) 

2 H∗ ⇔  2 ∗ +H2 Tafel step (3) 

for an overall reaction: 

2 H+ + 2 e− ⇔ H2 (4) 

In alkaline conditions, the equivalent steps have the form: 

H2O + ∗ + e− ⇔ H∗ + OH− Volmer step (5) 

H∗ + H2O + e− ⇔ ∗ + OH− + H2 Heyrovsky step (6) 

2 H∗ ⇔ 2∗ + H2 Tafel step (7) 

for an overall reaction: 

2 H2O + 2 e− ⇔ H2 + 2 OH− (8) 

Similarly, the OER mechanism is written as a sequence of four coupled (proton 
+ electron) steps, popularized by the group of Norskov: [76] 

H2O + ∗ ⇔ HO∗ + H+ + e− (9) 

HO∗ ⇔ O∗ + H+ + e− (10) 

H2O + O∗ ⇔ HOO∗ + H+ + e− (11) 

HOO∗ ⇔ ∗ + O2 + H+ + e− (12) 

for an overall reaction: 

2 H2O + ∗ ⇔ O2 + 2 H2 (13)
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The computational modeling of the carrier utilization involves the determination 
of the reaction energy profiles associated with the formation of the intermediates as 
listed above. Knowing these profiles gives an indication of the ‘thermodynamic over-
potential’, the energy beyond the minimum energy required to dissociate H2O intoO2 

plus four (proton + electron) pairs (4.92 eV) in water oxidation. Note that, most often 
computational studies do not focus on determining transition states and activation 
barriers for the elementary steps, but simply on the thermodynamics stability of the 
intermediates, keeping in mind that activation energies and thermodynamics stability 
are connected by the Bell-Evans-Polanyi principle [92, 93]. 

3 Computation and Modeling of Carrier Structure, 
Dynamics, and Utilization 

In recent years our group has pursued a research program focused on the science 
of PEC from a computational focus strongly integrated with experimental investiga-
tions by collaborators. Our emphasis has been on theory and simulation of ‘carrier 
transport’ in PEC systems. We highlight below some of this work and the key find-
ings. We also point to new subjects of investigation as we view them timely and 
of fundamental importance considering current happenings in this field of research. 
However, ahead of this, we think it is important to make two significant observations 
that bring a stronger light of impact and timeliness to the research ideas. One is about 
‘facet selectivity’ and its potentially far-reaching impact beyond water oxidation and 
PEC’s. The second is about exciton structure and dynamics, and the far-reaching 
cross-validation between theory and experiment in this field. 

The first remark is about intrinsic facet selectivity. Many materials (as discussed) 
exhibit the property whereby, within a single crystal, some crystal facets are active in 
oxidation, and other facets are active in reduction. The property was discovered about 
water oxidation on BVO as reported in Nature Communications [51]. That report 
inspired our research. In a very recent paper entitled “Facet-dependent active sites 
of a single Cu2O particle photocatalyst for CO2 reduction to methanol” in Nature 
Energy [94], Wu et al. showed that facet (110) of a single Cu2O crystal is active 
for CO2 conversion to methanol as a photocatalyst, while facet (110) is inert. In 
addition, Cu2O oxidizes water as it reduces CO2. In other words, Cu2O performs 
the two functions, with water oxidation as the source of protons for the reduction 
of CO2. CO2 conversion is arguably the world’s greatest challenge in energy and 
environment. This report renders the research on facet selectivity in photocatalytic 
particles even more relevant and potentially impactful. 

The second remark is about the ‘chemical’ characterization of exciton structures 
from XUV spectroscopy [39–41]. In brief, the XUV technique permits the identifica-
tion of an element’s oxidation state in ultra-fast time-resolution. For hematite Fe2O3, 
[40] a ‘benchmark’ photo-electrode materials that has the merit of very favorable 
light absorption characteristics and natural abundance, the Baker group describes
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how charge localization and small polaron formation occur within ~660 fs, and that 
the electron-hole e−/h+ exciton, created within 100 fs, has a radius of a single Fe-
O bond length. For CuFeO2, an earth-abundant metal oxide that is attracting much 
interest as a photocathode [15, 41, 95] for proton reduction by photo-generated elec-
trons, the Baker group reported that O 2p holes thermalize within ~500 fs into Cu 
3d hybridized 3d holes. Beyond the novel insights that come from the ability to 
elucidate site-specific charge carrier dynamics in real time, the ‘localized chemical’ 
picture of excitons is particularly noteworthy and exciting for electronic structure 
theorists. Traditionally, electronic structure in the solid state is discussed in terms 
of band theory (valence band, conduction band, band gap, gap states, exciton, band 
bending) most often determined from density functional theory (DFT). The results 
are not easily translated into ‘localized’ concepts of chemistry. We view the Baker 
results as a unique opportunity to validate experiment by theory using advanced 
quantum chemical theories, and, conversely, validate the quantum chemical theories 
by experiment. We will come back to this point later in Sect. 3 of this chapter on 
‘Challenges and outlook’. 

3.1 Overview of Our Multiscale Modeling Framework 

As indicated above, the overall research ideas and directions about PEC’s deal with 
the timely societal challenges of renewable energy, specifically the efficient and cost-
effective conversion of solar energy to electrical and chemical energies. The scope of 
this use-inspired fundamental research program centers around fundamental charac-
terization of solar energy-to-fuels conversion systems, with theoretical studies in the 
three stages of photo-electro-chemical PEC conversion, mainly ‘light absorption’, 
‘carrier transport’, and ‘carrier reactivity’ as illustrated in Fig. 5. The research aims 
to advance fundamental knowledge and understanding in PEC to lead ultimately to 
the design of systems with enhanced overall conversion efficiencies. 

Among the three research thrusts elaborated earlier, one focuses on ‘carrier trans-
port’, with the aim to understand, characterize, and generate design principles to 
control the factors that lead to enhanced separation of photo-generated electron and 
holes toward higher solar energy-to-fuel conversion efficiency. To this end we view 
it as a powerful approach to model the space-charge distribution dynamics of charge 
carriers by combining first-principles atomistic computation and mesoscale kinetics 
simulation. The research relies on existing software tools DFT-based quantum 
mechanical (QM) modules as well as our group’s own developed QM tools and 
a powerful and versatile lattice based kinetic Monte-Carlo (KMC) capability. The 
early applications of these tools are starting to provide the theoretical foundations 
for strategies to enhance carrier transport and conversion efficiency. At the most 
fundamental level, the research addresses how the flow of charge carriers in complex 
crystalline environments of single phase, multi-phase, and multi-materials semicon-
ductor systems can be tailored to enhance redox reactivity in photo-electro-chemical
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Fig. 5 Combining first-principles computation and mesoscale kinetics modeling is critical for qual-
itative and quantitative understanding of the science and performance of photo-electro-chemical 
devices accounting for light absorption and carrier generation, carrier transport, and carrier redox 
reactivity. Initially the modeling will provide the foundation for crystal facet engineering and 
interface engineering as they pertain to the rational design of efficient solar energy conversion 
materials 

conversion. This research aligns well with broad themes addressing ‘charge transport 
and reactivity’ and ‘chemistry at complex interfaces.’ 

Our general modeling framework is depicted in Fig. 6. It starts with solid state 
DFT calculations of single polarons in a supercell, with their localized character 
and the localized lattice distortion associated with polarons. Then, site-to-site hops 
get identified and the energy profiles associated with the hops are determined via 
DFT calculations along a pathway whereby the polaron structure at the initial site is

Fig. 6 General framework of multiscale modeling of carrier transport in semiconductor electrodes 
of PEC systems: from left to right, DFT calculations of polaron structure and hopping via the 
Marcus/Holstein theory, to KMC modeling of the collective dynamics of multiple polarons at 
experimentally relevant concentrations of charge carriers. The diagram of the potential energy 
profile is reproduced from Rettie et al. [85] with permission
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morphed into the polaron structure at the final site. The calculated profile approxi-
mates closely the profile displayed in Fig. 6. The hopping rate is determined from 
Marcus / Holstein theory, based on the rate expression for diabatic hopping or for 
adiabatic hopping (thermal hopping assisted by phonons). The calculated rates serve 
as input to the lattice based larger scale model of a solid or particle using the kinetic 
Monte Carlo methodology to describe the spatial and temporal dynamic distribution 
of a set of polarons, the number of which can be chosen consistent with experimental 
concentration of charge carriers. This multiscale methodology has been used and 
described in many publications by our group and other groups as well [86, 87, 90, 
96–104].

About DFT for polarons: From a theoretical standpoint, the ability to obtain qual-
itatively correct descriptions of localized polarons hinges on overcoming the self-
interaction error that plagues current functionals of the density that are the foundation 
of DFT. Many current polaron calculations by us [87, 97, 105, 106] and others [107– 
112] use the DFT+U methodology to overcome the self-interaction error of DFT. 
Admittedly, the approach has an ad hoc aspect in the choice of the on-site Hubbard+U 
parameter, and some prefer the use of hybrid functionals [113–115]. Localization of 
the unpaired electron or hole is the essence of the Marcus/Holstein small polaron 
model. Practical experience shows that the activation barrier is not overly sensitive 
to the choice of +U value. Nonetheless, care must be applied. In the same vein, 
the amount of exact exchange in hybrid functionals varies from one functional to 
the other. Care must be applied here too. In any case, we note a broad similarity in 
results between DFT+U and the popular PBE0 and HSE06 hybrid functionals for a 
number of oxide perovskites (including strontium, barium, and lead titanates, STO, 
BTO, and PBO) [112]. Our use of a +U parameter on oxygen to ‘create’ localized 
holes on O atoms is less pervasive in the literature than +U on metal ions, but it is 
found [74, 101, 107]. While there are examples in the literature that +U on oxygen 
does not introduce significant artifacts in the DFT wavefunction [101], even with + 
U(oxygen) ~8 eV, a value used by us [101] and others [74], we recently demonstrated 
that, in the case of BVO, the +U vs hybrid is not a resolved issue, and that varying 
the fraction of exact exchange in hybrid functional leads to substantially different 
descriptions of h+ polarons in BVO [102]. This issue is elaborated upon further down 
in Sect. 3 of this chapter on ‘Challenges’. ‘Tricks of the trade’ to generate polaronic 
wavefunctions are described in a recent review [86]. 

About Lattice based KMC for charge carrier dynamics and transport: We use  
the kinetic Monte Carlo KMC methodology embodied in a new Python code to 
characterize the temporal and spatial carrier dynamics in semiconductor electrodes. 
A flowchart for the KMC code is shown in Fig. 7, as an object-oriented framework 
written in Python language that is hosted as a repository on GitHub. The code consists 
of three essential components, a ‘Model Engine’, a ‘KMC Engine’, and a ‘Analysis 
Engine’. The ‘Model Engine’ includes two object definitions, one called ‘Material’ 
with all physical parameters related to the material of interest, system size, atomic 
coordinates etc.; the other object is ‘Neighbors’ with the lists of hopping neighbors. 
The second component of the code, the ‘KMC Engine’, includes a collection of 
‘objects’ driving the execution of the stochastic ‘moves’ corresponding to processes
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Fig. 7 Flow chart of PyCT, a Python-based charge transport, cross-platform, object-oriented, lattice 
based KMC code for carrier transport [89] 

for which the rate constants are provided, and therefore treated in the model. The 
“Analysis Engine’ includes a collection of objects to analyze the KMC trajectories 
of the charge carrier distribution. 

A simulation starts with a random distribution of excess charges (−1 for electrons, 
+1 for holes) on lattice sites that are assigned the full oxidation state charges of the 
constituent ions of the material. The number of excess charges should be consistent 
with the charge carrier concentration resulting from the absorption of light. The 
‘Model Engine’ object includes the species locations and their associated hopping 
neighbors and generates a list of candidate hops and occupation states. The ‘KMC 
engine’ uses the variable step size method (VSSM) implementation [116] of KMC  
with the elementary rates coming from first-principle calculations (preferably) or 
from experiments. 

The interactions governing the system are electrostatic (long range) in nature and 
individual rates are affected at any given time ‘t’ by the distribution of charges at that 
time, requiring the evaluation of the change in energy upon a ‘move’. An ‘object’ 
calculates the change in energy and the concurrent change in the activation barrier 
and associated process rate (using the Bell-Evans-Polanyi principle [92, 93]), making 
use of the Ewald summation approach. For example, an electron involved in a set of 
possible hops (one of which gets randomly selected) will experience an increased 
hopping barrier (slower rate) when the hop brings the electron closer to other electrons 
(increased electrostatic repulsion) or a decreased hopping barrier (faster rate) when 
the hop takes the electron farther away from other electrons (decreased electrostatic 
repulsion i.e. electrostatic stabilization). The treatment of long-range electrostatics in 
these charge models for polaron transport required the use of the Ewald summation 
[100].
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Lattice based KMC simulation is particularly well suited [116–118] to describe 
the dynamics of space-charge distribution in complex systems such as those consid-
ered here. KMC is a stochastic approach to solving coupled kinetics equations for a 
set of processes with varied rates (see Fig. 5). Processes of interest here include all 
processes dealing of the fate of charge carriers: photon absorption, exciton creation, 
dynamics, and recombination, carrier separation, diffusion, and recombination, and 
carrier reactivity. They span many orders of magnitude in time scales: a. bulk exciton 
dynamics, charge carrier formation, carrier separation, carrier recombination, carrier 
trapping, with time scale from femtoseconds up to milliseconds; b. interfacial charge 
transfer with time scales from femtoseconds to nanoseconds; and c. surface reaction 
processes in the case of photocatalytic systems, with time scales from microsec-
onds to seconds. A lattice based KMC model allows also to account for local effects 
(near surface vs. bulk trapping, vacancy and doping defects at relevant concentra-
tions, phase boundaries, interfaces, and homo-junctions) as it provides a spatial and 
temporal resolution of space-charge distribution. Our recent KMC studies of BVO 
and W/Mo-doped BVO highlighted below illustrate the unique insights afforded by 
our (QM+KMC) model. It is worth noting that hopping barriers for the systems of 
interest here (BVO, STO, W-doped BVO, TiO2, and Ga2O3) are in the range of 
~0.1 eV up to ~0.5 eV, while thermodynamic junction potentials in mixed-phase 
systems due to band alignment (rutile-anatase mixed-phase TiO2, mixed-phase α-β 
Ga2O3) are in the range of ~0.2 to 0.4 eV [53, 119–122]. Accordingly, KMC modeling 
of mixed-phase interfaces makes sense and ought to provide a good description of 
space-charge separation dynamics induced by interfaces. 

The rate constants used in the KMC model may come from experiment or from 
theory. A complete characterization of transport and PEC conversions efficiency 
requires that KMC include all relevant processes, each described at an appropriate 
level of accuracy. Thus, comparison with experimental data is important. Through 
a sensitivity analysis, KMC can also reveal which processes affect the overall effi-
ciency most. With lattice based KMC, we can introduce inhomogeneity in the model, 
due for example to defects such as doping and vacancies. Defects can be readily 
introduced at concentrations relevant to experiment, including with a concentration 
gradient (homo-junction [57]). In these cases, it is necessary to calculate the rates 
for processes that occur in the vicinity of defects and to include them in the list of 
possible KMC ‘events’. If needed, defect migration could also be included among 
the KMC processes. Lattice based KMC model is also well suited to capture the 
spatial inhomogeneity in light absorption, whereby absorption is depth-dependent 
and strongest near the crystalline surface. 

We note that KMC simulations have been used to investigate thermal catalytic 
processes on surfaces [116] and also carrier transport in organic photo-voltaic systems 
[123, 124], both of which are distinctly different from transport in crystalline systems 
due to the nature of the crystalline network and the underlying interactions. To the best 
of our knowledge, very few studies have used lattice based KMC to study charge and 
ion transport in crystalline systems [118, 125]. Our objective has been to go beyond 
that work and build a set of tools that will allow us to increase understanding of photo-
electro-chemical conversion systems in all phases of absorption, transport, and redox
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reactivity. Lastly, we aspire to use ab initio data in preference over empirical data as 
much as possible to, ultimately, have predictive ability and gain new insights that are 
hard to extract from experiment. 

At present, we continue to address facet selectivity in BVO. We are at a stage 
where we need to include ‘surface reactions’ among the KMC events and e−/h+ 
separation in homo-junctions (W-doped BVO), a task that requires a 2D periodic 
KMC implementation to model gradient doping. Other systems to investigate could 
include facet-selective STO, and charge-separating mixed-phase interfaces (TiO2 

and Ga2O3). In all cases, we will determine the space-charge distribution dynamics 
of charge carriers in realistic computational models with shapes and sizes relevant 
to experiment (see Figs. 8 and 9). 

Fig. 8 Facet selectivity enhances charge separation and reactivity and promotes solar energy 
conversion efficiency [51, 60] 

Fig. 9 Selective spatial charge separation is observed for 18-facet STO (left panel) but not for 
6-facet STO (middle panel) [60]. Homo-junction from doping concentration gradient in W-BVO 
promotes charge separation (right panel) [57]. KMC can provide a fundamental characterization of 
these systems
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Considering the significance of the discovery of facet selectivity in Cu2O for  
photocatalytic water oxidation concurrently with CO2 reduction, we will want to 
investigate carrier transport in Cu2O. A number of DFT studies of Cu2O have  
appeared that discuss the nature and origin of carriers, but none have addressed trans-
port [64, 126–129]. Conduction in Cu2O is known to be polaronic [126]. Clearly, 
characterizing computationally h+ polarons in Cu2O is challenging in itself due to 
the electron-rich 3d states of Cu contributing strongly to the top of the valence band. 
Electron correlated electronic structure calculations beyond DFT are likely to be 
required as a prerequisite to periodic DFT calculations. 

Nanoparticle sizes in experiments are upward of ~500 nm in size. Our initial 

simulations dealt with cell sizes of ~50 Ǻ and up to 50 e− or h+ carriers. Parallel 
implementation and execution of the code should allow simulations up to ~100 to 
200 nm in size with ~100 electrons. Such sizes and carrier densities are in regimes 
relevant to experimental situations. Note that h+ mobility simulations are signifi-
cantly more demanding than e− mobility simulations owing to the larger number 
of anions (oxygens) compared to cations (metals). Two capabilities that ought to 
be implemented to model finite size particles and facet selectivity include the treat-
ment of free-space boundaries (in KMC configurational energy calculation by Ewald 
summation) and the inclusion of surface reaction events among the KMC events that 
carriers can undergo. 

Regarding surface reaction events, in our lattice based KMC model, carriers 
occupy lattice sites at any given time. Their next moves are stochastically deter-
mined among the possible events for these sites. To include surface reactions in 
the model, we need to append a new event, a ‘OER redox reaction event’, to the 
list of events available to carriers at surface exposed sites. We will need reaction 
rates for these ‘surface reaction events’, quantities that we can determine from the 
Marcus-Gerischer model for electron transfer at electrodes [130–133] following the 
protocol by the Bieberle-Hutter group for water oxidation on hematite Fe2O3, based 
on the four intermediates of the traditional PCET mechanism [134, 135]. Each step 
has a Gerisher rate determined from the DFT step free energy and the valence band 
maximum level. The needed data are available for the (010) and (011) facets of BVO 
[136], and can be easily determined for STO and other semi-conductors. To insure 
consistency of data from one surface to another, we can use the facet work function 
or the bismuth Bi or Vanadium V core levels to align the VB and CB energy levels 
across facets [101]. We should be able to extract a single effective OER rate from 
the four elementary rates to be used in the KMC model. 

An important question to address is accuracy in KMC modeling. By in large, 
mobility data extracted from KMC simulations are most sensitive to the activation 
barriers of the processes, owing to the exponential dependence of hopping rates, 
both in the non-adiabatic and in the adiabatic regimes. It is worth noting that kBT at 
300 °K is ~0.026 eV. Accordingly, a change in ΔG* by ~0.060 eV brings a factor of 
~10 change in mobility. Reaching this level of accuracy (nearly chemical accuracy 
in chemistry) is a tall order but it is not out of reach. DFT calculations mentioned 
earlier for BVO yielded activation barriers of ~0.37 eV for electron polarons (without
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the electronic coupling adjustment), compared to ~0.30 eV experimentally [100]. 
Previous calculations on Fe2O3 and TiO2 yielded similar or closer agreement [87, 
97, 105]. Nonetheless validation of this type is constantly useful and required. 

In a brief conclusion of where we are to date, we note that we have are able 
to model separately e− and h+ polarons and their dynamics in semiconductors like 
bismuth vanadate BiVO4. [89, 90] The methodology is however general and can be 
extended to more complex modeling that include other elementary processes, such 
as polaron generation, polaron recombination, and polaron surface redox reactivity, 
as long as we have rates. Extending the mesoscale modeling of the PEC systems, 
through combined QM and lattice based KMC studies has the potential to lead us to 
solid theoretical foundations of facet selectivity in nanoparticles. This effort will take 
us closer to a more global simulation model of PEC’s from the level of atomic-scale 
description, all the way to microscale description, for example in nanoparticles of 
BiVO4 and SrTiO3 for which experimental data is available. We should remark that 
there are a great many number of materials that are being evaluated, experimentally 
mostly, for use as anode and cathode materials [15]. There might be merit in inves-
tigating their transport properties systematically by computation and simulation. 
Nonetheless, resolving our understanding of the phenomenon of facet selectivity is 
likely to be uniquely impactful with great prospects in technology. 

3.2 Mesoscale Modeling in Photo-Electro-Catalysis 

As indicated earlier, our vision, depicted in Fig. 5 above, is to have the ability to 
simulate the overall efficiency of solar-to-fuel conversion in photo-electro-chemical 
devices [137]. The modeling starts from first-principle characterization of all essen-
tial elementary processes in light absorption, carrier transport, and redox reactivity 
(across several orders of magnitude in time scales). The modeling continues with the 
determination of the complex and collective kinetics of carrier transport and activity 
in mesoscale models [125, 138]. The ultimate outcome is the conversion efficiency, 
e.g. the number of product molecules per absorbed photons, a number which depends 
on the three phases of PEC conversion (absorption, transport, and redox reactivity). 
For a given system, one or more of these phases could be the limiting factor. 

Our initial efforts have been on ‘carrier transport’ broadly speaking, including 
the development of necessary tools to model ‘transport’ qualitatively and quantita-
tively. We stipulated that both quantum chemical tools and mesoscale kinetic tools 
would be required and that the ability to combine first-principles characterization with 
mesoscale kinetics modeling would prove to be critically important for both quali-
tative and quantitative understanding. Our BiVO4 studies to date bear this point [90, 
100]. The necessity to combine scales is likely to be pervasive due to the complexity 
of materials and device architectures for PEC conversion. 

With regard to ‘carrier transport’, physical situations that promote charge separa-
tion and, as a consequence, conversion efficiency include multi-phase and/or multi-
material junctions [53, 54], single-phase homo-junctions [55–57], and the use of



22 T. Liu and M. Dupuis

cocatalysts [12, 58, 59]. Crystal facet engineering and interface engineering are 
emerging as highly promising approaches to enhance carrier separation and overall 
water splitting efficiency, both for hydrogen evolution and oxygen evolution [51, 54, 
60, 61]. At the present, synthesis efforts in this field appear Edisonian. We envision 
that our efforts with multi-scale computation and simulation will be an important 
contribution toward reaching rational design. 

Facet engineering (Fig. 8) involves the synthesis of crystals with exquisite control 
of facet growth, and a concomitant separation of photo-excited electrons and holes 
[51, 60]. For example, in bismuth vanadate BiVO4 (BVO) photo-generated elec-
trons accumulate mainly on (010) facets and holes on (110) facets as inferred from 
noble metals (Au, Ag, and Pt) depositing selectively on exposed (010) facets (reduc-
tion) and metal oxide (PbO2 and MnOx) particles on (110) facets (oxidation) [51]. 
Similar observations exist for several other semiconductors [61, 139]. Perhaps a most 
dramatic example is found in the observation of facet selectivity for 18-facet cubic 
strontium titanate SrTiO3 (STO) and the absence of facet selectivity for 6-facet cubic 
STO [60, 140] as illustrated in Fig. 9. 

Several explanations have been put forward to rationalize the observed selective 
photo-deposition: a. preferred migration of holes and electrons to specific crystal 
facets under photo-illumination [12]. b. preferred selective sorption of metal and 
oxides on surface sites [13]. c. different conduction band and valence band levels for 
different facets. d. different internal electric fields along particular directions [11]. 
In catalysis, corners, edges, kinks are often thought of as sites with higher activity 
because of the stronger electrostatic potentials and fields at these sites. While such 
an argument may apply here as well, it does not explain why deposition/precipitation 
from oxidation or reduction occurs all over the flat surfaces, including away from 
corners. 

Below, we will highlight progress we have made in addressing facet selectivity 
in BVO. To date we showed that there is no directional anisotropy in e− or h+ 

transport (no kinetic factor of facet selectivity). We established that h+ transport is 
bimodal, with a rattling mode that is not transport-efficient and a slower transport-
efficient mode [100]. We showed also that the near-surface thermodynamic stability 
of e− or h+ is qualitatively similar for different facets (no thermodynamic factors of 
facet selectivity) [101]. These findings point to the need to account for the kinetics 
of the interfacial redox reactions to ‘see’ facet selectivity in simulation. In addi-
tion, we considered sulfur-doped BVO and established that sulfur-to-sulfur hopping 
transport of h+ replaces the ineffective bimodal oxygen-to-oxygen transport. These 
observations are very significant with regards to modeling PEC systems. Indeed, they 
are a clear demonstration that mesoscale modeling is essential to characterize and 
understand the attributes of PEC systems. Mesoscale modeling captures the critical 
connection between elementary hopping rates and crystal structure and topology 
with regards to transport. Interpretations based on elementary hop characterization, 
even if at the quantum level of theory, have the potential to be misleading. 

Multi-phase junctions and homo-junctions: multi-phase junctions have long been 
thought as promoting redox activity. Indeed mixed-phase titania TiO2 is known to be 
more active than single phase titania [141–143]. It is also well established that the
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degree of interconnectivity between crystallites and the structure of grain boundaries 
affects transport of carriers in materials [144–150]. Characterizing, quantifying, and 
understanding the fundamental parameters that control the diffusive e−/h+ transport 
across structurally complex interfaces is essential for an overall assessment of trans-
port. Homo-junctions are ‘interfaces’ within a material that occur at the boundaries 
of layers with different levels of doping (more about homo-junctions below). While 
doping is generally used to increase the concentration of charge carriers and tune 
band edges, doping with a gradient concentration has been shown to enhance carrier 
separation by creating homo-junctions, and leading to increased overall catalytic effi-
ciency [55–57]. It is noteworthy that doping levels in homo-junctions are low and yet, 
they affect carrier transport, separation, and conversion efficiency at the larger scale. 
The characterization of these effects requires mesoscale modeling. Their physics are 
traditionally described in terms of band bending and carrier depletion regions. In 
our work, we like to give a chemistry-based, atomistic-derived description and char-
acterization at the mesoscale of carrier transport across multi-phase junctions and 
homo-junctions with doping levels relevant to experiment. 

In summary, both facet engineering and junction engineering share the common 
trait regarding carrier transport simulation: they require combined atomistic and 
mesoscale kinetic modeling to provide a fundamental understanding of the factors 
that create and affect space-charge distributions and their temporal evolutions. The 
combined modeling can give important insights on what the bottlenecks for ‘good’ 
transport are. The ability to characterize and predict these effects will ultimately 
enable the control of carrier transport, separation, and redox reactivity. 

3.3 Highlights 

The overarching theme of our PEC research is to characterize and model the transport 
of photo-generated electrons and holes in complex crystalline materials to establish 
the theoretical foundation for facet and interface engineering, two strategies used 
to tailor charge separation and to promote redox activity. The enabling elements 
of these strategies originate in the dynamics of charge carriers at the mesoscale. 
The leading factors that control charge separation can be several, thermodynamics, 
dynamics, or surface reactivity. Manipulating carrier separation in facet-selective, 
mixed-phase, and doped systems offers opportunities to control and enhance solar 
energy conversion efficiency. 

Describing the mesoscale behavior of carriers is a challenge that requires modeling 
beyond traditional ways of single species (e− or h+ polaron) and individual processes 
(polaron stability, trapping, and hopping), even if done at the quantum chemical (QM) 
level of theory. Our approach to investigating facet and phase selectivity has been to 
create lattice based kinetic Monte Carlo (KMC) models of space-charge distribution 
dynamics and reactivity based on individual processes characterized at first principles 
levels of theory (Fig. 6). Note that it is critically important to validate the models 
using relevant, available, computed and/or experimental data for well-characterized
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materials. To accomplish these tasks, we developed, as needed, selected original QM 
and KMC tools and methodologies. 

To date, we have made major progress toward this goal, to the point that we 
are getting closer to being able to use the model to formulate and predict design 
points for absorption, transport, and reactivity for enhanced overall photocatalytic 
performance. We are at a point where we need to include surface reaction processes 
in our mesoscale models. This is a major objective at present. In addition, we have 
identified selected other important fundamental contributions that we can make and 
that will advance the state-of-the-art in studies of condensed phase and interfacial 
molecular science in photo-electro-chemical conversions. 

3.3.1 Carrier Transport: The Case of Bismuth Vanadate BVO 

Our goal was to model e−/h+ transport in doped and undoped materials such as 
bismuth vanadate BiVO4 (BVO), tantalum nitrite Ta3N5, and other materials (like 
strontium titanate SrTiO3 (STO)) that exhibit the intriguing phenomenon of facet 
selectivity in oxidation and reduction chemistry (Fig. 8 above). Oxidation occurs 
on some facets, reduction on other facets. We aimed to establish the theoretical 
foundation for facet selectivity and other strategies to enhance carrier separation and 
improve solar energy conversion performance. The combined QM+KMC mesoscale 
approach that we used has proven essential to understand the nature of intrinsic carrier 
transport and the role of cation and anion doping in affecting transport. The insights 
from mesoscale modeling are a step toward screening of photo-active materials with 
superior photocatalytic performance. Structural and chemical descriptors of ‘good’ 
transport and carrier separation ability are starting to emerge. 

• Mesoscale transport dynamics in BiVO4: We recently completed a study of carrier 
transport in BVO. DFT calculations indicated that thermodynamic stability is not 
a factor in facet selectivity. A thorough characterization of e− and h+ hopping 
pathways in BVO yielded activation energies ~0.36 eV for electrons, and as low 
as ~0.17 eV for holes. Mesoscale KMC modeling revealed that hole transport is 
not nearly as efficient as the low barrier would suggest. Hole transport is bi-modal, 
with very fast but not transport-efficient hops (‘rattling’ motion) and slower but 
transport-efficient hops [100], as depicted in Fig. 10. It emerged from this work 
that strategies to eliminate hole ‘rattling’ will improve hole transport efficiency 
and water oxidation performance. 

This work illustrates how mesoscale modeling is critically important to reveal 
fundamental characteristics of carrier transport. KMC captures the connection 
between elementary hopping rates and material structure and topology. Interpre-
tations based on elementary hop characterization alone, even if at the quantum level 
of theory, have the potential to be misleading. 

Toward modeling facet selectivity in BVO, we have investigated the thermody-
namic stability of e−/h+ on ‘bulk’ sites compared to ‘near-surface’ or ‘surface’ sites 
[101]. A cursory look at the data plotted in Fig. 11 does not appear to reveal striking
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Fig. 10 Bimodal h+ transport in BVO. e− transport gates BVO conductivity [89] 

Fig. 11 Bulk versus surface stability of e−/h+ polaron in BVO [101] 

preferences in stability from one facet over the others. e− polarons prefer sub-surface 
sites over exposed surface sites and bulk sites. The stronger stability for the (011) 
surface may affect the space-charge distribution dynamics and, perhaps, the facet 
selectivity of e− polarons. New KMC simulations are in progress and are expected 
to reveal such effects. h+ polarons appear to have a more homogeneous behavior 
across facets. 

Cation and anion doping in BiVO4: cation doping of BVO with W/Mo has been 
shown to enhance conversion efficiency in BVO-based devices. We studied how 
W/Mo doping of BVO affects carrier mobility and electric conductivity [90]. W/Mo 
doping results in a small decrease in electron mobility. However, the increase in 
carrier density upon doping overshadows the marginal decrease in electron mobility,
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resulting into an increased electronic conductivity. Work in progress deals with 
modeling homo-junctions, layered systems with a gradient of W-doping concentra-
tion and anion-doped BVO with ~25% level of sulfur doping, that have been shown 
to enhance charge separation. Simulations show that hole ‘rattling’ is eliminated by 
S-doping, as hole transport is reduced to S-to-S hoping. 

3.3.2 Carrier Utilization: Solar-To-Fuels Surface Reactions 

We pointed out in Sect. 1 that improved detailed knowledge and understanding of 
the interface reactions is needed to design better performing solar fuels catalysts 
[9, 15, 17]. Time-resolved IR spectroscopy is useful to characterize the reactions 
intermediates [72–74] and it has been used for a number of materials, including 
BiVO4, TiO2, SrTiO3, and others. For water splitting, the emphasis has been more 
on water oxidation than on proton reduction as it is the bottleneck process in overall 
water splitting [75, 151–154]. 

The mechanism prevalently considered for water oxidation is the four proton-
coupled-electron transfer (PCET) mechanism with *OH, *O, and *OOH intermediate 
species [76]. Underlying the design of improved catalysts in general and in particular 
those based on the thermodynamics of the 4-step PCET model (also called ‘adsorbate 
evolution mechanism’ with cationic active sites), is the reliance on Sabatier’s prin-
ciple of bonding strength [77] in conjunction with the Bell-Evans-Polanyi principle 
that ties kinetic barriers and step energies [92, 93]. Not all cases of water oxidation 
catalysts fall into the four-step PCET framework and other mechanisms have been 
proposed [73, 78]. One such mechanism is the ‘lattice oxygen mechanism’ (LOM) 
whereby lattice oxygens appear to be active specie [155–157]. To the best our knowl-
edge, it remains challenging to predict which mechanism applies to which class of 
materials. An increased understanding of the structure-redox activity of materials 
and of the chemical factors that govern the reaction mechanisms is highly desirable. 
Improved understanding can come from computation of reaction energy profiles and 
of properties of the intermediates (IR frequencies, charge and spin populations, and 
other quantities) as described below. 

OER takes place on semiconductors that are not defect-free in general, and oxygen 
vacancies (Ovac’s) are the most common defects [158–162]. The overall effect of 
Ovac’s is broadly understood as improving carrier concentration and conductivity in 
the bulk, but it is not fully clear why and how they might improve surface reactivity 
and PEC conversion efficiency, for a number of materials including BVO [163– 
165], WO3, and hematite Fe2O3 [166] and other materials. This is an important 
question as experimentalists are making progress in synthesizing materials with 
varying levels of vacancy concentrations [167]. From an experimental point of view, 
the features associated with excess electron arising from Ovac’s are often described 
in the solid-state terminology of gap states, deep trap states, and overlap of the gap 
state densities with the electronic states of the reactive water molecule. There is 
also some discussion of the degree of ionicity on the metal-oxygen bonds of the



Theory and Computation in Photo-Electro-Chemical Catalysis … 27

Fig. 12 Illustration of charge transfer of excess electrons from Ovac from the surface to the 
adsorbate, depending on the relative electronegativity χ of the surface and the adsorbate [167] 

semiconductor when attempting to explain the trapping and reacting potentials of 
the defects [156, 163, 166]. 

We have been interested, for some time, in the role of excess electrons on the 
surface chemistry of oxides. As we did for charge carriers, our approach to the ques-
tion of the effect of Ovac’s on reactivity is to provide a chemistry-oriented under-
standing. It started with a ‘universal’ role of excess electrons on the surface chemistry 
of TiO2 that we verbalized [168]. In this work we noted that excess electrons arising 
from Ovac’s or interstitial Ti atoms can participate in charge transfer from the solid 
to an adsorbate, depicted in Fig. 12. The charge transfer makes the metal-adsorbate 
bond more ionic, and therefore stronger. The amount of stabilization depends on the 
electronegativity of the solid surface and of the adsorbate. Accordingly, the stabiliza-
tion energy is different for *OH, *O, and *OOH along the OER reaction coordinate. 
We confirmed this hypothesis in several of our studies: a. OER on oxygen-deficient 
BaTiO3; [169] b. OER  on  Ga2O3; [170] c. comparison of 1e-, 2e-, and 4e- processes 
on oxygen-deficient rutile, anatase, and brookite [171]. 

For these systems, we investigated the stability of Ovac’s on the surface versus 
sub-surface, the work function of the oxygen-deficient surfaces, the relative position 
of the gap states. We analyzed the structural data (bond lengths), the electron atomic 
populations on the cationic sites and adsorbates, and the spin atomic populations 
using Bader analysis. These data led us to characterize the amount of charge transfer 
from the solid to the adsorbate on the pristine surfaces compared to the reduced 
surfaces. Strong charge transfer correlate with strong free energy stabilization. The 
OER energy diagrams exhibit variations in step free energies consistent with the 
amount of charge transfer and charge transfer, as seen in Fig. 16. 

The presence of Ovac’s may or may not lower the overpotential, depending on 
how much stabilization is gained in one intermediate over the other ones. Too strong 
a stabilization in one intermediate is not desirable as it makes a step free energy too 
large and increases the overpotential (Sabatier principle). Among the intermediates 
*OH has a strong electronegativity. So has *O in its dangling structure. In contrast, 
*O as a peroxo species (O atoms inserted in a metal-O-metal motif to give a metal-
O-O-metal motif) does not have a strong electronegativity since all of its valencies 
are full. Lastly, *OOH has a weaker electronegativity. These differences lead to 
strongly changing reaction energy profiles and overpotentials, as depicted in Fig. 13 
for rutile. Thus, knowing and predicting the charge transfer ability of the material is 
key to manipulating the overpotential.
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Fig. 13 OER free energy reaction profile and associated overpotential for pristine and oxygen-
deficient rutile. O* is a peroxo species for the clean surface and a dangling O* species for the 
oxygen-deficient surface [171] 

We uncovered two types of charge transfer: a. in some cases the pristine surface 
transfers electron density to the adsorbate, and the excess electrons from Ovac stabi-
lize the electron-deficient solid. b. in other cases the pristine surface transfers no 
or little charge density to the adsorbate, and the excess Ovac electrons are directly 
involved in the charge transfer [171]. These studies were carried with the VASP 
code [172, 173] with charge analyses performed with the Bader theory of atoms in 
molecules [174]. 

We plan to carry out similar studies for BVO and Fe2O3 in the presence of oxygen 
vacancies. With the recent availability of detailed experimental measurements about 
the gap states [163], we will be in a position to compare work functions and gap 
state levels, to correlate these quantities with charge transfer, and to assess theory 
vs. experiment. The charge transfer analysis will be the connection between data on 
surfaces and the reaction thermodynamics. Of special interest will be comparisons 
between the traditional 4 PCET-step mechanism and the lattice oxygen mechanism 
that has been suggested for Fe2O3. We will make use of the extensive study by 
Hegner et al. of the structure of Ovac’s in BVO [165]. These authors have identi-
fied two distinctive structural motifs of Ovac’s in BVO with comparable formation 
energies. Our work will characterize these structures from the point of view of their 
charge transfer ability to the OER intermediates. For the key intermediates on pris-
tine surfaces and on oxygen-deficient surfaces, we will go on to determine their 
spectroscopic IR signature.
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4 Challenges in Computation and Modeling 
in Photo-Electro-Catalysis 

While computation and modelling in photo-electro-catalysis has been broadly 
successful in providing fundamental characterization and understanding of the 
physics and chemistry of PEC’s, there remain some important challenges about the 
consistent reliability of predictions. It is well understood and accepted for example 
that functionals of the density that account for the ‘local’ density only (LDA), or those 
of the ‘generalized gradient approximation’ type (GGA) under-estimate consistently 
band gaps. A correction to the inherent ‘self-interaction’ of electrons in DFT is 
required, and this is commonly achieved by the use of the DFT+U formalism or the 
use of hybrid functionals. For the description of excitons and polarons the challenge 
remains. The two approaches yield qualitatively different descriptions of polarons 
as illustrated below. This observation underscores the need for theorists to develop 
functionals of density for DFT and/or other advanced theories, perhaps based on 
wavefunction theories, that provide computational characterizations that are more 
consistently reliable. Careful cross-validation of theory and experiment is critically 
important. In what follows we highlight work in our group that points to this type of 
challenges in functionals of the density, and other that is underway about validation. 

4.1 Challenge to DFT: Accurate and Reliable Functionals 
for Polarons and Excitons 

As mentioned, when modelling the polaron in materials, corrections to electron self-
interaction need be included in the DFT formalism, in the form of DFT+U [175] or  
hybrid functionals [176] like PBE0 [177] and HSE06 [178]. These approaches have 
ad hoc parameters that researchers adjust often, mainly by choosing the+U values or 
the fraction of the exact exchange mixed into the functional. 

About polarons in BiVO4 (BVO), that e− and h+ polarons exist is confirmed by 
experiment [179–181]. For e− polarons, there is a general concurrence that they are 
localized on the V sites in BVO, and that they form small polarons. The DFT+U 
approach [89, 182–184] and the hybrid functional approach [115, 185, 186] yield 
the same picture of e− polarons. For the h+ polarons in BVO, there are very notable 
differences between these theories. Using HSE06 functional (with 25% fraction of 
the HF exchange), Kweon and Hwang [187, 188] reported that the charge of the 
excess hole spreads over one BiO8 dodecahedron or across many Bi and O atoms, 
depending on the BVO phase. Using PBE0 functional (with 22% fraction of HF 
exchange) and molecular dynamics (MD) Wiktor [185] et al. found that the hole 
charge is distributed between one bismuth and eight oxygen atoms, and in about 
20% of the MD configurations the hole appears localized on a single oxygen atom. 
In contrast, using a DFT + U level of theory with Ueff = 9 eV, Pasumarthi [184] 
et al. and Liu [183] et al. found that an excess hole localizes strongly on a single
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Fig. 14 Relative energies of 
the two holes polaron 
structures h+(BiO8) and  
h+(O) obtained with HSE(α) 
for each value of α when α 
varies from 0.25 to 0.40: 
square symbols are for the 
hole distributed over one Bi 
atom and the neighboring 
oxygen atoms, h+(BiO8); 
circle symbols are for the 
hole localized on two or one 
oxygen atom, h+(O) [102] 

oxygen atom. The optimized structure exhibits a Bi-O bond lengthening in the range 
of ∼0.12 to ∼0.18 Å. Recently, Liu [189] et al. re-investigated the structure of hole 
polarons in BVO using hybrid DFT with varying fractions (α) of the exact exchange 
interaction that enters hybrid functionals. For values of α, from  α = 0.25 to α = 
0.45, both the h+(BiO8) hole structure and the h+(O) hole structure were obtained. 
For the smaller values of α, the  h+(BiO8) structure was found to be lower in energy, 
while for the larger values of α, the  h+(O) structure was found to be more stable as 
shown in Fig.  14. For  α = 0.25, the diffusivity of h+(BiO8) holes determined from 
the Marcus/Holstein two-state model was determined to be in close agreement with 
published THz experimental data. 

Another example of contrasting findings is about e− and h+ polarons in oxynitrides 
and nitrides. The charge transport mechanism is these materials proved to be more 
complex than in metal oxides, as the N 2p state is less strongly localized than the 
O 2p orbital. Using time resolved microwave conductivity (TRMC) measurements, 
Respinis [190] et al. observed the carrier mobility increased with the nitrogen content 
from 1 × 10−5 cm−2 V−1 s−1 in Ta2O5, to 1  × 10−2 cm−2 V−1 s−1 in β-TaON, up 
to 1 × 10−1 cm−2 V−1 s−1 in Ta3N5. Lee  [191] et al. predicted the formation of 
spin-polarized polarons in Ta2O5 with oxygen vacancies using hybrid functionals. 
Morbec and Galli [192] reported charge transport properties of the Ta3N5 from first 
principles calculations. They found that small e− polarons may occur but h+ polarons 
are not energetically stable according to the DFT+U approach. The estimated pola-
ronic mobility for electron calculated by DFT+U approach is at least three orders 
of magnitude smaller than that of the measured value. Accordingly, the authors 
suggested that the main transport mechanism for both e− and h+ is band-like. Dey 
[193] et al. studied small polaron formation in β-TaON using DFT + U approach. 
They found that an excess electron tends to form a localized small polaron on a Ta 
site. The calculated diffusion barrier was ~0.3 eV, and the calculated mobility ~9.41 
× 10−5 cm2V−1 s−1 in pristine TaON, calculated values that are at least two orders of 
magnitude smaller than the measured values. Liu [194] et al. investigated the charge
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transport properties in Ta2O5, TaON, and Ta3N5 by polaron hopping and band-like 
models. From the polaron binding energies and hybrid functional calculations, they 
found the charge transport mechanism to be small polaron hopping in Ta2O5, whereas 
in TaON and Ta3N5 hopping may not occur. Furthermore, the calculated mobility 
from the band-like model was not found consistent with experimental results neither. 

These examples underscore the challenges with DFT approaches when inves-
tigating polarons in semiconductor. Which method to use (DFT+U or hybrid func-
tional), and what values of +U values or of the fraction of HF exchange, are unsettled 
questions. There is a clear need for more accurate theoretical treatments, possibly 
some derived from molecular wavefunction formalisms and extended to the solid 
state. 

4.2 Exciton Structure and Dynamics: Cross-Validation 
of Theory and Experiment. 

In the same vein of validation of theory and experiment, recent experimental findings 
and chemical descriptions of excitons and polarons in selected oxides can be viewed 
as challenges to theory! The theoretical characterization of these ‘species’ with the 
most advanced tools of electronic structure of molecules and solids should prove a 
fertile ground for cross-validation of theory and experiment. 

Exciton in Fe2O3: Emerging XUV experimental techniques are providing remark-
able descriptions of the electronic structure of excited states (excitons) in short times 
following the event of light absorption [40]. By following the oxidation states of the 
elements through XUZ spectroscopy, the Baker group assigned a generation time of 
less than 100 fs to e−/h+ excitons in Fe2O3, Co3O4, and NiO, and a small polaron 
relaxation time of ~660 fs. Perhaps most striking is the assignment of the exciton 
radius of a single metal-oxygen bond length, as schematically displayed in Fig. 15. 
To the best of our knowledge, this is the first atomic scale ‘localized’ description of 
an exciton (excited state) in a ‘strongly correlated’ extended system. In fact, discus-
sions of excitons are most often in terms of band theory, rarely in terms of ‘localized’ 
concepts as in the present cases. 

Highly accurate excited-state methods have been developed in recent years in 
chemistry, but, typically, they are not benchmarked against metal oxide data. Time-
dependent DFT (TDDFT) is also extensively used in chemistry as it permits to investi-
gate larger systems at reduced computational costs. The availability of the ‘localized’ 
atomistic pictures for the materials mentioned above offers the opportunity to vali-
date experiment against ‘molecular-based theories of excited states while validating 
excited states theories applied to strongly correlated systems against experiment. 
Beyond Fe2O3, we could consider similar investigations of Co3O4, and NiO for 
which XUV characterization is available. Perhaps most intriguing would be similar 
exciton studies of BVO, a material in which the configuration of the metal cation is
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Fig. 15 Illustation of 
exciton in Fe2O, based on 
XUV characterization of 
Biswas et al. [39]. The 
exciton radius is found to be 
of a asingle metal oxygen 
bond length. An electron is 
excited from an O 2p lone 
pair state into the 3d state of 
an Fe atom directly linked to 
the O atom. High-level 
excited state calculations 
will be carries out to validate 
the experiment-derived 
description, while the 
experimental data will help 
to validate the theories 

Fig. 16 h+ polaron structure 
in CuFeO2 adapted from 
Ref. [41]. The hole 
thermalizes into a Cu 3d 
state, with potential mobility 
anisotropy in the Cu layer 
versus across the FeO2 layer 

formally V 3d0 and whether the exciton radius might be or not a single metal-oxygen 
bond length. 

The significance of such studies cannot be over-emphasized. They are far-reaching 
in that address a fundamental issue heretofore not enunciated, mainly the description 
as ‘localized’ of excitons in oxides such as hematite Fe2O3. At the same time, such 
studies would serve as stringent validation, as they’d provide a critical validation of 
excited state theories against experiment for strongly correlated systems like metal 
oxides. 

h+ polaron in CuFeO2: delafossite CuFeO2 is another material of interest. It is 
an earth-abundant metal oxide with good stability in aqueous environments and
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favorable light absorption properties. It is attracting very strong attention as a photo-
cathode [15, 41] for proton reduction. Electron-hole separation efficiency (excition 
lifetime), carrier mobility, and existence of surface states promoting carrier recom-
bination, are issues that can benefit from theoretical characterization [15, 95]. The 
XUV spectroscopy-based description by Baker et al. of the ‘localized’, site-specific, 
structure and dynamics of holes that evolve from O 2p holes into hybridized Cu 3d 
holes within ~500 fs is interesting and challenging [41]. The structure is depicted in 
Fig. 16. It shows a hole localized in a Cu 3d state rather than an O 2p state. From a 
fundamental understanding, it is important to know why holes localize on Cu. Few 
DFT studies of CuFeO2 have been reported. The density of states suggests that O 
2p states and Cu 3d states contribute to the top of the valence band, indicative of a 
strong mixing of the atomic states [195]. We note the symmetric environment around 
Cu sites (Fig. 16), so that the super-exchange interaction of O 2p holes may turn a 
double-well oxygen hole into a single-well Cu hole [196]. We are in a unique posi-
tion to be able to validate the XUV picture, as well as to establish the characteristics 
of e− and h+ transport in CuFeO2. Beyond the electronic structure issue, there is 
the potential for a strong anisotropy in mobility in the Cu layer vs. across the FeO6 

layers, clearly seen in Fig. 16. 

5 Conclusion and Outlook 

In this chapter we presented a broad overview of photo-electro-catalysis, a high 
risk, high-payoff domain of renewable energy. Efficient and cost-effective inter-
conversion of electrical and chemical energy is widely accepted as an essential 
element of a broad strategy toward renewable energy. Current system conversion 
efficiencies, including for solar water splitting, are however far from the level needed 
for practical applications. From the standpoint of computation and modeling, there is 
already a wide body of research that has been instrumental in leading to new under-
standing and predictions of improved electrode materials for PECs with enhanced 
conversion efficiencies. The research encompasses computation and modeling for 
material structure, carrier transport, and redox reactivity. Modern DFT capabilities 
and multiscale models have already led to the characterization of new materials, of 
small polaron structures and dynamics [97, 105, 168], and new redox-active semicon-
ductors, all contributions that are impactful in the field [107, 109]. Continuing devel-
opments and application, supported by cross-validation of experiment and theory, 
are expected to significantly advance the field further in years to come. 
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