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ABSTRACT

The polaronic effects at the atomic level hold paramount significance for advancing the efficacy
of transition metal oxides in applications pertinent to renewable energy. The lattice-distortion
localization of photoexcited carriers in the form of polarons plays a pivotal role in the
photocatalysis. This investigation focuses on rutile TiO», an important material extensively
explored for solar energy conversion in artificial photosynthesis, specifically targeting the
generation of green H> through photoelectrochemical (PEC) H2O splitting. By employing
Hubbard-U corrected and hybrid density functional theory (DFT) methods, we systematically
probe the polaronic effects in the catalysis of oxygen evolution reaction (OER) on the (110)
surface of rutile TiO2. Theoretical understanding of polarons within the surface, coupled with
simulations of OER at distinct titanium (T1) and oxygen (O) active sites, reveals diverse polaron
formation energies within the lattice sites with strong preference for bulk and surface bridge
oxygen (Op) sites. Moreover, we provide the evidence for the facilitative role of polarons in
mitigating OER. We find that hole polarons situated at the equatorial positions near the Ti - active
site, along with bridge hole polarons distal from the Oy active site yield a reduction in OER
overpotential by (4.6-6.5)%. We also find that having hole polarons stabilize the *OH, *O, and
*OOH intermediate species when compared to case without hole polarons. This study unravels a
detailed mechanistic insights into polaron-mediated OER, offering a promising avenue for
augmenting the catalytic prowess of transition metal oxide-based photocatalysts catering to
renewable energy requisites.
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INTRODUCTION

Capturing solar photons and converting them into chemical energy, such as fuels, represents one

of the promising pathways to mitigate environmental and climate catastrophes, achieve energy
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security and independence, and establish a sustainable global economy, as demonstrated by
numerous studies'. This is the underlying reason why researchers worldwide are actively
working on the advancement of solar-driven fuel generation technologies. These endeavors
include artificial photosynthesis aimed at producing environmentally friendly hydrogen (Hz) and

168, At the core of these solar-

solar-driven reduction of COz into energy-dense fuels such as ethano
driven technologies, photoactive semiconducting materials play a crucial role in capturing solar
photons and storing their energy within the chemical bonds of such fuels. Among the multitude of
available photo-absorber materials, photo-active transition metal oxides (TMOs) stand out for their
exceptional solar energy harvesting capabilities. With over 200 suitable photo-active TMO

options, these materials have demonstrated potential for solar energy harvesting”!°.

Among all TMO’s, TiO; is one of the most studied photoanode materials for PEC water
splitting!!. TiO, has become a benchmarked material for understanding PEC water splitting due to
its photo response within the UV and some part of the visible spectrum, high crystallinity, stability
in aqueous solution, resistant to (photo) corrosion, non-toxicity, abundance and low cost!'>!3,
Despite being one of the most widely studied photo-active materials, TiO> has major drawbacks
in terms of UV-adsorption spectrum, carrier transport, particularly for efficient extraction and
utilization of photogenerated charge carriers which eventually contribute to the higher
overpotential associated with OER!. In fact, carrier transport limitation phenomenon is prevalent
almost all the TMO based photocatalysts'>!®. Poor carrier separation, carrier recombination, and

slow carrier transfer kinetics are considered as the major efficiency loss channels among others.

In TiO> as well as other TMO’s, slow moving carriers induce strong carrier-lattice interaction
and subsequently distorts the lattice locally. Such a local distortion in lattice forms an attractive
potential within which slow moving carriers get trapped and form localized polarons. Formation
of polarons in TiO> as well as other TMO’s are well established both experimentally!’-?? and

2332 The review paper by Cesare Franchini et. al.?® provided a list of polaron forming

theoretically
materials along with the characterization techniques employed in these studies. Photoexcitation
induced polaron formation, dynamic nanoscale lattice distortion as well as associated strain field,
all are central aspects of photocatalysis, and play a crucial role in photocatalytic chemical
reactions®®. However, the role of photoexcited polarons in photocatalysis is quite unclear and not

well studied.
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In light of this, we studied hole polarons on a prototypical rutile TiO2 (110) model surface
using first principles density functional theory to understand whether it has any effects on OER
catalytic activity. In a recent study, Patrick Gono et. al.?’ reported a slight reduction of OER
overpotential on the rutile TiO2 (110) surface. They concluded that the OER overpotential
reduction happens due to the presence of surface hole polaron. Inspired by this study, we conducted
a thorough study to address in particular the differences between the polaronic and non-polaronic
OER mechanism, what types of polarons sites exists and what is their overall effect on OER
overpotential. We address the above questions by estimating polaronic stability, calculating
polaronic electronic structure, the OER free energy landscape as well as the OER catalytic activity
in terms of an OER volcano plot. We shall explain the concept in detail later. The OER on TiO»
surface is a well-established chemical process, with numerous studies documented in the scientific

literature!2-26:2734,

Despite this, there is a scarcity of research that examines the mechanism of OER on the TiO»
surface when there is polaron. In fact, there are very few studies on photoexcited polaronic effects
in photo-driven catalysis. Cheng Cheng et. al.?* reported enhanced electron polaron photoactivity
in rutile TiO2 (110) surface upon CO adsorption during CO2RR. They demonstrated that CO
adsorption drives subsurface electron polarons towards the surface-active sites, thus makes them
chemically photoactive. Burak Guzelturk et. al.’® reported that local distortion/phonon cloud
associated with the polarons enhances the carrier mobility in photovoltaic lead halide perovskites
by protecting them from scattering off from defect centers. Contrary, Lohaus et.al.’’ in their
hematite (a-Fe2Os) paper postulated a polaron induced photovoltage limitation by Fermi level
pinning, hence PEC water splitting efficiency limitation, by measuring quasi-Fermi level splitting.
Julia Wiktor et. al.® demonstrated that polaronic levels affect the alignment at the solid-liquid
interface and the carrier recombination happens via polarons in the PEC water splitting reaction.
Rettie et. al. found a significant reduction of carrier mobility in W: BiVO4 by polaron. So, in light
of this, it becomes highly crucial to gain a more profound understanding at the atomic level
regarding the OER mechanism involving polarons. In addition, exploring any potential
connections between photoexcited polarons and the photocatalytic performance become
important. This knowledge is essential not only to address the efficiency limitations but also to
formulate a cost-effective approach and propose efficient photocatalytic materials aimed at

producing sustainable and renewable solar fuels.
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In this study, we present a detailed characterization of polaron formation using Hubbard-U-
corrected and hybrid density functional theory (DFT) calculations. We investigate polaron
formation probability via thermodynamic free energy calculations at various positions within the
bulk and on the surface of TiO», as well as the band-alignment energetics of polaronic states within
the band gap. Additionally, we analyze the full free energy landscape of OER as well as compare
the catalytic activity with and without the presence of hole polarons. Finally, we discuss our

calculated data in context of available experimental results.
COMPUTATIONAL METHODS

We performed spin polarized density functional theory (DFT) calculations using the Vienna ab
initio Simulation Package (VASP - 5.4.4)* within the python-based atomic simulation
environment (ASE)*!. The exchange and correlations were described by Perdew-Burke-Ernzerhof
(PBE) functional within the generalized gradient approximation (GGA)* and hybrid and Hubbard-
U corrections were applied as discussed below . Projector-augmented plane wave (PAW)* method
with a kinetic energy cut-off of 500 eV was used to treat the ion-electron interaction throughout
all calculations, which gave well converged results. Our approach involved utilizing TiO; (110)
surfaces, a (2x2) 4 - layers surface containing 96 atoms, (2x2) 6 — layers containing 144 atoms,
and (4x2) 4 - layers surface containing 192 atoms, to model hole polaron and simulate OER at
Ticus (coordinatively unsaturated Ti - site) and Oy (bridge O - site) active sites, respectively. For
all surface calculations, at least 20 A vacuum was employed between the repeating slabs in order
to avoid spurious image-charge interactions. The bottom two layers were kept fixed to bulk
geometry and top two layers as well as adsorbates (*OH, *O, and *OOH) were allowed to relax in
all directions during surface geometry optimization bellow the force threshold of 0.02 eV A-!. The
k-point mesh was sampled using the Mohkhorst-Pack scheme. A 7x3%1 k-point grid was employed
for geometry optimization and polaron localization in (2x2) 4-layers and (2x2) 6-layers surfaces.
For the (4%2) 4 -layers surface, a 3x3x1 k-point grid was utilized. To model hole polaron, we
introduce an additional hole to the relaxed surface. Along with adding the extra hole, we initially
introduced a small perturbation around the site of the polaron to break the local lattice symmetry
before proceeding structural relaxation. Furthermore, to maintain charge neutrality of the surface,
we incorporated a compensating homogeneous background counter charge as implemented by

VASP. Polaron binding energy was calculated using the following formula?*-
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Efing = EPPT"(N ¥ 1) — EP"/(N ¥ 1), (1)

where E ;—Find is the polaron binding energy and (+) sign corresponds to hole polaron, while (-) sign

corresponds to electron polaron. A negative E ,:—’ind implies energy gain and hence formation of a

stable polaron. EP°'4Tom and EP€"/ are the total DFT energies of the system with extra charge in
polaronic (distorted geometry) and non-polaronic (undistorted) geometry, respectively. The
number of electrons is given in parenthesis, where N represents total number of electrons of the

neutral system.

DFT is known to underestimate electron self-interaction corrections (SIC)*¢. Due to the SIC
errors, DFT often fails to produce a desired localized polaronic solution. Hybrid density functional
as well as Hubbard U correction can overcome the SIC error. To address the charge delocalization
issue present in the standard DFT method, we implemented a Hubbard-U correction targeting the
atoms where polarons are localized. We also employed hybrid density functional (HSE06)*
method to benchmark the U value applied in this study (Figure S1). An effective U value (Uetr)
of 10 eV to O 2p-orbital at polaronic site was employed 2°-2*348, The specific O-atom were the
stabilized hole polaron was chosen as by Deskin and Dupuis et. al.>* Using Uesr of 10 €V, they

successfully localized hole polaron at O-site and estimated hole mobility which is in good

1.49 1.50

agreement with experiment. In BiVOs, Pasumarthi et. al.*” and Liu et. al.>" also applied an Uesr
value of 9 eV to localize hole polaron at a single oxygen atom. Liu et. al. showed that Uer- 9 eV

satisfied the behavior of piece-linearity of DFT energies with respect to fractional occupation.

For electron localization at Ti"-site in reduced rutile TiO2, many studies applied Uesr values
ranging from (3.3-5.5)e V1724294851 For example, Deskin et. al.?? applied an Uer value of 4.1eV
to localize electron polaron at Ti-site in rutile TiO». Stevin et. al.!” applied an Uer value of 3.9eV
to generate stable electron polaron on defect free rutile TiO2 (110) surface. Selcuk and Selloni et.
al.?* also applied a similar value of Uecsr= 3.9 eV to localize electron polaron on anatase (101) and
(001) surface. Carmen J. Calzado et. al.>! applied an Uesr= 5.5 €V to localize electron polaron on
reduced rutile TiO2 surface and demonstrated that the electron polaronic state is located ~1 eV
below the conduction band edge which is reported in many published literatures?®->2. Similar to
Carmen J. Calzado et. al.>!, we applied an Uer= 5.5 €V to Ti 3d orbitals to localize electron polaron
on reduced rutile TiO, surface in this study. Moreover, the applied Uefr values in this study

successfully reproduced our hybrid DFT calculated magnetic moment ( ~ 0.75 pp for electron and
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~ 0.68 g for hole polaron), as well as hole polaronic state within band gap, for TiO> bulk ( Figure
S2).

RESULTS AND DISCUSSIONS

Hole polaron in the bulk of rutile TiO:
In this study, we considered rutile phase of TiO; [tetragonal; P4,/mnm; a = b = 4.66A
(exp>*=4.58A), c = 2.97A (exp**=2.95A)] and its (110) surface was derived from the optimized

unit cell according the Computational Methods section and SI Figure S3.
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Figure 1. Fully DFT optimized ball and stick structural models of (a) TiO: bulk crystal structure
and (b) bulk hole polaron at O-site. The iso-surfaces (azure blue color) indicate the hole polaron
at oxygen site at value of 0.005 eA>. (c) Comparison of the local distortion with and without
hole polaron. (d) Density of states (DOS) for pristine bulk and (e) for bulk hole polaron. For
both case, DOS are calculated using hybrid density functional level of DFT (HSE06).

Figure 1a shows the optimized bulk while Figure S3 shows the corresponding (110)
surface geometry. TiO; (110) surface has two distinct type of Ti atoms. They are five coordinated
Ticus (coordinatively unsaturated) and six coordinated Ticss (coordinatively saturated) sites. Like
Ti — atoms, oxygen atoms also have two distinctive classifications, and they are two coordinated

bridge oxygen (Oyp) and three coordinated planner oxygen (Op), and hole polarons form at O —
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atoms in rutile TiO». In fact, in strongly correlated systems i.e., TiO2 as well as other TMO’s?,
polaron formation is an ubiquitous phenomenon. Due to strong carrier-lattice interaction,
photoexcited or defect generated charge carriers interact and couple with optical phonons, and
hence form polaron. It is well established experimentally!®20-21:54 and theoretically!”-23-8-32 that
TiO> forms polaron. An electron polaron forms at Ti — sites and a hole polaron at O — sites. The
rationale behind the site selectivity of polaron formation in TiO is that the valence band (VB) is
predominantly composed of O - 2p orbitals and conduction band (CB) primarily has Ti - 3d
character as shown in the density of states (DOS) plot (see Figureld). So, when charge carriers
are generated through photoexcitation or defect formation, they localize as hole polarons in the
valence band, occupying O 2p states, and as electron polarons in the conduction band, filling up
empty Ti 3d states. Figure 1(b) shows the iso-surface charge density of a hole polaron in TiO»
bulk. It is obvious from the shape of the orbital shown in Figure 1b that the hole polaron occupies
O 2p, orbitals. It is also evident from local lattice distortion around the polaronic site (Figure 1c)
and magnetic moment of that specific site (Figure S4) that hole polaron forms at O-site. Due to
hole localization as polaron, Ti — O bonds around the polaronic site become distorted by ~ (2-8)%
compared to equilibrium Ti - O bond length (Figure 1¢) which generates a local magnetic moment
of approximately 0.68 uz for hole polaronic site (see Figure S4), within TiO; bulk. As a
consequence of polaron formation, that particular O site changed its oxidation state from 02~ —

O~ for hole polaron.

Surface hole polaron geometry, stability, and energy levels

We now turn our discussion to surface hole polaron on rutile TiO; (110) clean surface. We have
stabilized hole polarons separately in five different O sites; categorized as bulk, subsurface, axial,
equatorial, and bridge hole polaron (see Figure 2a). From the iso-surface charge density, it is
evident that hole polarons occupy the O (2p,) orbital. Hole polaron localization also change the
local bonding environment and create local distortion around the particular polaronic site. The
local Ti — O bond length near the polaronic site changes approximately (2-8)% compared to the

equilibrium Ti— O bond length of an undistorted (pristine) geometry. The local bond length
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Figure 2. (a) Schematic diagram of different hole polaron configurations on (110) surface similar
to Figure 1. (b) Thermodynamics of hole polaron formation energies at different configurations
as shown in (a).(c) Schematic diagram of polaronic energy level for different hole polaron
configurations with respect to band edges of TiO>. The water redox potential (H,0/0:) is indicated

as black solid line relative to vacuum at -4.6 eV.

change happens due to weakening of Ti (3d) — O (2p) orbital hybridization. The detail of Ti — O
bond length change due to hole polaron formation at different polaronic configurations is
demonstrated in Figure S6. Moreover, hole polaron formation also changes the oxidation state of
that particular O site from 02~ — 0~. It is known that the catalytic activity gets influenced by
changes in the local environment, including oxidation state and bond length®. Clearly, the
simultaneous variation in oxidation state and Ti— O bond length in the vicinity of active site will
significantly impact the kinetics of the OER reaction, a topic that will be discussed in a later
section. Figure 2(b) shows the thermodynamic stability of a polaron at different configurations of
TiO; (110) surface, where we used equation (1) to estimate the thermodynamic stability of the
polaron. As described in the Computational Methods section, a negative formation energy
represent a stable (exothermic) defect. We have referenced the bulk hole polaron formation energy
to a configuration where hole polaron is deep inside the surface. The hole polaron formation energy
in TiO2 bulk is —0.56 eV. On the other hand, we have calculated the hole polaron formation energy
(from total DFT energies) for subsurface, axial, equatorial, and bridge O site polarons are
—0.33 eV, 031elV, 0.01eV, and —0.67 eV, respectively. Clearly, bulk and bridge site hole
polarons are thermodynamically the most stable. The subsurface (2nd layer) position is also the
274 most stable polaron configuration followed by equatorial positions and then by the axial

position as the least stable one among the configurations considered. Even though, these energies
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are derived from a purely static point (no applied potential or configuration entropy is involved)
of view, they can yield some insights into the polaron defect population in a surface in a dynamic
situation. Since equilibrium defect concentration (c) at temperature 7 follows Boltzmann

distribution as 339,

(4
¢ = N exp\ K87/, (2)

where N represents the number of associated atomic sites, AGy is estimated energy for

formation of a hole polaron (see Figure 2b), and Kz Boltzmann’s constant it is evident that hole
polarons are most likely to form at the bridge sites on the surface followed by the bulk atomic
sites. There is less chance for hole polarons forming at subsurface position by ~ four orders of
magnitude at room temperature. The chances of forming hole polaron in equatorial and axial
position are even lower. Additionally, the bridge hole polarons are clearly thermodynamically
more stable than hole polarons that are beneath the surface, suggesting preference of polaron

hopping towards the surface given enough energy from thermal excitations.

Such behavior contrasts with the type of conduction seen in non-polaronic semiconductors like
silicon (Si), where conduction occurs through band type conduction. For rutile TiO, it was
demonstrated by Deskin et al.?° that hole polarons have significant ~ 0.5 — 0.62 eV site to site
hoping barrier. Cheng Cheng et al*. showed that when CO is adsorbed on the active sites of the
surface, electron polarons located in the bulk or subsurface can hop to active surface sites through
a thermally driven site to site hopping mechanism. It is important to note that our study did not
involve any transport or barrier calculations of polarons. Instead, we focused on assessing changes

in free energy at each step of the OER process as discussed next.

So far, we have discussed hole polaronic geometries and their thermodynamic stability. Now,
we will discuss the relative position of polaronic states since they play crucial role in
photocatalysis, optoelectronic and other photo-driven applications. In general, the electronic
structure of metal oxides relies on crystal symmetry, metal — oxygen bonding, and atomic orbital
hybridization. An ideal crystal consists of filled valence band and unoccupied conduction band
separated by a bandgap specific to the metal oxides. However, the presence of defects, like charge
or point defects alters crystal symmetry, metal-oxygen bonding, and orbital hybridization. As a

consequence, these defects in metal oxides create new electronic states within the bandgap. Like
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point defects, a polaron also generates an energy level within the bandgap. The relative position
of polaronic energy level with respect to the band-edges depends on the degree of charge
localization and local lattice distortion. In this work, we estimated the relative position of hole
polaronic energy levels of bulk as well as surface hole polarons in rutile TiO> (Figure-2c¢). The
estimated position of the bulk hole polaronic energy level is approximately 1.1 eV above the
valence band maximum (VBM). Through a nonempirical and self-consistent optimization of
Hartree-Fock exchange, A. R. Elmaslmane et. al.>” also estimated the charge transition level (CTL)
of bulk hole polaron at (1.18-1.23) eV above VBM in anatase TiO,. We also estimated surface
polaronic energy level of hole polarons at different position in rutile TiO2 (110) surface. shows the
relative position of hole polaronic states calculated with respect to the common vacuum energy

level®® (For detail, see Figure-S7).

Among all the hole polarons considered for (110) surface, the axial hole polaron generated a
shallow defect level relative to valence band edge (AE = 0). Here, AE is the energy difference
between polaronic state and valence band edge which determines how easily a defect level can be
ionized. Equatorial hole polaronic level is located near to VBM (AE = 0.2 eV). Unlike axial and
equatorial hole polaron, subsurface and bridge hole polaron generate deep defect levels within the
band gap. For subsurface and bridge hole polaron, AE is approximately 0.5 eV and 0.95 eV,
respectively. Therefore, the axial hole polarons will be easily ionized via thermal excitations at
room temperature, while bulk, subsurface, and bridge hole polarons will be more difficult to ionize.
However, surface, solvent and thermal effects may improve the utility of such deep lying polarons.
Moreover, they might act as a recombination center for minority carrier, in this case, electrons. As
shown in Figure 2(c), even though the hole polaron energy levels are far below with respect to
water redox potential (H>0/0O.), they (except axial and equatorial hole polaron) might not be driven

to OER active - sites due to the localized and deep nature of associated polaronic energy level.
OER mechanism with polaron on rutile TiO; (110) surface

The overall PEC water splitting reaction can be written as

2H,0(1) — 2H,(g) + 0,(9). 3)
The two half reactions: water oxidation (oxygen evolution reaction, OER) and reduction
(hydrogen evolution reaction, HER) that occur at the anode and cathode, respectively, and can

be expressed as follows:

10
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Acidic OER: 2H,0 —» 0, + 4(H* + e7) (4)

Acidic HER: 4H* + 4e~ - 2H, (5)
Based on equation (4), OER is a four protons coupled four electrons transfer (PCET) process, and
each PCET requires at least 1.23 eV energy under standard equilibrium conditions. Therefore, the
complete OER requires at least 4.92 eV (i.e., 4 x 1.23 eV) minimum energy to split two H>O
molecules into one O> molecule. The overall acidic OER single site mechanism can be divided

into four separate steps'4.

R1: H,0 +*—> OH" + (H* + e7) (6)
R2: OH* - 0*+ (H* + e7) (7)
R3: 0"+ H,0 - O0OH*+ (H* + e7) (8)
R4: OOH* » * +0,+ (H" + e7) 9)

Where * represents an empty active site and X" represents adsorbate X at the active site. We
calculate the associated Gibbs free energy change for every reaction involving intermediate

adsorbates i.e., OH*, O*, and OOH* using previously developed method!#>°.

AGry = AGyo. — AGy,oq) — eU + KpT In(10) pH (10)
AGr, = AGy, — AGyp, — eU + KT In(10) pH (11)
AGrs = AGyoo. — AGy. — eU + KT In(10) pH (12)
AGgy = MGy, — AGyoo. — eU + KT In(10) pH (13)

In this work, we estimated Gibbs free energy change for reactions (6-9) at pH= 0, T = 298K,
and under no applied potential i.e., U =0V vs. standard hydrogen electrode (SHE). The

theoretical OER overpotential which is a metric of OER catalytic activity is defined as-

11
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Figure 3. Schematic diagram of OER pathway considered in this study. (a) OER at five
coordinated Ti (Ticus) active site and (b) at two coordinated bridge oxygen (Op) active site. OER
at bridge oxygen site is associated with oxygen vacancy creation at bridge site which is shown by
the black arrow. The creation of oxygen vacancy releases two extra electrons which eventually
reduce two subsurface Ti— site (Ti**) and form electron polaron as indicated by the green-colored
sphere. The oxygen sites which are indicated by 1-4 are the sites where hole polaron formation is
considered in this study.

The theoretical OER overpotential in Volts is then defined as:

Max(AGRi)/

n(V) = e—123V (14)

In order to understand hole polaron mediated OER, we examined OER on a clean TiO> (110)
surface with and without a hole polaron. It is important to note that the presence of a hole polaron
represents OER under illuminated conditions, whereas its absence indicates OER under dark
conditions. The TiO2 (110) surface consists of two active sites: five coordinated Ti site (Ticus) and
two coordinated oxygen bridge-site (Oyp) (see Figure 2a). In this study, we explored OER on both
active sites separately, and Figure 3(a-b) shows the OER mechanism involving the Ticys and Oy
active site, respectively. We used a clean surface for the OER study because surface Pourbaix
diagram indicates that the clean surface is more stable than a *H and *OH covered surface (see

Figure S8).
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For the OER at Tics site, the Ticys site is involved in each step as shown in equation (6-9).
However, OER at the Oy active site is initiated with one bridge site oxygen vacancy (shown in
Figure 3b and Figure 4) which is later occupied by OH from H>O dissociation®*, and the
subsequent OER steps are similar to the steps as the Ticys site. It is important to note that the bridge
oxygen vacancy created in the first step releases two extra electrons which eventually form two
electron-polarons located at two subsurface Ti atoms then reducing themselves from Ti*t —
Ti3*(shown in Figure 4). The subsurface electron-polaron formation at Ti sites in reduced TiO:

(110) surface was previously confirmed experimentally’* as well as theoretically?6->2,

2652 of subsurface electron

Herein, we also benchmarked previously reported theoretical studies
polaron formation at Ti sites in a reduced TiO> (110) surface (Figure 4). We tried different surface
as well as subsurface Ti sites as the electron trapping center. Among all the configurations
considered in this study, the lowest energy configuration agrees well with previously reported

subsurface electron polaronic structure?>2

. Figure 4 shows the lowest energy subsurface electron
polaron structure with one bridge oxygen (Oy) vacancy. The details of subsurface electron polaron
formation at different surface as well as subsurface Ti atoms are presented in the Figure S9. When
an *OH molecule attaches to the vacant site, it causes one of the subsurface Ti-sites having +3
oxidation state to oxidize into Ti** state. On the other hand, when an O* binds to the vacant site,
the remaining subsurface Ti3" site undergoes oxidation to become Ti**. The original arrangement

of the two subsurface Ti3" sites is restored when an O molecule leaves the surface in the final step

of the OER reaction (see Figure 3b).

O-vacancy O-vacancy

Figure 4. Visualization of subsurface electron polaron at Ti-site. (a) Ball and stick model and (b)
wire-frame model. The bridge oxygen vacancy on top of the surface is shown as black arrow and
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dotted circle. The yellow iso-surface represents electron polaron at Ti-site and the iso-surface is
drawn with an iso-surface value of 0.005 eA™.

For an ideal catalyst, the overpotential (1) is defined as zero, which means that AGg, =
AGr, = AGrz = AGr, = 1.23 eV. In the present study, we calculated the Gibbs free energy
change as well as estimated the OER overpotential considering scenarios with or without hole the
polarons on the TiO2 (110) surface. In Figure-5(a-b), we present the computed OER free energy
landscape for the Ticus and the Oy sites, respectively. In both scenarios, we established a baseline
using a surface devoid of the hole polaron, representing what we term "dark conditions." From this
baseline, we charted the free energy curves for the surfaces containing a hole polaron, representing
illuminated conditions, at different O-sites (indicated by 1- 4) within the surface as shown in

Figure 3.

For Ticus site OER, we stabilized the hole polaron at four distinct positions (marked as 1- 4 in
Figure 3a and 5a) and calculated the corresponding relative OER free energy. For the Oy site
OER, we exclusively stabilized the hole polarons at the surface bridge site in two different
locations — one positioned far from the active site and the other in the vicinity of the active site
(see Figures 3b and 5b). As depicted in Figure 5(a), the presence of a hole polaron within the
surface enhances the stability of *OH, regardless of its position. Conversely, *O becomes less
stable with a surface hole polaron, except when the hole polaron is in an equatorial position. In
this case, *O becomes slightly more stable compared to the scenario without a hole polaron.
Consequently, the difference in Gibbs free energy AGg, (= AGy, — AGyp, ) is higher when a
surface hole polaron is present, except in the case of an equatorial position. As demonstrated in
Figure Sa, step R2 emerges as the rate-determining step (RDS) for the Ticus site- OER. Therefore,
all hole polaron configurations, excluding the equatorial one, increase the OER overpotential. Only
the equatorial hole polaron reduces the OER overpotential by approximately 4.6% compared to

the absence of a hole polaron within the surface.

Analysis of the OER activity at the Oy site. Here, we exclusively focused on hole polarons at
the surface bridge site, positioned in two ways — one farther from the active site and the other
nearby. In Figure 5b, *OH exhibits greater stability regardless of the hole polaron's position. We
find that O* becomes more stable when the hole polaron is near the active site but less stable when
it is farther away. The situation is the opposite for *OOH, where a hole polaron far from the active

site
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Figure 5. Diagrams of relative free energy landscapes for OER pathways considered in this study.

(a) OER at five coordinated Ti (Ticus) active site and (b) OER at two coordinated bridge oxygen

https://doi.org/10.26434/chemrxiv-2023-cm4p3 ORCID: https://orcid.org/0000-0001-9162-537X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

15


https://doi.org/10.26434/chemrxiv-2023-cm4p3
https://orcid.org/0000-0001-9162-537X
https://creativecommons.org/licenses/by-nc-nd/4.0/

(Oy) active site. The dashed lines serve as guide only. The calculated reaction energies for OER

at both Ticus and Oy sites are presented in Table S1 and Table S2, respectively.

enhances stability compared to the scenario without a bridge hole polaron. As depicted in Figure
5b, step R3 serves as the rate-determining step (RDS), leading to a reduction in OER overpotential
with a hole polaron positioned far from the active site, compared to the absence of a bridge hole

polaron. This configuration lowers OER overpotential by approximately 6.5%.

The impact of hole polarons on OER activity is further highlighted in the OER activity plot,
shown in Figure 6a. This volcano type plot provides a visual representation of the changes in OER
onset potential. The plot shows the surface associated with the equatorial polaron has a slight
upward shift towards the top of the volcano in the onset potential. This shift signifies that hole
polarons at these specific positions effectively decrease the OER overpotential. Indeed, these
configurations lead to a reduction in OER overpotential by approximately 0.06 and 0.12 eV (4.6-

6.5)% compared to the scenario without the hole polarons as illustrated in Figures 6b,c.

(a) 1.25 . .
] Theoretical OER onset potential (b) OER Ti,,, - site c OER 0, - site
1.50
16 1.85
1.75 4 =
%; 15 @ 18
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s S 4 S175
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Figure 6. OER activity plots. (a) Volcano plot for OER onset potential. The left-hand side leg
corresponds to Oy site OER and right-hand side leg corresponds to Tics site OER. (b) OER
overpotential for Ticus site OER and (c) OER overpotential for Oy site OER. In both cases, dark

conditions (without hole polaron) overpotential was considered as a reference.

CONCLUSIONS

In this study, we applied DFT+U theory fitted to hybrid DFT to conduct a comprehensive
simulations of surface polaron formation and describe the complex polaronic OER mechanism on
a rutile TiO; (110) surface. We identify the thermodynamic stability of hole polarons at various

oxygen sites, particularly emphasizing their propensity for bulk, bridge and subsurface oxygen
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localization. Obtained polaronic energy levels revealed deep defect levels for most configurations
within the bandgap, while axial and equatorial hole polarons exhibited shallower behavior. These
hole polarons were demonstrated to stabilize *OH and *O species on the surface, albeit with varied
impacts on the OER overpotential. Notably, two configurations showcased reduced overpotential
in comparison to non-polaronic conditions. Hole polaron at equatorial (for Ticus site OER) and far
away bridge site (for Oy site OER) observes approximately (4.6 — 6.5) % OER overpotential
reduction. We have also shown that equatorial polaron has a shallow location near the VBM which
can be easily ionized for use in OER. Surface bridge oxygen site in the OER mechanism involves
subsurface electron polaron formation at Ti site during turnover. Although this study did not yield
significant OER enhancement, it offers important insights into polaronic OER within transition
metal oxides and related metal chalcogenides. This work underscores the pivotal role of polarons
in carrier separation and catalytic activity, holding promise for advancing PEC H>O splitting

technology and contributing to a carbon-free, green energy economy in the 21st century.
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