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Abstract

We study the electronic properties of lead-free layered Cs;Bi, Brg (CBB) perovskite, which has
recently emerged as a promising material for photocatalysis. Our investigation, prompted by
optical measurements suggesting self-trapping of excess charges and corroborated by ab initio
electronic-structure calculations and molecular dynamics simulations, reveals that photogener-
ated electrons are assimilated in the material as small polarons, a consequence of sizable structural
reorganization of both the inorganic sublattice and of A-site cations. The electron polaron exhib-
its an energy level at 0.6 eV below the conduction band edge, which is consistent with the physical
picture ensuing from spectroscopy, and is suitably aligned with respect to redox potentials associ-
ated with common photoreduction processes. Estimation of the electron mobility, in the frame-
work of polaron hopping, indicates a remarkable anisotropy, with interlayer movement of electron
polarons being at least two orders of magnitude slower than intralayer diffusion. This suggests that
heterojunctions, separating holes and electrons, are the most viable architecture to exploit CBB for
photocatalysis, and that morphology as well as loading and size of CBB nanostructures are key in
determining whether photogenerated electrons might reach the relevant interface or be lost due to
recombination.

1. Introduction

The global pursuit of climate neutrality, coupled with the increasing demand for energy, is driving the
development of novel materials for the sustainable production of green fuels—such as hydrogen (H;)
via water splitting—to reduce the dependence on fossil fuels [1, 2]. Among the wide range of green
methods that have been proposed to produce high value-added chemicals, one of the most ambitious
is surely heterogeneous photocatalysis [3-6]. Its working principle relies on the use of solar energy cap-
tured by a semiconducting material, the photocatalyst, to induce chemical reactions at its interface with
the reactants, typically immersed in an aqueous environment [6]. Reaching an efficiency sufficient to
allow for large-scale applications depends upon the fulfillment of a wide set of requirements. If we only
focus on the semiconductor to be employed as a photocatalyst, these include but are not limited to:
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(i) long lifetimes and high mobility of charge carriers [7-9], (ii) alignment of the semiconductor band
edges with the electrochemical potentials associated with redox reactions to be catalyzed—e.g. reduction
(H,O/H,) and oxidation (O,/H,0) reactions for water splitting [10~14]—and (iii) semiconductor sta-
bility in aqueous environment [12, 13, 15, 16]. Therefore, notwithstanding the rich diversity in candidate
semiconductors, which sees an incessant expansion also thanks to recent advances in machine-assisted
material discovery [17—19], an optimal solution has not been found yet.

In this context, metal halide perovskites (MHPs), which have emerged in the last 20 years as a valid
alternative to silicon for photovoltaics [20-23], have started to show their potential also in photocata-
lysis. Indeed, archetypal tin and lead-based perovskites were found to suffer from issues, such as mois-
ture sensitivity, facile oxidation, and metal leakages in the environment (particularly noxious in the case
of lead), which prevented from their use in heterogeneous photocatalysis [24—26]. Alternatives, such
as double perovskites, although displaying improved stability, typically feature an indirect band gap,
low absorption coefficients and require careful tailoring of defects to achieve desirable properties [27].
However, the recent synthesis of lead-free and water-stable MHPs has sparkled a novel interest towards
photocatalytic applications of this class of materials, in virtue of their outstanding and highly tunable
electronic properties coupled with inexpensive manufacturing costs [28, 29]. While pioneering work on
the subject achieved long-term stability only when using highly concentrated halogen acid solution [30,
31] (to avoid halogen loss) and/or overlayers/encapsulation [32, 33] (to avoid material’s degradation),
recently synthesized perovskites not only overcome such limitations but also show promising photocata-
lytic activity for a plethora of redox reactions [34—40]. These results, in some cases, have been ration-
alized in terms of unconventional reaction mechanisms involving polaron formation at the heterogen-
eous interface [41, 42], in a fashion similar to what has been recently observed also for transition metal
oxides [43]. In this framework, vacancy-ordered layered perovskites are considered to be among the most
promising MHPs for photocatalysis [44—46]. These materials feature trivalent metal ions, typically Bi**
or Sb>*, instead of the commonly used divalent Pb>** and Sn>*. For this reason, they do not crystallize
within the usual tridimensional structure, typical of ABX; perovskites [47], where B is a divalent metal,
X is a halide and A is the so-called A-site cation, either inorganic (e.g. Cs™) or organic (e.g. methylam-
monium). Instead, they form quasi two-dimensional layers with the A;B,Xy stoichiometry, while the
bulk material is indicated as A3;B,[]Xqo where [] signals the presence of ordered, interlayer B vacancies,
preserving the charge neutrality. One important example is Cs3Bi,[]Brg (CBB in the following), which is
one of the most studied compound in this class of materials [44—46, 48]. CBB features a layered struc-
ture composed of corner-sharing BiBr,™ octahedra, with Cs cations occupying the resulting cuboidal
cages (figure 1(a)).

When used in heterojunctions with other semiconductors (e.g. g-CsNy [35]), CBB has proved to
boost the efficiency of several photocatalytic processes, including water splitting [35, 49], CO, reduction
[49-51], and degradation of organic molecules [52-54]. Furthermore, halogen substitution, metal alloy-
ing with Sb, and doping have been deployed to improve the performance of CBB and extend its applica-
tion also to light-emitting devices [55-60]. Nevertheless, some aspects of the experimental findings have
not been properly understood, in particular the puzzling trend observed for the efficiency versus CBB
perovskite loading in the heterojunction: this features a maximum, usually at low loadings and then a
steep decrease at higher perovskite concentrations [35, 49]. It has been suggested that polaronic localiz-
ation in CBB may play a role in this phenomenon [35] but an in-depth characterization of the polaron
energy levels at room temperature, which is necessary considering the soft nature of the lattice in this
material, has not been achieved yet. Furthermore, the origin of the anisotropy in transport properties,
which has been suggested by experiments and calculations in affine materials [61, 62], has not been elu-
cidated. Nevertheless, such a knowledge is necessary to understand measurements and assist the design
of more efficient photocatalysts and heterojunctions.

We here investigate the electronic properties of layered CBB with a focus on the formation and trans-
port of electron polarons. Building on spectroscopic observations of self-trapping of charge carriers upon
photoexcitation, we employ electronic-structure calculations and molecular dynamics simulations based
on hybrid density functional theory (DFT) to demonstrate that photogenerated electrons localize as
small polarons, stabilized by structural rearrangements involving both the inorganic sublattice and A-
site cations. We further characterize the energetics of the polaronic state, which is found at 0.6 eV below
the conduction band of CBB, and it is suitably aligned with redox potentials relevant to photocatalytic
reduction processes. To address transport, we combine polaron hopping theory with kinetic Monte Carlo
simulations, revealing a pronounced anisotropy in electron mobility: interlayer diffusion is found to be
significantly slower than the intralayer process. Given the sluggish intralayer mobility, excessive thick-
ness along the stacking direction should be avoided, as electrons generated deep within the bulk of the
material may recombine before reaching the reactive interfaces and are unlikely to contribute effectively
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Figure 1. (a) Stick and ball representation of the tetragonal supercell employed to model Cs3Bi,[ |Bro (CBB). Bismuth in grey,
bromine in red and cesium in violet. (b) Tauc plot for direct band gap evaluation, calculated using the Kubelka—Munk function
from diffuse reflectance data (see main text). (c) Normalized photoluminescence and absorbance spectra of CBB thin film. (d)
Photoluminescence emission decay and exponential fit for as prepared CBB thin film.

to photocatalysis. We also examine the role of intercalating defects, showing that Bi interstitials can even
worsen transport as they form deep traps in the gap. Taken together, our results establish a microscopic
picture of charge localization and transport in CBB and highlight the growth, structural, and morpholo-
gical factors that must be considered to optimize its photocatalytic performance.

The article is organized as follows: in section 2 we discuss the spectroscopic characterization of
CBB thin film; in section 3, we demonstrate, via ab initio simulations, the occurrence of small electron
polarons in CBB and discuss the related energy levels; transport properties of the electron polarons are
analyzed in section 4. Finally, the conclusions are drawn in section 5.

2. Spectroscopic characterization of CBB

We first briefly discuss the optical properties of a 150 &= 5nm CBB thin film, which has been synthet-
ized under stoichiometric conditions (see section S1 of the supplementary information (SI) for details of
the synthesis). We here employ diffuse reflectance spectroscopy (DRS), as well as steady-state and time-
resolved photoluminescence (PL) spectroscopy (see section S1 of SI). DRS is employed to record the per-
centage reflectance (%R) of the CBB thin film, as shown in figure S1. The reflectance, R, is measured
and converted into the Kubelka—Munk function (KM) using the following formula:

(1-R)’

2R )

KM =

The KM function is proportional to the absorption coefficient and is used to evaluate the optical band
gap of the CBB thin film. A Tauc plot is constructed by assuming a direct allowed transition, as shown
in figure 1(b). The plot reveals an optical band gap of approximately 2.79 eV, indicating that the CBB
thin film exhibits strong absorption and efficient electron excitation in the visible region [60, 63]. The
optical gap is excitonic in nature as CBB is known to display an exciton binding energy of ~ 0.3 eV
[64]. In a previous report, some of us found that the optical band gap of CBB powders synthesized

by chemical and mechanical methods was approximately 2.64 eV [53]. The slight increase observed in
the band gap of thin film can be attributed to differences in the form of the material and the synthesis
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procedures. Factors such as film thickness, substrate-induced strain, and the annealing process in the
CBB thin film may contribute to shifts in localized excitons within the band gap.

Next, we analyze the recorded absorption and emission spectra of the CBB thin film, as shown in
figure 1(c). A single prominent emission peak is observed in both cases, i.e. no additional peak associ-
ated with defect states is present in the spectra, indicating the high crystallinity of the sample and min-
imal structural defects. This observation also suggests that the absorption and recombination processes
are dominated by intrinsic transitions rather than defect-related transitions. We find that the absorption
spectrum peaks at 2.85eV while the emission is centered at approximately 2.66 eV, consistent with a pre-
vious report of some us [35], with a tail up to 2.2 eV.

To further probe the charge dynamics of photoexcited carriers, we perform time-resolved PL (TRPL)
measurements. The decay profile is well fitted by a multiexponential function, with an R? value of
approximately 0.999. The average carrier lifetime is calculated to be 5.09 ns, as shown in figure 1(d).
This short lifetime is characteristic of a direct band gap semiconductor and indicates efficient radiative
recombination of photogenerated electron-hole pairs [65], further supporting the steady-state PL obser-
vation of a single emission peak. These findings strongly suggest the high optical quality of the CBB thin
film and highlight its potential for optoelectronic applications where such properties are desirable [58].

Comparison with the absorption and emission spectra suggests that the red-shifted emission can be
associated with the evolution of the exciton towards a self-trapping of charge carriers, in a fashion sim-
ilar to other perovskites and perovskite-related materials [66—70]. In this regard, previous computational
results suggest that electron polarons are stable in CBB, while holes do not localize [35, 49]. However,
the strong Coulomb interaction in the excited state might bring to self-trapped excitons, in which both
the charge carriers are localized [68, 71, 72]. We verify computationally that this is not the case for CBB,
as we estimate an ephemeral stability for the self-trapped exciton, which is likely to be swiftly dissociated
at room temperature (see section S2 of SI).

Overall, the experiment and these preliminary computational results suggest that the observed emis-
sion may be related with a hole from the valence band recombining with a small electron polaron [35].
This picture is also consistent with CBB being very efficient in transferring its holes to other semicon-
ducting materials in heterojunctions, while the electrons need to migrate to the interface with liquid to
catalyze heterogeneous redox reactions [35]. Therefore, we next focus on a detailed study of the energy
levels of electron polarons in CBB as well as the associated electron mobility which are fundamental to
understand the efficiency of this material for heterogeneous photocatalysis. This will be the subject of the
following sections.

3. Structural and electronic properties of small electron polarons in CBB

We model bulk CBB using a tetragonal supercell (a = 15.944 A, b = 27.616 A, and ¢ = 19.374 A, cor-
responding to the experimental density [35, 73]). Starting from the neutral supercell at room temper-
ature, as achieved from a previous simulation [35], we carry out a 9 ps molecular dynamics (MD) run
for the system in which an additional electron is injected. We use the CP2K suite of programs [74-77]
and carry out the calculations with a non-empirical hybrid-DFT functional, [78, 79] which has proven
to accurately reproduce the electronic properties of CBB. (see [35] and section S3 of SI for thorough
computational details).

By monitoring the time-dependent evolution of the highest singly occupied molecular orbital
(SOMO) of the negatively charged system, we clearly observe a localized state in the band gap of the
material, below the conduction band maximum (CBM). This is preserved throughout the MD simula-
tion, see figure 2(a). The position of the SOMO energy level shows oscillation on a sub-picosecond time-
scale, while the cumulative average appears to be fairly converged in the considered time span (as also
is the energy of the supercell, see figure S3). The electronic density of states (DOS) averaged over the
entire MD trajectory (figure 2(b)) features a broad peak centered at 1.054+0.01 eV below the CBM of the
material (error calculated via block analysis [80], see figure S4). The isodensity representation of the spin
density (figure 2(c)) and the electron localization function (figure S5) reveal electron localization and
thus polaron formation in a single BiBr, ~ unit, associated with local and sizable distortions (vide infra).
Notwithstanding the large spread in the energy levels observed, evidenced by full width at half maximum
of 1.01 eV, we note that no significant differences are observed in the extent of charge localization when
sampling the spin density associated with structural configurations representing different positions in the
distribution (see figure S6).

Having established the occurrence of a small polaron in CBB, we then investigate the nature of the
local geometrical distortions for the polaron-bearing unit. In this regard, we note that we do not observe
any hopping event during the MD simulation, i.e. the polaron remains on the same site in which it has
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Figure 2. (a) Time-dependent evolution of the SOMO energy level of the CBB supercell with an extra electron, as calculated from
MD simulation (blue curve) and cumulative average (red curve). (b) Electronic DOS averaged over the MD trajectory for the
polaron energy level. All energy values are referred to the position of the CBM of the neutral system. (c) Isodensity representation
of the spin density for the system bearing the polaron (isovalue: 0.001).

been primarily formed (see figures S7 and S8 showing that the polaronic distortion is retained on the

same site throughout the MD trajectory). In figure 3(a), we report the distributions of Bi-Br distances
for the polaronic Bi and for Bi ions in the neutral supercell, highlighting a clear difference. We observe
two peaks for the pristine bulk, related to Bi-Br bonds involving single-bonded and bridging Br atoms
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Figure 3. Distributions of (a) Bi-Br and (b) Bi—Cs distances for the Bi bearing the polaron (blue lines) against those of Bi in the
neutral supercell (red lines). Inset of panel (b) provides a depictions of the displacements of Cs ions towards the polaron site. (c)
Histogram showing the percentage of configuration with Br coordination numbers of three, four, five and six for the polaron.

A cut-off radius of 3.3 A is employed to define a coordinating Br (see main text). (d) Heat map of the polaron binding energy
associated with different coordination numbers (three, four, five, and six, respectively) of the Bi bearing the polaron. For each, the
binding energy is calculated vs. the standard deviation of Bi—Br distances.

in the octahedral unit, the former peaked at slightly longer distance than the latter (~ 2.7 A vs. ~ 2.8 A).
At variance with this, Bi-Br distances for the polaron are found to shift towards higher values. In par-
ticular, the second peak is sensitively broadened, well beyond the value for Bi—Br bond lengths in the
neutral material, thus suggesting one or multiple bonds being broken.

Next, we consider the distribution of Bi—Cs distances, given in figure 3(b). The polaron appears to
exert a marked attraction on the surrounding Cs ions, as we observe the appearance of a shoulder at
lower distances (up to ~ 1 A with respect to the neutral material). This phenomenon is connected with
most of Cs ions being displaced from their position (see inset of figure 3(b)), in close resemblance to a
solvent response, typically observed in solutions [81-83]. We can roughly determine the contributions
of these motions to the global energy level of the polaron, by carrying out calculations on a subset of
structural configurations in which we exchange the position of the Cs ions with the average ones from
neutral MD simulation. Recalculation of the energy levels provides a difference of 0.19 eV, which can be
estimated as the contribution of Cs ion displacement to the total polaron stabilization.

To further verify the connection between the calculated energy level and the local distortions, we
analyze the coordination number of the Bi bearing the polaron, defined with a cut-off distance of 3.3 A
for Bi-Br bonds, i.e. beyond the threshold of the respective distribution. From the histogram in figure
3(c), we observe that, in contrast to the neutral bulk, for which each Bi has always six-fold coordination,
the polaron site features a majority of four-fold (39.0%), five-fold (37.2%) and even three-fold (12.9%)
coordination with only exiguous fractions of structural configurations displaying six (10.9%) coordin-
ating Br ions. Then, we analyze the energetics in conjunction with the coordination number and the
local distortion. For the latter, we consider the standard deviation of the distances between the Bi atom
and six Br first neighbors. The heat-map presented in figure 3(d) evidences that less (more) coordinated
and more (less) distorted structural configurations entail a higher (lower) stabilization of the polaron,
thus justifying the observed broad peak in figure 2(b), which essentially stems from the soft nature of
the CBB lattice. Such a result is also qualitatively consistent with the broad peak showing a pronounced
tail, as observed in the emission spectrum.
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Then, we calculate the polaron energy levels using the grand-canonical formulation of defects in
crystalline semiconductors [84, 85], in which the formation energy of a defect X with charge g in the
relaxed nuclear coordinates R, is:

Gi [X (R )] = G [X (Ry)] — Glbul + S g +a(ev b )+ Eon X (Rea)] . )

In equation (2), G[bulk] and e, are the free energy and the valence band maximum of the neutral bulk
semiconductor, respectively; G[X(R,,q)] the free energy of the supercell bearing the defect with charge
q, i the chemical potential of the species i added/subtracted from the supercell n; times, i, the chem-
ical potential of the electron, and Ecorr[X(Ry,q)] a correction term which cleanse the DFT total energy of
charged supercell from the spurious electrostatic interactions among periodic replicas (see section S3 of
SI and (84, 85] for details on the correction scheme).

We can describe the process of electron polaron formation in a defect-less material via the following
half-reaction:

CBB+e~ — pol(—). (3)
It follows that the adiabatic energy level associated with the (—1/0) charge transition level reads as: [86]
praa (=/0) = G[pol (R, =1)] 4 Ecorr [pol (R—1, —1)] = G [bulk] — ey, (4)

where G[pol(R_;,—1)] is the free energy of the supercell with the electron polaron and
Ecorr[pol(R-1,—1)] the finite-size correction associated with it. The free-energy difference appearing

in equation (4) is calculated from MD simulations using the thermodynamic integration technique, by
which we evaluate this equilibrium property from the energy differences related with vertical transitions
for the pristine bulk, the polaronic system, and fictitious systems connecting them via the following
Hamiltonian H,, as: [87]

Hn = anol + (1 - 77) 7'lpristinea (5)

that allows mixing those of the reactants and the products via the Kirkwood coupling parameter

0 <71 <1 [87]. From equation (5), it is possible to perform MD simulations for different values of 7,
obtaining the respective trajectories R,,. Then, for each R,, we can calculate the average vertical energy
difference associated with injection/removal of an electron: [88, 89]

(AE), = E[(Ry, —1)] — E(Ry,0)]. (6)

Integration of these vertical energy gaps over n provides us with the free-energy estimate:

Glpol (R_1,—1)] — G[bulk] = / 1<AE>ndn 7)

We here use a three-point approximation (7 =0, 0.5, 1) to evaluate the thermodynamic integral, as it
offers a good balance between accuracy and computational efficiency [90, 91]. (AE)¢ and (AE); corres-
pond to vertical injection of an electron onto the pristine CBB and to vertical ionization of the polaron,
respectively. While the former represents the sampling of the semilocalized conduction band edge, the
latter gives the vertical detachment energy of the polaron, which reads as:

fiver (—/0) = (AE)R_, + Ecore [pOl (R—1,0)] — Ecorr [Pl (R—1, —1)] — €y, (8)

where Eqop[pol(R_1,0)] is a correction term necessary to get rid of the ionic polarization charge, remain-
ing in the neutral supercell after vertical removal of the electron from the system bearing the polaron
(see section S3 of SI and [92]). Finally, the adiabatic and vertical polaron binding energies, i.e. the
energy gains upon localization of the electron with respect to the semilocalized conduction band edge
(ec) are:

E [pol (—)] = €c — ptad (—/0) , (9)

Ey" [pol (—)] = €c — piver (—/0), (10)
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Figure 4. (a) Average vertical energy gaps between reduced and oxidized system, (AE), as a function of the Kirkwood coup-
ling parameter 7). Values are referred with respect to the vacuum level. (b) Schematic representation of the band alignment for
CBB [35], including the adiabatic and vertical charge transition levels of the electron polaron and redox potentials of interest for
photocatalysis.

The calculated quantities, referred with respect to the band edges of CBB, are then expressed against
a physical reference, employing the band alignment from [35], which places the valence band max-
imum (VBM) and CBM of the perovskite at 5.79 and 2.79 eV below the vacuum level, respectively, see.
figure 4(b). Hence, our calculated 11,4(—/0) and fiyer(—/0) are found to lie at 3.30 and 3.79 eV below
the vacuum level, implying polaron binding energies of 0.49 and 1 eV, respectively. The adiabatic value
is 0.11 eV smaller than that calculated at 0 K [35], suggesting that thermal motions slightly destabilize
polaronic localization. The position of the polaronic energy levels is consistent with the interpretation
of the emission spectrum measured for the thin film, i.e. radiative recombination between the electron
polaron and a hole from the VBM. For instance, we also perform time-dependent DFT [93, 94] calcu-
lations (see section S3 of SI for details) on a charge-neutral supercell bearing the polaronic distortion,
in order to evaluate the energetics associated with the emission process, which we ascribe to recombina-
tion of a VBM hole and an electron polaron. Our simulated spectrum, see figure S9, presents a peak at
~22.7 eV, in fair agreement with the experiment, thus confirming the robustness of the proposed physical
picture.

We note that the polaron energy levels are favorably aligned with respect to redox potentials asso-
ciated with H, generation, CO, reduction (4.61 eV vs. vacuum), and N, fixation (4.71 eV vs. vacuum)

8
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[95]. This suggests that CBB could be potentially employed in a variety of photocatalytic processes and
that the reaction mechanism is likely to be mediated by polarons at the water-semiconductor inter-
face. Furthermore, CBB might also work as photoanode, due to the adequate alignment of its VBM
with commonly studied oxidation processes in heterogeneous photocatalysis, such as the water photo-
oxidation (5.67 eV vs. vacuum) and denitrification of nitrate to N, (5.68 eV vs. vacuum) [95]. We pin-
point that charge carriers should be able to migrate toward the relevant surface for the reaction to take
place. However, the occurrence of small polarons in the bulk suggests that photocatalytic activity might
be jeopardized by the limited mobility of photogenerated charge carriers, when also considering their
lifetime on the nanosecond time scale.

4. Migration of small electron polarons in CBB

Polaron dynamics is here modeled considering a two-state model [96]. Within this approach, the ini-
tial and final states, A and B, corresponding to charge localization on two different sites, are connected,
along a generalized coordinate Q, by a transition state (TS), see figure 5(a). Under the harmonic approx-
imation, diabatic potential energy surfaces associated with states A and B exhibit quadratic dependence
on the reaction coordinate Q, intersecting each other at the TS [97]. Within the limit of rapid nuclear
motion, the polaron remains localized on its initial site rather than following the adiabatic minimum
energy path (diabatic limit); conversely, when nuclear dynamics is slower than the electronic one (i.e. at
the adiabatic limit), the system follows the ground-state surface [98, 99]. Given the matrix representation
of the Hamiltonian for the considered two-state model: [100]

H= [EA ]], (11)

J e

where €4 and ep are the single-particle energy levels of the polaron state and J is the coupling strength
between them, the adiabatic states, E, and E;, are described by the eigenvalues and eigenvectors of the
Hamiltonian.

To assess the kinetics of polaron hopping, we adopt the Marcus—Emin—Holstein—Austin—Mott theory,
for which the rate of electron transfer from a polaron site to another is defined as: [101-105]

Eq
kET = kvle T, (12)

In equation (12), « is the electronic transmission coefficient, v the phonon frequency associated to the
hopping process, I' the nuclear tunneling factor, E, the activation energy required to allow polaron
migration, kg the Boltzmann constant and T the absolute temperature. Since nuclear quantum tunneling
is relevant at low temperatures and only for light elements [106], I is assumed equal to unity, similarly
to previous work [106, 107]. k is evaluated according to the following relation [108]:

2P

_ 13
"TI1EP (13)

in which P measures the probability of remaining on the low-energy branch of the adiabatic energy sur-
face after moving toward the TS [108]:

2p
P:l—exp — Tr] . (14)
hv\/47 (Eo + ) ksT
The activation energy for the hopping path, E,, is calculated as:
E, = E(TS) — E(pol), (15)

i.e. the total-energy difference between the TS and the ground-state polaron, see the adiabatic energy
surface in figure 5(a). The minimum energy pathways toward the TS are here explored via the nudged
elastic band method (NEB), [109] which allows to connect the initial and final states through a discrete
number of images of the system (see section S3 of SI for Computational Details). The electronic coup-
ling strength J, see figure 5(a), is estimated as: [100]

J= % [esumo (TS) — esomo (TS)], (16)

9
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energy (eV)

Figure 5. (a) Energy profile for polaron migration showing diabatic (dashed lines) and adiabatic (red and blue solid lines) energy
surfaces, E1 and Es, vs. the configurational coordinate Q (see main text). v (yellow solid arrow) is the attempt frequency, P

(pale blue solid arrow) the transition probability of remaining in the low-energy state, 1 — P (dashed pale blue arrow) the trans-
ition probability of moving to the high-energy state, E, the activation energy for the polaron migration, J the coupling strength
between the single-particle energy levels of the polaron state. (b) Schematic representation of the nearest neighbors of a Bi atom
within the same layer (intralayer, yellow atoms) and on an adjacent layer (interlayer, green atoms). The corresponding arrows
represent the polaron hopping pathways considered in the following analysis, namely intralayer and interlayer polaron diffusion.
Cs ions are not shown for better clarity of representation.

where esomo(TS) and esumo(TS) are the single-particle energy levels for the highest singly occupied
(SOMO) and lowest singly unoccupied molecular orbitals (SUMOs), as calculated at the TS [110].

The phonon frequency involved in the hopping process can be approximated by a one-dimensional
effective frequency [111, 112], within the limit of the high temperature regime (hv < kgT) [106]. It is
evaluated as the second derivative of E vs. Q referring to the initial state Q(A):

(17)

with Q(n) being nth configurational coordinate defined as:

Q) =" mi[r(n); —r(A)[’ (18)

i
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Table 1. Calculated parameters associated with polaron hopping. d (given in A) is the distance between Bi atoms involved in the

hopping process, while AQ is the mass-weighted distance between the initial and final states [given in A -(amu)!/2]. All energies (E,,
hve, ], see main text) are given in meV, kinetic constants are given in s~ ! units.

path d AQ E, hl/eff J K ket
intralayer 5.97 17.7 238 22.1 497 1.0 1.39 -10°
interlayer 7.61 16.3 434 25.2 275 1.0 3.11-10°

where 7 is the ordinal number of each NEB image, m; and r; the mass and the position of the ith atom
involved in the transition. We here note that the calculated mass-weighted coordinate distance between
the initial and final states (i.e. AQ= Q(B) — Q(A)) is large (>10 A -(amu)'/? for all the considered
cases, vide infra and table 1), thus implying that large nuclear motions are required for the electron to
be displaced from one site to another in a physical picture which is fully consistent with semi-classical
polaron hopping [81].

The layered arrangement of CBB gives rise to two distinct types of nearest neighbors for each bis-
muth cation (three intralayer and three interlayer), as illustrated in figure 5(b). Therefore, the presented
methodology is here applied to determine rates for both hopping sites. The results of NEB calculations
are presented in figure 6 and S10, for intralayer and interlayer hopping, respectively. The calculated data,
necessary to estimate the kinetics of polaron hopping, and the respective rates are collected in table 1.
Our results denote glaring differences in intralayer and interlayer pathways, in terms of activation ener-
gies (0.238 vs 0.434 eV) and coupling strengths (0.497 vs 0.275 eV) (see panels (b) and (c) of figures 6
and S9). These results clearly impact the calculated electron transfer rate constants: the intralayer path
displays kgr = 1.39-10° s™! to be compared with the value of 3.11-10° s, thus showing a sizable dif-
ference of almost four orders of magnitude. This can be interpreted in terms of the different hopping
distances (5.97 vs 7.61 A) and the distinct environments accompanying the process. In fact, the elec-
tronic distributions of the TSs corresponding to the two pathways show marked differences: in partic-
ular, the intralayer one exhibits delocalization across both Bi sites involved in the hopping process, while
the other still entails a high degree of localization on the initial Bi site, see figures 6(a) and S10.

Next, we evaluate electron mobility, i, by performing random hopping simulations that are evolved
in the CBB lattice, via the kinetic Monte Carlo (kMC) stochastic algorithm [113], which is often
employed to model diffusion of localized charges within a semiconductor [106, 107, 114, 115]. In this
scheme, the lattice is represented as an ideal network of hopping sites, connected by transitions whose
probability is governed by Arrhenius-like rate constants, derived from the Marcus-Emin-Holstein the-
ory described above. Each kMC trajectory evolves by probabilistically selecting hopping events according
to their rates, and the mean squared displacement (L(¢)?) is monitored as a function of time until the
diffusive regime is reached [116]. As a result of multiple kMC runs, the diffusion coefficient, D, can be
evaluated from the slope of the (L(¢)?) vs. t curve, i.e. formally from equation:

D= fim L)

t—oo 2Nt (19)

where (L(t)?) is the mean squared displacement and N is the dimensionality of the system. Electron
mobility is finally calculated according to the Einstein—Smoluchowski equation [117]:

(20)

where e is the electron charge.

Averaging over 20 000 independent trajectories yields an average electron mobility of
4.57-107°cm*V~!s™!, which falls within the typical range for materials whose transport is dominated
by small polaron hopping, e.g. BiVO, (1.38 - 10~*cm?*V~!s™!) [106], NaTaO; and KTaO; (1.87-10*
and 2.94-10"°cm?V~!s71) [118]. Beyond the absolute value, our analysis evidences a pronounced
anisotropy in polaron transport: while in-plane mobility (on the ab plane) is 3.23- 10 >cm?*V~!s7!,
out-of-plane mobility along the stacking direction is more than two orders of magnitude smaller
(3.08- 107 7cm?V~1s7!). Such a strong anisotropy can be rationalized in terms of the substantial dif-
ferences in the energetics for the corresponding interlayer and intralayer hopping paths.

The combination of low mobility and strong anisotropy has important implications for photocata-
lysis, allowing to explain the loading-dependent performance of CCB-based heterojunctions, which usu-
ally see a dramatic drop in photoconversion efficiency, after reaching a certain threshold in the device
composition. [35, 49, 51] In fact, on the basis of our results it is expected that large CBB domains or
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Figure 6. (a) Isodensity representation of the spin density (isovalue 0.001) for the initial, transition, and final state for intralayer
NN polaron hopping, as calculated from the NEB trajectory. (b) Total-energy profile of polaron hopping along the NEB path
composed of seven images between two intralayer first neighbors. Energies are referred to that of the initial state. (c) Kohh-
Sham energy levels of the highest SOMO and lowest SUMO along the polaron migration path. Energies are referred to that of
the SOMO in the initial state.

excessive thickness along the stacking direction should be avoided, because electrons generated deep
within the bulk are unlikely to migrate across multiple layers before recombining, despite the extended
lifetimes that may be provided by heterojunction architectures separating holes and electrons. These con-
straints suggest practical design rules, such as favor 2D morphologies and few-layer stacks to shorten the
interlayer path and use of conductive/2D scaffolds to further promote charge separation [119]. Another
option is represented by engineering effective organic spacers among the layers to boost out-of-plane
hopping, as attempted in other 2D layered perovskites [120]. In fact, the issue of transport anisotropy
has been observed also for Ruddlesden—Popper perovskites, in which insulating organic species act as
quantum wells and create barriers that suppress out-of-plane carrier transport while maintaining relat-
ively high in-plane mobility [121].

Finally, we comment on possible modifications of the proposed physical picture, which may be
induced by defect chemistry and doping. For the former, we note that electrons, in principle, could
cross layers via intercalating defects. In particular, interlayer Bi interstitials are suggested to be among
the most abundant defects under Bi-rich conditions [58]. Bearing this in mind, we model the intercalat-
ing Bi defect in the 3+ charge state, Bi>" and then consider the possible localization of a single electron
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Figure 7. Isodensity representation of the spin density (isovalue 0.001) before (left panel) and after full relaxation (right panel),
showing shift in the localization of the extra electron from a lattice site to an intercalating Bi. The sites are highlighted with blue
and red circles, respectively. The energy gain upon relaxation is also reported.

on it, i.e. Bi?*. In particular, we aim at estimating the relative stability of trapping on Bi. with respect to
polaron formation on lattice Bi. To this end, we perform a structural relaxation of a supercell including
an intercalating Bi and a polaron-bearing site close to it. First, we relax the system keeping the coordin-
ates of the polaronic site fixed, thus preserving charge localization on it, see figure 7, even if some pro-
trusion towards the interstitial is already observed. Upon full structural relaxation, we observe immediate
disruption of the polaronic distortions on the lattice site and charge localization on the intercalating Bi,
which is accompanied by a substantial energy gain of 0.82 eV, see figure 7. Therefore, our calculations
indicate that intercalating Bi atoms may even worsen the charge transport properties of CBB, as they
tend to form trap states, which are stabler than polaronic localization on a regular lattice site. This res-
ult is in line with previous studies on affine materials, suggesting that layered perovskites might not be
as defect-tolerant as their three-dimensional counterparts [48]. It also suggests that Bi-rich conditions
should be avoided in the preparation of CBB and stoichiometric conditions, such as those employed
here, should be preferred.

Concerning doping, this might be a more feasible option to boost the interlayer mobility in CBB.
However, so far, intercalation of dopants has been successful in augmenting light-emission via formation
of strong interlayer excitons (e.g. Ag doping in [58]), thus representing a material engineering strategy
more suitable for photo-emitting devices rather than photocatalytic applications. Nevertheless, the liter-
ature on the subject is still rather scarce and, therefore, it represents surely a future research direction to
be explored.

5. Conclusions

In summary, we studied the electronic properties of CBB, with a particular focus on electron polaron
formation and migration. First, spectroscopic measurements indicated that the light-induced excitation
evolves towards a self-trapped exciton, suggesting localization of charge carriers. Indeed, by performing
advanced hybrid-DFT calculations and MD simulations, we have shown that photogenerated electrons
form small polarons, a process driven by substantial structural reorganization involving both the inor-
ganic sublattice and A-site cations. The electron polaron was found to lie 0.6 eV below the conduction
band edge, in agreement with emission spectra and in favorable alignment with redox potentials relevant
for photocatalytic reduction processes such as H, evolution.

We then evaluated electron transport across the material, combining the definition of hopping rates
in the framework of Marcus—Emin—Holstein—Austin—Mott theory with kinetic Monte Carlo simulations.
Polaron mobility was found to be highly anisotropic. In particular, since intralayer transport is compar-
atively slow, excessive growth in the out-of-plane direction (i.e. stacking of many layers) is expected to
hinder charge extraction, highlighting the need to control thickness to ensure that photogenerated elec-
trons can reach the relevant interfaces. Furthermore, intercalating defects, such as interstitial Bi, seem
to have a detrimental impact on mobility as they tend to form deep traps, in line with what has been
recently observed for dopants. Overall, the present results indicate that the photocatalytic performance
of CBB will strongly depend on growth conditions, morphology, particle size, and loading, as well as on
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the use of heterojunction architectures that spatially separate electrons and holes. Such design consider-
ations appear to be essential to minimize recombination losses and to efficiently exploit the potential of
CBB for photocatalysis.
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