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Broader Context:

Fossil fuel-dependent growth has led to an unprecedented rise in atmospheric CO2 levels. This has
triggered climate change which emerged as one of the biggest global challenges of our time. A paradigm
shift to renewable energy is urgently required to decarbonize the economy and ensure carbon-neutral
and sustainable growth. Artificial photosynthetic systems, inspired by natural photosynthesis, have
garnered tremendous interest in the spontaneous generation of value-added chemical fuels from CO:2
and water entirely from solar energy. Halide perovskites have emerged as a promising material system
for photoelectrocatalysis, after their resounding success in photovoltaics. The versatile properties of
halide perovskites unlock the key to facilitating many important catalytic reactions, beyond CO,
conversion. This perspective provides a comprehensive and critical assessment of the potential of cost-
competitive halide perovskite-based photocatalytic systems. We intend to bring the research
community’s interest for driving value-added catalytic reactions using halide perovskite. By doing so,

we identify fundamental issues that require immediate attention and provide clear future directions that

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

must be considered for this technology to become a commercial reality and make impact tangible
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Abstract DO: 10.1036/D4EY00091A
Hybrid halide perovskites (HaPs) represent a class of material with excellent optoelectronic
properties providing distinct avenues for disruptive photo(-electro) catalytic technologies.
However, their photocatalytic activity, selectivity and stability remains a scientific and
technological hurdle. In this perspective, we discuss fundamental aspects of perovskite based
photocatalytic systems, specifically for CO; conversion and high value oxidation reactions, and
highlight critical limiting factors and on-going challenges in the field. We critically assess the
recent advances in designing halide perovskite hetero-interfaces and characterization
methodologies which are often used to define the performance metrics. Further, we outline
important questions and identify emerging trends in relation to the remediation strategy
towards improved photocatalytic performance and stability from halide perovskite

semiconductors.
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Introduction

Fossil fuels dependent growth has led to an unprecedented rise in the atmospheric CO; levels.
This has triggered a climate emergency which has emerged as one of the biggest global
challenges of our time.! Therefore, a paradigm shift to renewable energy is urgently required
to meet global energy demands and ensure sustainable growth in a cost-effective manner.? Two
dominant factors are fueling the rapidly transforming renewable energy landscape— (i) decrease
in the levelized cost of electricity (LCOE) of photovoltaics,® and (ii) heavy reliance on fossil-
based resources to generate liquid fuels for transportation and chemical feedstocks for high
value synthetic chemicals in fertilizer and pharmaceutical industries.* While falling PV prices
are favorable for ever increasing energy demands, the associated intermittency related to
diurnal changes and climatic variations pose a limit to its applicability, especially in hard to
decarbonize sectors such as transportation.’ Thus, renewable technologies aiming to convert
CO; and store energy in the form of synthetic fuels and value-added chemicals are highly
desirable to not only develop alterative sustainable fuels but to close the carbon cycle.
Solar-driven photo(electro)catalysis systems, inspired from natural photosynthesis, enable
spontaneous generation of high energy density and value-added chemical fuels from CO, and
water, also known as artificial photosynthesis, solar fuels, and carbon-capture, and utilization
(CCU).® The energy density (per unit weight or volume) of photoelectrochemically produced
molecules is higher than conventionally used lithium batteries, making it suitable for long-term
storage and mobility.” Thus, offering a clean, cost-competitive, and flexible alternative to
current fossil-fuel based technologies for sustainable intersectoral societal growth.

The idea of renewably sourced chemicals from CO; recycling has intrigued researchers for
decades, since the first demonstration of photocatalytic water splitting on semiconducting TiO2

surface from Honda and Fujishima® and later, photoelectrochemical CO» reduction using p-
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GaP semiconductor from Halmann.’ Since then, strides have been made in photocatglytic Watetessior
splitting in terms of efficiency and scale.!” In contrast, the progress in photoelectrochemical
CO> reduction remained limited due to complexities associated with solvation dynamics,
activation barrier, reaction kinetics (multiple electron and proton transfer processes),
preferential dimerization, material stability in aqueous media and difficulties related to up-
scaling. Moreover, the interference of impurities and spurious carbon signals renders unreliable

quantification of product distribution from photocatalytic CO> reduction.!!

Halide perovskites (HaP) have emerged as low-cost, easy processable semiconductors with
intriguing properties like long charge-carrier diffusion lengths and bandgap tunability and
direct optical excitation with strong absorption coefficients (> 10° cm™). With 26.54% certified
power conversion efficiency,'? HaPs based solar cells have outcompeted many established thin
film photovoltaic technologies in just 10 years. In parallel, the versatile properties of HaPs
place them at the forefront of photocatalysis. For the first time, a HaP was exploited for

conducting photocatalytic CO> reduction by Y.-F. Xu et al., in 2017."® The authors utilized

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

CsPbBr; QDs and its composites with graphene oxide for artificial CO2 reduction in ethyl

acetate solvent, where the pristine QDs demonstrated an average electron consumption rate of

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

23.7 umol g! h!'. From then multiple works were conducted to improve the efficiency,

(ec)

selectivity, and stability of various HaPs in organic and inorganic solvents along with shedding
light on reaction mechanisms and material degradation processes. For instance, recently, L.
Ding and co-workers revealed the CO: reduction potential of Cs2AgBiBrs QDs encapsulated
in a metal organic framework by attaining CO production rates of 309.01 umol g' h'l.1*
However, selectivity of these materials are still primarily limited to CO and CHa, unlike
materials such as carbon nitride that could selectively generate higher order carbon products.

For example, C2Hs evolution rate of 616.6 umol g ' h™','> and CH3OH evolution rate of 13.9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ey00091a

EES Catalysis Page 6 of 45

icle Online

umol g ' h™".'® Profound advancements are made in tailoring and employing HaPs, £or Matfis e ssor
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redox reactions and chemical valorisation.

1. Considerations and fundamental challenges for driving key photoelectrochemical
reactions: There is plenty of room for perovskites

Several high energy density and value-added compounds can be targeted through
photoelectrochemical reduction of environmental feedstocks such as water, CO»
(hydrocarbons), and N> to obtain hydrogen, hydrocarbons and ammonia, respectively. For
instance, CO; can be reduced and converted to obtain several high energy densities and value-
added gaseous and liquid C; (such as CO, methane, methanol, formic acid) and Cz+ (such as
ethylene, ethanol, propanol, ethylene glycol) chemical products.!” Thermodynamically, CO»
reduction is an energy demanding reaction. The energy required to break C—O bond is ~ 750
KJ/mol. This is slightly higher than to electrochemical potential required for hydrogen
evolution reaction (HER) (~ 237 KJ/mol ). However, kinetic factors related to CO; activation
barrier, and complex multi-step reaction pathways push the energetics well above the
thermodynamic limit, giving rise to electrochemical overpotential.'® Similarly N, can be
converted to NHj3, although poses higher challenge due to high energy required to break strong

N—N bond. Standard reduction potentials (vs RHE) and typical products are given below for

various reactions involving electron and proton transfers:'® 2
2H +2e~ - H, (ERFE = 0.00V) (D
CO, + 2H* + 2e~ - HCO,H (ERHE = —0.17V) (2)
CO, +2H* +2e~ -» CO+ H,0 (ERHE = —0.10V) (3)
CO,+4H* +4e~ —» HCHO + H,0 (ERHE = —0.07 V) (4)
CO, + 6H* + 6e~ - CH;0H + H,0 (ERME = 40.02V) (5)
CO,+8H*+8e~ - CH, +2H,0 (ERFE = +0.17V) (6)

2C0, + 12H* + 12e~ > C,H, + 4H,0 (ERHE = +0.08V) (7)

5
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2C0, + 12H* + 12e~ - C,H5OH + 3H,0 (ERME = +0.09V) (8 101050 barvoomorn
2C0, + 14H* + 14e~ > C,Hgy + 4H,0 (ERFE = +14V) 9
N, + 6H* + 6e~ — 2NH; (ERHE = 0.00 1) (10)
Oxidation reduction:
2H,0 + 4H* > 0, + 4H* (ERHE = +1.23V) (11)
Therefore, the fundamental limitation arises from the overall voltage requirement imposed by
thermodynamics and kinetics. Typically, the other half of the reduction reaction is generally
coupled to the oxidation reaction, namely oxygen evolution reaction (OER). From the above
mentioned overpotential losses, the cumulative voltage requirement for coupled HER-OER or
CO2R-OER reaction exceeds beyond 1.8 V. Figure 1 a represent the typical reduction (in blue)
and oxidation (in black) reactions performed at the photocathode and photoanode respectively.
Thus, the choice of anodic reaction is not merely limited to OER. There are alternative
oxidation reactions (AOR) such as - iodide oxidation, glycerol oxidation, plastic and biomass
oxidation, degradation of organic pollutants, selective organic transformation.?! These are

useful to obtain high value chemical compounds with overall less voltage requirement.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The input energy for endergonic reduction can be provided by the photocatalyst (an irradiated
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semiconductor in direct contact with the reactants) in the form of photovoltage. The

(ec)

fundamental principle behind a Photo(electro)catalytic process consists of (i) efficient
absorption of photons followed by the generation of electron hole pairs, (ii) carrier separation
and transport to the surface, and (iii) electrochemical reduction or oxidation reaction involving
electrons from the conduction band or holes from the valence band.?? The overall photocurrent
of the process can be expressed as:

J = Jabs X Mtrans X MrE )
Where ], 1s the photocurrent due to the absorbed photons, 7:qns 1S charge transfer (or

separation) efficiency, 7z and is the Faradaic efficiency (catalysis process). Optimization of
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each of these parameters requires holistic materials optimization, interface engipgering il oooorn

control over surface chemistry.
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Figure 1. (a) Common reduction and Organic oxidation reactions are depicted over potential
ranges.”* 21 23 24 (b) Different architecture and corresponding components of a PC, integrated
PV-PEC and monolithic/wired tandem PEC device. PEC devices are configured with at least
one photoelectrode (photocathode with anode or photoanode with cathode) and integrated PEC
may have a wired connected PV component. (¢) Trends in publications on halide perovskite

related papers on photoelectrocatalysis for the period 2015 to 2024 (source: Scopus; keyword:
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halide perovskite and photocatalysis, assessed on 25 April 2024). (c) Reported solagsto;cdBEi sonora
(STC) efficiency for different device architectures using various photoactive materials.>->
Hence photocurrent and photovoltage are two critical parameters that determine the overall
efficiency. Subsequent sections in the article describe how the these two parameters can be
optimized.

It is essential to consider different routes®’ that are used to accomplish HaP driven
photoelectrochemical CO2R: (1) photocatalysis (PC), (2) photoelectrocatalysis (PEC), and
photovoltaic integrated PEC (PV-PEC) or buried junction PEC, and (3) tandem PEC scheme
as depicted in Figure 1b. Alternatively, PV powered electrolysis (PV-EC) is also a viable way
to accomplish CO2R through electrolysis. However, we will keep our focus on direct and
integrated approaches in this perspective. A good account of latest summary on perovskite-
based PV-EC can be found in the ref.’® Recently, there has been a surge in research activities
on HaPs for photo(electro)catalysis, evident from rapidly growing trend of the publications in

this field (Figure 1c). Figure 1d depicts a comparative view of the solar to carbon (STC)

efficiency for different device architectures and material systems. It becomes clear that STC

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

efficiencies for PEC and PV-PECs are well below 10 % for most of the materials. It is
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straightforward to envisage above 10 % STC from HaPs devices, considering comparable

(ec)

optoelectronic properties can be achieved for HaPs as for III-V semiconductor (GaAs).

Inorganic metal oxides such as TiO2, WOs3, ZnO, and a-Fe>Os appeared as early adopters for
photocatalytic systems, benefiting from high electronegativity of oxygen, versatile metal-
oxygen chemistry, and economic viability.**! The ionic character of the bonds between the
metal and oxygen atomic orbitals results in stable compounds with sufficiently large bandgaps,
that typically straddle the redox potentials of various reduction (CO2, H") and oxidation
reactions (water, ethylene glycol, 5-hydroxymethylfurfural). However, the wide bandgap of

these materials limits the spectral range of optical absorption, and they suffer from high
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recombination losses due to plethora of point defects and polaron formation, severely, indfitig sooorn

the availability of carriers for photocatalysis.®?

Beyond oxides, transition metal
dichalcogenides (TMDs) have garnered significant attention for photocatalysis, exhibiting
superior optoelectronic properties such as optical absorption, charge transport and rich defect
chemistry.®-*¢ However, the number of chalcogenides with sufficiently high bandgap is
relatively small and, in addition, there are aggravated instability concerns related to
photocorrosion in aqueous media.®> ¢’

Halide perovskites (HaPs) have emerged as a promising class of materials for a wide variety
of optoelectronic applications; solar cells,®® photodetectors,® light-emitting diodes (LED),”

"I memristors,”? and photoelectrocatalysis.”® The rapid evolution of HaP based devices

lasers,
and their performance is underpinned by their exceptional optoelectronic properties such as

defect tolerance, direct bandgap with high optical absorption and ambipolar transport with

long-range balanced diffusion lengths. Carrier diffusion lengths, given by L, = /D, of up to
1 um have been observed, manifesting the low defect density in HaPs. Another feature
associated with the defect or disorder induced band tailing is the Urbach energy (E.). The
significantly low value of Urbach energy (~ 15 — 30 meV) is a manifestation of superior
optoelectronic quality of HaPs, compared to conventional semiconductors (> 30 meV).”* A
gamut of unique properties of HaPs stems from its high degree of compositional flexibility and
tuneability of structure, dimension, and electronic properties. The structure of perovskites can
be easily engineered, beyond archetypal MAPbI;, to yield a variety of inorganic-organic
hybrids and purely inorganic systems, and facile dimensional tailoring enables realization of
3D, 2D,1D, 0D, and even mixed dimensional HaPs.” 7® This allows band gap tuneability in
wide spectral range (from ultraviolet to near infrared) and control over energy band alignment
for favorable energetics. Considering above properties, HaPs seemingly satisfy the key

requirements for photocatalytic devices by ensuring efficient optical absorption of photons,
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electron-hole pair generation, loss-less carrier transport, and seamless utilization Qf¢astiet3atvsooorn
the interface to drive redox reactions with sufficiently high rates. However, one of the major
limitations that has kept its potential untapped is their aqueous stability, and achieving product
selectivity beyond C; (CO, CHs) compounds. This requires more understanding of several
unexplored elements related to composition, morphology, charge separation, passivation, and
catalytically active sites in HaPs. The development of HaPs based photocatalyst relies on
improving optoelectronic as well as photocatalytic properties and mechanistic insights on the
underlying descriptors. We discuss important factors governing the photocatalytic activity of

HaPs and present methodologies to gain fundamental understanding, as shown in Figure 2.

(a) Optoelectronic descriptors (b) Charge extraction schemes
Type Il Sensitized
v heterojunction Z- Scheme Charge transfer
A Absorption coefficient (a) e o
\ Bandgap (Ej) L [ o S~ = \J
Carrier lifetime (1) e RS
| Quantum efficiency (1) 7 Y b Ox
‘ v«y = - ) ] =) \Red

(c) Structure and Dimensionality  (d) Active sites (Photocatalysis)

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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() i =

Nanoparticles/
Quantum dots

Nanosheets  Thin film Single crystal
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Nanocubes Nanowires

(ec)

Figure 2. Overview of the themes covered in this perspective. (a) Perovskite band structure
and key optoelectronic properties, (b) different heterojunction schemes for efficient charge
transfer, (c¢) Influence of different morphology and dimensionality and (d) the role of surface
chemistry in defining the catalytically active site.

In this perspective, we identify the mechanistic challenges that need to be addressed and discuss

potential routes to advance the field and rationalize the role that perovskites can play in the

10
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abatement of CO; emissions and facilitate its solar driven conversion to value-addeg chend&alsvsooorn
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and sustainable fuels.

2. Optoelectronic Aspects of Halide Perovskite based Photocatalytic System

The excellent optoelectronic properties of HaPs are due to their peculiar crystallographic
structure and electronic structure. The general formula for perovskite is ABX3, where A site is
typically occupied by a monovalent organic/inorganic cation (CH3NH3" or Cs"), B is a divalent
metal (Pb?", Sn*"), and X is a single or mixed halide anion (I", Br", CI'). The structure remains
stable for a wide range of small (Cs") and large cation sizes (CH3NH3"), governed by empirical
Goldschmidt tolerance factor.”” The bandgap is formed primarily due to the hybridization
between metal (B) and halide (X) orbitals.

The valence band maximum (VBM) is dominated by the X p characteristics (with some B s
contribution) and conduction band minimum (CBM) is derived from © antibonding of B p and
X p orbitals. A cation seems to primarily behave as a spacer and does not directly contribute to
the electronic structure but influences the bandgap via lattice deformations. Thus, the direct
bandgap along with favorable p — p transition are the key factors behind high optical
absorption in HaPs.®® Notably, strong spin-orbit coupling (SOC), due to the presence of heavy
metals (like Pb), have been shown to influence the optical transition and carrier lifetime due to
Rashba splitting of the CBM.”880

Broad spectral tunability and different bandgaps can be achieved by facile halide substitution
and varying compositions of HaPs, as shown in Figure 3 a. The conduction band position for
most of the perovskites is sufficiently negative relative to the redox potential of water splitting,
CO2R and N> reduction reaction (N2RR),?! providing the driving force to facilitate these
reactions. The conduction band position can be varied through halide substitution to selectively
match the redox potential. It is also evident that some HaPs have valence band position positive

enough to make them suitable for water oxidation and even for high value oxidation reactions

11
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like HMF and ethylene glycol oxidation.?' HaPs are mostly investigated as photogafalysts FOEessior
reduction reaction which is commonly coupled to water oxidation reaction. The photoexcited
electrons in the conduction band reduce CO,, while the holes in the valence band are consumed
in H>O oxidation generating oxygen. Water also acts as a source of protons for hydrogenation

of photocatalyzed CO», in addition to serving as reducing agent.

(2) . FAPBCI,; MAPLCI,
CsPbCly cspbBr, FAPbBr, MAPbBr, CsPbl, -
So |=]¢
MAPDL  FAPb, - Cesl,
% - -——
L
I
B = 2 > ” - ” - = CO;R
g o @ > ® ® - ® 3 = ® o e HER
> p; o o pe o o @ © g = NRR
2 |HMFOR____
W | EGOR—=:=: e
OER -
(b)) 3
3 Cs,Snlg
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§2,]
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FAPbBr. kil
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Bandgap (eV)
Figure 3. (a) Valence and conduction band positions of selected HaPs with respect to relevant
redox cathodic and anodic reactions.®>** (b) AM1.5G equivalent steady-state absorbed photon
flux available for different bandgap HaPs (assuming step-function-like absorptivity)

representing their light absorption ability.

In practice, a combination of photocatalysts is more conducive for optimum light absorption,
as shown in Figure 3 b, while maintaining the necessary photochemical potential higher than

the redox potential. This is generally achieved by forming heterostructures.

12
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2.1 Photophysical and Charge Transfer Processes in Halide Perovskites

Upon irradiation of light above or equal to the bandgap, photoexcited electron-hole pairs are
generated and migrate to the surface primarily through diffusion. Drift transport is believed to
be less important in perovskites, as the electric fields are screened by the presence of moving
ions.®* During the migration, carriers undergo various photophysical radiative and/or non-
radiative recombination processes due to the presence of disorder, shallow traps, and deep
defects. The lower defect density in HaPs ensures long carrier diffusion lengths, implying a
reasonably high carrier recombination lifetime and mobilities. Since photoelectrochemical
reactions are kinetically slow processes, the photoexcited carrier lifetime must be long enough
to ensure the availability of carriers at the surface for redox reactions (Figure 4a).%° Thus,
charge carrier lifetime (1) is the most essential descriptor to describe the photocatalytic ability
associated with its optoelectronic quality. Determination of carrier lifetime has mostly relied
on the photoluminescence (PL) based measurements. Figure 4 a show the carrier lifetime
values reported in the literature and corresponding regime for various HaPs, deduced from
photoluminescence measurements. Apart from PL, other transient techniques such as — time
resolved microwave conductivity (TRMC), optical pump THz probe (OPTP) spectroscopy,
transient absorption spectroscopy (TAS), transient photovoltage (TPV) and photoconductivity
measurements, have also proven to be quite useful in lifetime assessment.**® For instance,
Chen et al. revealed a long carrier lifetime of up to 30 us and 2.7 ms for MAPbI3 polycrystalline
film and MAPDbBr; single crystal respectively, from steady-state photoconductivity and Hall
measurements.®® Brenes et al. observed a carrier lifetime of 32 ps in the passivated MAPbI;

thin films from TRMC measurements.”®
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Photophysical processes like — trap assisted recombination, Shockley-Read-Hall, (SREGoo0m
recombination, and surface or interface recombination reduce the carrier lifetime and manifest
as a change in decay dynamics of transient PL. All these processes are usually concealed in the
carrier decay dynamics. While it is straightforward to deduce lifetimes from transient profiles,
it is hardly possible to discern underlying physical recombination processes without fluence
dependent measurements and an appropriate model.”! The identification of the lifetime limiting
process is imperative to develop focused passivation strategies and enhance the carrier lifetime.
Several strategies ranging from doping and alloying,’> nanostructuring,’® ** bulk and

9399 and dimensional tailoring,'®!%? have been demonstrated to enhance the

passivation,
lifetime of carriers in HaPs. Lessons from photovoltaics could be extremely useful to design
passivation strategies and harness the photocatalytic activity from enhanced carrier lifetimes.

Next to long carrier lifetimes, charge carrier extraction is extremely important for efficient
functioning of a photocatalytic device. Charge carrier separation is achieved through different

heterojunction schemes, as shown in Figure 4 b. The common heterojunction charge transfer

schemes are — Schottky junction, type II heterojunction, Z- Scheme heterojunction (direct and

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

mediated), molecular sensitization. Heterojunction layers commonly serve the dual role of

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

passivation and carrier selective transport layer.!'>1% It is shown that despite long carrier

(ec)

diffusion lengths, carrier collection can be limited by unoptimized, and low mobility charge
transport layers.!®® The charge transfer from perovskites reduces the carrier density within
perovskite absorber, therefore the concomitant drop in the PL intensity can act as a qualitative
descriptor of the transfer kinetics. Consequently, transient PL has been exploited as a
quantitative method to analyze recombination and charge transfer kinetics. This is evident from
the reduction in PL lifetimes for CsPbBr3/Au (Schottky),'” CsPbBrs/[Ni(tertpy):2]**(molecular
sensitizer),'® Cs,Snle/SnS; (type 11),!% CsPbBr3/TiO2 (Z-scheme),!!® FAPbBr3/a-Fe,0s3 (Z-

scheme),!'! CsPbBr3/rGO/a-Fe,Os (mediated Z-scheme),''? heterojunctions studied in the
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literature, as shown in Figure 4 b. The enhanced charge separation correlates directly with € sooora
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improvement in the respective photocatalytic activities. The trend holds across a wide range of
heterojunction combinations — CsPbBr; QDs/GO,'* CsPbBri/g-C3Na4,''* CsPbBrs/TiO-g-
C3Na4,''* CsPbBrs/MXene nanosheets (Ti3C2Ty),'"> CsPbBrs/N-doped carbon dots,!'® CsPbBr;
QDs/BiWOs nanosheet,'!” FAPbBr3/Bi;WOs,''® CsPbBr3/CdS,!"® ZnSe nanorods/CsSnCl; '%°
and Cs3Bi2Bro/g-C3Na4 12! Some of these benefit from interfacial electric field that further assist
in charge separation. High surface area and porous metal organic frameworks (MOFs) have
also been explicitly used as charge extracting layers which are advantageous against insulating
Si0,,'2? or inorganic/polymer matrix.!”> CsPbBrs;-Zeolite imidazolate (ZIF) core-shell
composite,'>* MAPbI; QDs/PCN-221 (Fe-based porphyrin) encapsulated structure,'? and
Cs3Bi2Bry and Cs2AgBiBrs nanodots/mesoporous titania facilitated enhanced electron transfer
to promote photocatalytic CO> reduction to CO and CHa respectively.!?® While lifetime
changes help, the unambiguous determination of charge transfer from PL kinetics requires the
knowledge of carrier injection levels. This is frequently overlooked in the measurements. Thus,
fluence conditions are extremely critical to unambiguously discern decay components related
to charge transfer and not due to recombination activity. Moreover, subjecting to similar light
illumination conditions used during the device testing would be beneficial to gain mechanistic
understanding.

Another concern is regarding the steady-state PL quenching, which is also described as a
marker of charge transfer process. However, PL quenching may also occur due to enhanced
recombination at the interface and/or reabsorption effects from the heterojunction layer rather
than charge transfer. Ideally, the heterojunction should maintain a high PL under open-circuit
conditions (which is mostly the case) due to the passivating nature of the interface. This way
steady-state PL is quite useful to screen the passivating interfaces. On the other hand, a rapid

PL quenching should occur when deviating from open circuit conditions i.e., when the charge
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carriers are efficiently extracted. Considerations on energy band alignments are negessat§tivoooorn

ensure efficient transfer of charges.
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Figure 4. (a) Charge carrier lifetimes for various HaPs derived from transient

(ec)

photoluminescence spectroscopy. Photophysical and photoelectrochemical regimes are
differentiated based on the different timescales. The data points are taken from the literature.”>
108-110, 112, 124-141 () Heterojunction schemes utilized to separate the photogenerated charge

carriers and drive photoelectrochemical CO: reduction from HaPs. Schottky interface,

fl 07

Reprinted with permission from re Copyright 2021 American Chemical Society.

Photosensitized charge transfer, Reprinted with permission from ref'%®, Copyright 2021

American Chemical Society. Type II heterojunction, Reprinted with permission from ref,'%”

fllO

Copyright 2019 American Chemical Society. Z-Scheme, Reproduced from ref" ', Copyright
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Cell Press.

2.2 Charge separation and its utilization for catalysis

Despite plethora of experimental demonstrations, the fundamental understanding remains
unclear regarding how separated charge carriers participate in the catalytic reaction. How many
separated charge carriers indeed participate in the photocatalytic reaction and determine the
Faradaic efficiency? How do surface traps/defects influence the surface charge and
photocatalytic activity? What is the effect of charge separation on stability? These questions
can be partially addressed by in-situ and operando spectroscopic techniques such as
photoluminescence, transient absorption, and impedance spectroscopy, which can provide
valuable mechanistic insights with high spatial resolution.

The success of defect passivation and charge transport layers in HaPs based solar cells has not
been translated to photoelectrochemical devices. In-situ studies can provide mechanistic
insights on charge transfer at the complex HaPs/electrolyte interface and determining the rate
limiting step. Multilayered tandem architectures and selective co-catalyst integration should be
explored to maximum charge transfer efficiency. Thus, minimization of energy loss should be
considered at every interface. Recent demonstrations on the possibility of hot carrier extraction

in particulate HaPs photocatalysts expand the capabilities of these materials.

3. Photocatalytic Reactions on Halide Perovskites

3.1 Engineering morphology and dimensionality for enhanced photocatalytic performance
HaPs morphology and dimensional engineering have shown to influence the photocatalytic
activity through change in the local electronic structure induced by surface coordination

environment, catalytic reaction sites, surface charge density, binding energy of CO> and
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intermediates, and surface area. In terms of P 01 10,1056 /oAy S
morphology, quantum confined HaP structures ’ ’ % \

/’,°/?a§6',/’ )y | o
have been explored in photocatalysis, such as QDs “’%,,@ e
(0D), nanorods/nanowires (1D),

%,
nanosheets/nanoplatelets (2D), and @’a,,sﬁ
o
nano/microcrystals crystals (> 100 nm, 3D).!*?
l:l Nanocrystals

Nanocrystalline HaPs show enhanced % -Sr?r:glgll?]r:stals

Figure 5. (a) Radar chart depicting
the comparison of different metrics
to-volume ratio and demonstrate more resilience to  for nanocrystals, thin films, and

single crystals HaP-based
phase transformations. However, they tend to be less photocatalytic systems.

photocatalytic activity owing to their high surface-

stable compared to their bulk counterparts. Specific advantages and opportunities for
nanocrystalline HaPs include suppressed phase segregation, exploitation of hot carriers, high
surface area. On the other hand, charge carrier extraction is challenging in such nano
dimensional systems due to the excitonic nature of the optical excitations as evidenced from

high PL quantum yields (PLQY) and lower lifetimes. An additional challenge comes from

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

charge transport limitations as many of the QDs are coated with insulating ligands. Hence, the

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

efficiency of perovskite QD solar cells are far lesser than perovskite thin film solar cells. A

(ec)

comparative view based on important metrics for photocatalysis for single crystals, thin films
and nanoparticles are shown in Figure 5.

Lowering the dimensionality leads to a higher surface area which is beneficial for catalytic
charge transfer. Study on nanocrystal size dependence showed higher photocatalytic activity
and stability for 8.5 nm quantum confined nanocrystal, leading to longer PL lifetime of 9.7
ns.'* Two dimensional (2D) layered structures provide better conducting pathways for charge
transfer due to the large interfacial area. For instance, Jiang ef al. fabricated heterojunction

from CsPbBr3s/Bi2WOe 2D sheets for CO, reduction,'** where higher interface area of 2D sheet
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led to 5-fold increase in CO; conversion yield compared bare CsPbBr3 nanosheets (Figing Bt vsooorn
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¢). Functionalization of a co-catalyst can further help in boosting the photocatalytic activity.
However, maintaining structural integrity of co-catalyst on the support and avoiding
precipitation during the photocatalytic reaction is extremely daunting.!* The improvements
from nano sizing, although seemingly obvious, need to be rationalized for long term
performance. Research work from Zhu et al. critically assessed the viability of CsPbBr3
nanoparticles having different sizes (4 nm to 24 nm) for organic transformation, as shown in
Figure 6 d and e. They observed that while faster photocatalytic activity is observed initially
for smaller HaP nanocrystals, the overall yield remained less than larger nanocrystals in long

term operation.'*® (Figure 6 f)
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Figure 6. (a) Product yield during the CO2 photoreduction/H>O photooxidation over 0D/2D
CsPbBriy/Bi2WO4 and its individual components. Inset shows the schematic illustration of
CsPbBr; zero-dimensional (0D) nanocrystals. Reprinted with permission from ref!'!’.
Copyright 2020 American Chemical Society. (b) Conceptual band diagram of the 2D/2D
heterojunction depicting Z-scheme and charge carrier dynamics. (¢) Product yield rates during

photocatalytic CO> reduction/isopropyl alcohol oxidation over the 2D/2D heterostructure
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system and its individual components. Reproduced from ref'**. Copyright 2020, Wiley tdioesior
Organic transformation reaction and the resulting product, (e) Transmission electron
microscopy images of various sizes of CsPbBr3; nanocrystals as photocatalysts. (f) Percent yield
of product over time for CsPbBr3 nanocrystals as function of nanocrystal size (P1, P2, P3, P4
fla6

and P5 refer to 24 nm, 14 nm, 9 nm, 6 nm, and 4 nm respectively). Reproduced from re

Copyright 2019 Nature Publishing Group.

3.2 Exploitation of different crystal shapes and facets

Synthesis of different shapes of halide perovskite nanoparticles offers new opportunities in
photocatalysis. Reasonable success has been achieved in synthesizing shape-controlled
nanoparticles, such as facile room temperature synthesis of CsPbX3 nanoparticles.'*’” Since
halide perovskites have long electron and hole diffusion lengths, the anisotropy in the crystal
structure can lead to different electron and hole migration pathways which can help in spatial
decoupling of the reduction and oxidation reactions. Li ef al. have showed migration of holes

and electrons to the edge (100) and (006) basal facets, respectively, on Cs3Bizlo hexagonal

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

t4+

prisms, using Co?* (for oxidation) and Pt*' (for reduction) as redox probes, as shown in Figure

7a.!*® Different atomic arrangements on crystal facets dictate the surface energy and the

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

interaction with the reaction environment. Selective functionalization of co-catalysts over

(ec)

crystal planes that have reduced kinetic barriers for photocatalytic CO2 reduction is highly
interesting. This strategy has recently showed quantum efficiency approaching 100 % for
photocatalytic water splitting reaction by selectively functionalizing Rh/Cr03 at (100) and
CoOOH at (110) facet of SrTiOs-Al nanoparticle as HER and OER co-catalyst, respectively.'*
Similarly, taking advantage of the crystallographic anisotropy, pseudo type-II facet selective
CsPbBr3- sulfobromide PbsS3Br; epitaxial heterostructures have been demonstrated to improve

the catalytic activity, Figure 7b.
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Figure 7. (a) Anisotropic charge transport pathways leading to distinct interaction at (100) and
(006) facets of Cs3Bialy hexagonal prisms. Reprinted with permission from ref'*8. Copyright
2022 American Chemical Society (b) Atomic models of CsPbBr3- sulfobromide PbsS;Br
heterostructures of different shapes: rhombicuboctahedronin, hexapods, and dodecahedron
nanostructures. (Bottom) Products distribution after 2h of photocatalytic reaction for different
heterostructure shapes under CO»-saturated H2O vapor. Reprinted with permission from ref!°.

Copyright 2022 American Chemical Society.

In a recent study, albeit for solar cells, it is shown that (111) facet dominated FAPbI3 film is
more stable against moisture and phase transition, which the authors attributed to the reduced
chemisorption/interaction strength of water molecules on (111) facet compared to more (100)
facet that is predominant is conventional thin films.!>! These studies clearly suggest the

important of facet engineering to achieve high performing and stable photocatalytic devices.

3.3 Activation and manipulation of catalytically active sites
Catalytically active sites are essential for desired reduction and oxidation activity. The intrinsic
activity of the active sites depends on inherent electronic structuring and surface atomic

arrangements that affect the adsorption and desorption of reactive intermediates. Exposing
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active sites over the surface and enhancing their accessibility for the reactants could modill4tEss oorn
photocatalytic performance. Apart from poor stability in electrolytes, HaP also suffers from
lack of highly active sites for desired reactions.'*? Various strategies, such as morphology
engineering, surface/interface structuring, heterojunction construction, encapsulation
methodologies, and pairing co-catalysts, are explored to enhance the activity of HaP
photocatalysts. For instance, Y.-F. Xu et al, reported the development of CsPbBr3
nanocrystal/palladium nanosheet (CsPbBr;NC/Pd NS) composites for improved photocatalytic
COs reduction in water vapor.'>® This study revealed that even though the pristine CsPbBr3
nanocrystals displayed an activity for CO2 reduction, the performance could be significantly
enhanced by integrating with Pd nanosheets (photoelectron consumption rate increased from
9.86 to 33.9 umolg 'h™!). Such a performance enhancement could be stemmed in fact that the
creation of metal/semiconductor Schottky contact between Pd NS and CsPbBr3 NCs should
accelerate the charge separation and transfer properties along with exposure of catalytically
active Pd sites.

Employing the binding sites on HaP to immobilize catalytically active species can assist in

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

achieving high reaction activity of HaP-based hybrid photocatalysts. For example, Z. Chen and

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

co-workers stabilized [Ni(terpy)2]*" (Ni(tpy)) metal complex on inorganic ligand-capped

(ec)

CsPbBr3; NCs to form CsPbBr3-Ni(tpy) hybrid photocatalyst.'”® Apart from providing active
Ni(tpy) catalytic centers, the metal complexes also served as electron sinks by accepting
photoexcited electrons from HaP nanocrystals and thus suppressing electron—hole
recombination. Consequently, CsPbBr3-Ni(tpy) hybrid photocatalyst yielded 1724 pumol/g
(CO/CHy) in the reduction of CO», which is about 26 times higher than the yield achieved by
pristine CsPbBr3 NCs. In another work, L.-Y. Wu ef al., encapsulated MAPbI3 perovskite QDs
in the pores of Fe-porphyrin based metal organic framework (PCN-221(Fex)) through a

sequential deposition procedure.'?® Utilizing steady-state and time-resolved PL measurements,
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it was revealed that, due to close contact of absorber and catalysts, photogeneratgd, glegttinS oooora

from MAPDI3 QDs can easily be transferred to catalytically active sites of Fe porphyrins and
thus enhance the charge separation efficiencies and activity of the resulting hybrid
photocatalyst. Furthermore, metal-organic framework structures were also found to improve
the stability of MAPbI3 QDs in water-involved photocatalytic systems. Following these effects,
the optimized MAPbI;@PCN-221(Fey) exhibited a COx reduction yield of 1559 mmol g!' (CO
(34%) and CH4 (66%)) with high stability (linear productions over 80 hours). Exploration of
such strategies seems to improve the effectiveness of HaP-based photocatalysts in CO-
reduction. However, more efforts are required to enhance the activity-stability of these newly
emerged photocatalysts.

Surface active sites should be optimized in terms of their density, accessibility, and intrinsic
activities. Given that the fundamental understanding of catalytic mechanisms is still limited,
in-situ characterization techniques and DFT-based calculations on surface energies with
considerations on intermediates should help to achieve better optimizations. For instance, the
defective states in materials can be trap sites for carriers, leading to an increased rate of
electron-hole pairs recombination. On the other hand, defective sites could come with increased
intrinsic activity, facilitating better reaction rates. Therefore, systematic analysis and detailed
investigations based on in-situ and theoretical studies help exploit the materials to off-limits.
In-situ analysis also assists in revealing the dynamic surface reconstruction of catalysts during
the actual testing. Further augmentation with advanced machine learning algorithms can help
in rationalizing and elucidating the catalytically active sites via high-throughput complex

calculations of site-specific reactant binding energies and reaction intermediates.

3.4 Product selectivity for CO2R products
The product selectivity primarily depends on the surface electronic states which govern the

CO; activation/adsorption, catalytically active sites, and intermediate adsorption/desorption
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properties. Also, the availability of surface charges dictates the reaction pathways, EyidetiflVaysooois
it is difficult to achieve reduction products that involve a higher number of electrons at the
surface, such as CH3OH and other Cy+ products. CO and CHy are the major CO; reduction
products for HaPs. The product yield for various HaPs is shown in Figure 8a and b and
compared against other photocatalysts for CO> reduction. There is no report on methanol or
higher order C» product yet. Success in improving CO and CH4 production has been achieved
through different heterojunction schemes, morphology, compositional and dimensional
engineering, as discussed above. The relative distribution of CO and CH4 from different
heterostructures are shown in Figure 8 c. Mechanistic and theoretical insights on CO; activation

and adsorption energy of intermediates, and proton coupled electron transfer reaction (PCET)

is lacking for HaPs, contrary to oxide perovskites.

Sheng et al. exploited the concept of Frustrated Lewis pairs (FLP) to achieve efficient
dissociation of H, and CO; reduction on Pb-free Cs3Bi>Bro and Cs,CuBr4 quantum dots.!?’- 12°

Utilizing in situ diffuse reflectance infrared Fourier transform spectra (DRIFT) and density

functional theory (DFT) calculations, the authors show that the surface catalytic sites can be

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

regulated via bromine modulation and spontaneous polarization effect due to Cu-d band
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properties in Cs3Bi2Bry and Cs2CuBr4 respectively.
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Figure 8. (a) Product yield during photocatalytic CO; reduction for various perovskites, (b)
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166 (¢) Product distribution from different perovskites and perovskite heterojunctions. '3 19 110.

112, 124-129, 137, 139, 144

The estimation of the energetic barrier and binding strengths of key intermediates such as CO*,
COOH* and CH4* species on perovskite surfaces are critical to alter and design surfaces that
can steer the reaction kinetics in different hydrogenation pathways. Studies combining in-situ

experiments and theory can be extremely valuable to achieve breakthroughs in the field.

4. Improvements in stability enabling advanced photoelectrochemical devices

Poor stability of perovskite based photoelectrodes in PEC type devices limits its potential due
to the reduction in the photovoltage output over time. The photovoltage loss incurred due the
degradation reduces the solar-to-fuel conversion efficiency. Both intrinsic (ion migration,
defects and traps, phase instability) as well extrinsic environmental stresses act to as trigger or

accelerate degradation. Adequate bulk and surface passivation schemes through additive
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engineering, molecular passivation, and barrier layers have drastically improved the staBititsy
of perovskite devices with minimal photovoltage loss.'®”1® Additionally, applying an external
encapsulation layer and/or changing the chemical environment improves the operational
stability of perovskite photoelectrodes in aqueous media, providing an extended window to
drive various reduction and oxidation reactions.

4.1 Perovskite based photocathodes for reduction reactions

The most widely explored CsPbBr3; had an average carrier lifetime in the range of 1 — 50 ns,
which is significantly lower than the HaPs used in best performing solar cells. This is owing to
the aqueous instability issues associated with HaP compositions used in solar cells. The
chemical bonding in HaPs is highly ionic in nature, which causes instability in polar solvents
and liquid electrolytes. This is usually mitigated by exploiting dynamic precipitation-solubility

equilibrium in HX acid solution,'”

or using purely organic or mixed aqueous-organic
solvents.!!”- 144 Therefore, alternative oxidation of organic compounds is advantageous both
with regards to stability and energetics. Ethyl acetate, isopropyl alcohol and benzyl alcohol
have been used for oxidative half reaction. This provides an opportunity for synthesizing a
wide range of value-added chemicals. However, the practical and economic benefit of utilizing
these chemicals must be assessed in advance.

Additive engineering and site-specific molecular passivation routes have also been quite
successful in achieving long term stability of perovskites in PV devices while simultaneously
addressing the ion/halide migration issues. Encouraging device modifications have been
proposed to make them stable in different photoelectrochemical environments. As an example
of an integrated system, Liang ef al. demonstrated carbon encapsulated MAPbI; perovskite
solar cells sealed by an electrode integrated with catalyst layer for photoelectrochemical water

splitting.!”" Recently, direct integration of catalyst on photocathode/photoanodes have been

possible, thanks to passivating and conductive carbon layer.
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Figure 9. (a) Schematic representation of a wireless standalone BiVOs—perovskite artificial
leaf like device and corresponding Faradaic efficiency of various products after photocatalytic
CO: reduction. Reproduced from ref!’?. Copyright 2023 Springer Nature Limited. (b)
Schematic of the perovskite photocathode-based PEC cell used for NH3 production. Bottom
graph shows the amount of NH3 generated for Ru@TiNS/Ni/perovskite photocathode -
Pt@TiNS anode device for simultaneous nitrate reduction and Glycerol oxidation. Reproduced
from ref'”®. Copyright 2024 Springer Nature Limited. (c) Schematic of the perovskite PEC
device for hydrogen generation at photocathode and biomass oxidation at anode. Bottom figure
shows the production of vanillin and acetovanillone from lignocellulosic biomass, lignin,

fl 74

hemicellulose, and cellulose oxidation. Reproduced from ref" ™. Copyright 2022 Springer

Nature Limited.

Fehr et al showed solar driven water splitting from a mixed cation
Cs0.05FA0.8sMA0.1Pb(10.95B10.05)3 (photocathode) and FA.97M Ao.03Pbl3 (photoanode) perovskite

solar cell directly integrated with carbon electrode having overall STH efficiency of 20.8 %.!7
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For COz photoelectrochemical reduction, Andrei et al. demonstrated the successof, cABIHGovon
encapsulation approach to fabricate a monolithic triple cation (CsFAMA)PbI32Bro¢s based
perovskite-BiVOs tandem PEC as standalone system for CO; reduction (see Figure 9a).3% 7%
176 Carbon encapsulation provides a distinct avenue to extend the applicability of wider
perovskite compositions in photocatalysis. In addition to carbon, Field’s metal (FM) and
metallic foils are also used to enhance electrical conduction and stability. For example, Tayyebi
et al.'” and Choi et al.'’* have demonstrated ammonia and hydrogen production respectively,
from FM and metallic layer protected perovskite photocathodes, as shown in Figure 9 b and c.
This way multi-layer protective layers, also serve as charge transport layers, have been
successfully applied to drive different redox reactions (CO., nitrate, and water reduction) at
high photocurrent density (~ 20 mA/cm?). The coupling of alternative oxidation reactions such

as Glycerol and lignocellulosic biomass has opened a new paradigm in this direction.

4.2 Perovskite based photoanodes for oxidation reactions

Carbon encapsulation is not merely limited to reduction reactions but extended to perovskite

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

photoanodes to drive oxidation chemistry. Excellent progress has been made in driving

oxidation reactions from carbon encapsulated perovskite photoanodes. Mesoporous carbon

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

protected FAPbBr3 based photoanode demonstrated 8.5 % STH efficiency, surpassing the

(ec)

performance achieved from analogous photoanodes such as BiVOs, Fe2Os, TiO2, WOs3,
TasNs.!”7 Poli et al. utilized an Ir-catalyst embedded bilayer of graphite sheet and mesoporous
carbon electrode protected inorganic CsPbBrs photoanode for water oxidation.!”® Stability and
activity can be further improved modulating surface chemistry and catalyst engineering.
Depending on the electrochemical response of organic ligands and metallic catalysts, the redox
ability of HaP-based materials can be tuned to yield value-added compounds with reduced

energy input.
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Figure 10. (a) Water oxidation: CsPbBr; photoanode protected with GC/Ni/NiFeOOH and
corresponding cross-sectional and top-view SEM micrographs of the device stack. Bottom
shows the device stability testing at +1.23 Vrue under 1 sun illumination. Inset shows the
voltammogram under 1 sun (solid line) and in dark (green dashed line) and photograph of the
photoanode under operation showing the evolved O, bubbles. Reproduced from ref.!”’
Copyright 2024 Springer Nature Limited. (b) Iodide oxidation: Device structure of the
perovskite photoanode showing Co-Ni3S,/Ni foam/Ni foil/carbon powder stacked on solar cell
structure and corresponding voltammogram under 1-sun illumination ins in 0.5 M KPi
electrolyte containing 0.5 M KI. Reproduced from ref.>* Copyright 2024 Wiley. (c) Organic
oxidation: Perovskite photoanode based PEC cell for MBE oxidation and below shows the LSV
scans of the photoanodes in 0.1 M tetrabutylammonium hexafluorophosphate (BusNPFs) in
dichloromethane (DCM) with 0.05 M MBT. Reprinted with permission from ref.'*® Copyright

2023 American Chemical Society.

Recently, Zhu et al. have achieved remarkable stability of 210 h for water oxidation in aqueous
electrolyte through encapsulating with electrocatalytically active glassy carbon and boron
doped diamond sheets containing earth abundant NiFeOOH catalyst.!” Similar catalyst has
been integrated to a high performing FAPbI; based photoanode to realize an impressive 8.5 %

solar-to-hydrogen (STH) on a scaled-up 123 cm? mini modules.'®! Recent demonstrations on
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heterojunctions based on conjugated polymers with metal sulfide (Sb2S3),'"*? metal, 85IdE s oare
(Mo:BiVO4),'” and metal nitride (TasNs)!® can serve as a basis to develop perovskite
photoanode with carrier extraction efficiency. Beyond water oxidation, few studies explore
perovskite photoanodes for alternative oxidation reactions such as iodide oxidation and organic
transformations for environmental remediation. lodide oxidation reaction (IOR) has
thermodynamically lower energetic requirement and is kinetically more favorable and OER.
Yun et al. have developed Co-Ni»S3 catalyst embedded in carbon matrix and integrated to
standard n-i-p perovskite solar cell stack to realize photoanodes for IOR. Figure 10 b shows
the photoanode device configuration and corresponding voltammogram with and without
catalyst. The protected photoanode stack yielded a STH efficiency of 11.45 % along with a

2% Climent et al. demonstrated reversible

stable 25 h of continuous operation.
photoelectrochemical transformation of Benzyl alcohol (BzOH) to benzyl aldehyde (BzCHO)
and vice versa using selective charge transfer scheme, i.e. TiO2/CsPbBr3 for oxidation and

NiO/CsPbBrs; for reduction.!®? The same group later extended the approach to drive oxidation

of organic pollutant such as 2-mercaptobenzothiazol (MBA) using Al,O3 protected CsPbBr3

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

photoanode, as shown in Figure 10 c.'® The efficiency of the process was further enhanced by

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

externally powering the PEC device with perovskite PV module.

(ec)

5. Emerging concepts

While vast majority of perovskites remain unexplored for photocatalytic application, high-
throughput combinatorial screening and DFT augmented machine learning provide immense
opportunities to discover stable and catalytically active perovskite compositions. Notable
efforts are already being made in this direction to discover unique perovskite compounds for
specific optoelectronic devices.!®*!87 The optoelectronic and photocatalytic performance
descriptors discussed above can guide in refining the compositional library. Advance

computational methods can also help in understanding the complex and multistep
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photoelectrocatalysis process involving various interdependent parameters such.as, cHgESEY o001

transfer, CO> activation, catalytic sites, reaction intermediates and competing reactions. In a
recent attempt, Caruso et al. demonstrated the importance of choosing the correct descriptor
for optimizing photocatalytic property. They combined machine learning models with the DFT
and found that Zn*>" metal substitution at B-site in CsxAgBiBrs perovskite enhances the
photoactivity due to optimum electronic structure, especially d-orbital configuration (d!°).!38
The vast library of compositionally feasible perovskite compounds remained explored. The
rapid rise in the computation capabilities to screen, predict and rationalize materials properties
has opened new avenues to discover stable and non-toxic perovskite or perovskite inspired
compounds targeted for specific photoelectrochemical processes. Moreover, the accelerated
testing platforms, also known as the laboratory of the future, can be a powerful tool for rapid
screening of compositionally and operationally stable compounds. Expanding the scope of
reactions from reduction to alternative oxidation reaction is gaining interest to cover wider
aspects of photoelectrochemical transformations. It is important to recognize that specific HaPs
might be more suitable for certain reactions and testing conditions (pH, temperature, and

irradiation etc.).

6. Outlook and Future Directions

Despite significant milestones achieved for optoelectronic devices (photovoltaics,
photodetectors, lasers, LEDs etc.), the full potential of halide perovskites remains untapped for
photocatalysis application. The photochemical performance and stability are far from its
practical usage. In this perspective, we have emphasized fundamental concepts and examined
key advancements propelling halide perovskites for photocatalysis. Promising paths are
identified for future advancements and valorization of perovskite based photocatalytic systems.
(i) Targeting stable compositions and measurement conditions. Stability of the

photoelectrodes is one of the biggest challenges faced in a photoelectrochemical process. To
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date, archetypical MAPbI3 and wide bandgap CsPbX; perovskite compositions a1, the, 105t conora
widely explored photocatalytic processes. Screening of large number of compositions with
suitable bandgaps for both reduction and oxidation reaction can accelerate the development of
interesting candidates and help in identifying which composition modifications lead to higher
stability. With rapidly advancing materials development initiatives, there is an urgent need for
a perovskite materials database, combining theory and experiments, specific for
photoelectrochemical processes. This will also lead to the discovery of more robust, stable, and
Pb-free compositions suitable for photocatalysis. There is a need to critically define the
optimum reaction conditions such as — pH, temperature, and consider the viability of driving
complete reaction at lower overpotentials with high production rate. External strategies such
as Facet engineering, novel protective coatings (oxide/metal/organic) and structural
engineering approaches (like core-shell structures, MOF-based encapsulation, etc.) must be
developed and explored to stabilize perovskites in electrolytes. Apart from developing
protective materials, their deposition/coating strategies, growth mechanisms, effects on

perovskites, and photoelectrochemical activity should be investigated and understood in-depth.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ii) Better charge transfer schemes for enhanced photocurrent. Leveraging upon the

Open Access Article. Published on 17 de juliol 2024. Downloaded on 18/7/2024 11:26:23.

successful passivation schemes used for aqueous water splitting and CO: reduction, further

(ec)

improvement in performance can be achieved through better charge collection. In this regard,
alternative heterojunctions beyond conventional electron and hole transport layers need to be
developed, particularly Z-scheme configurations. Z-scheme with an optimum combination of
bandgap (1.6 eV, top cell and 1.1 eV bottom cell) not only enhances the light absorption but
also enhances the photo reduction/oxidation ability. Developing high surface area textured
surfaces can further enhance the charge collection with better light management.

(iii) Driving alternative reactions for value added chemicals. Owing to the instability in

water based aqueous media, perovskites are stabilized in alternative media, mainly, saturated
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hydrohalic acids (HX; HI, HBr) solutions. The resulting product from HX splitting, J2 and BiZsvoooom

YOOO091A

are useful products for hygiene and energy industries. Moreover, exploring alternative anodic
oxidations to OER is desirable to lower the PEC energy requirements. Halide oxidation is
thermodynamically more favorable over OER and requires less kinetic overpotential due to 2-
electrons involved in the reactions compared to four electrons for water oxidation. Coupling
alternative reactions such as oxidation of biomass derived organic compounds (lignin, glucose,
furfural, 5- hydroxymethyl furfural; HMF, glycerol, etc.) and chemical wastes (polyethylene
terephthalate; PET, glyceric acid, wastewater remediation). The oxidation byproducts of these
reactions include several high value chemicals such as — FDCA, dimethoxydihydrofuran,
Vanillin, Glycolic acid, etc. This approach holds significant potential in reducing energy input
of the paired electrochemical process, enhancing the overall techno-economic viability, and
maximizing the return of energy investments. Integration of high selectivity metal complex
(Ni, Fe, Ru, Ir) based molecular catalysts and (bi-) metallic (Au, Pt, Pd) co-catalysts is a
promising direction to enhance the functionality of the perovskite photocatalysts. The future
endeavors must eventually go beyond the above and cover additional important reactions like
seawater splitting and wastewater treatment.

(iv) Towards higher order carbon compounds. A higher photovoltage is desirable to
overcome overpotential losses associated with photoelectrochemical CO; reduction.
Inspiration from photovoltaic architectures might be useful to engineer novel integration
methods enhancing charge extraction and stability. High photovoltage from encapsulated and
integrated perovskite PEC devices have shown promising results for unbiased standalone
operation. Semitransparent perovskite PV devices can provide extra photovoltage without
compromising the total photon flux. Next, overcoming mass transport limitations associated
with COz electrolysis, an integrated perovskite device with flow reactor and catalyst loaded gas

diffusion electrode (GDE) flow reactors will pave the way for standalone PEC device at high
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current densities. Surface reaction kinetics can be tuned by changing adsorption strength§iOconon
the intermediates. Advanced in-situ characterization tools such as — synchrotron-based
techniques X-ray scattering and photoelectron spectroscopy and are helpful in identifying
surface adsorbates and catalytic sites. Moreover, observation of catalytic transient states and
charge transfer processes using ultrafast infrared and pump-probe spectroscopy bring exciting
opportunities to understand the physical origin of the electrochemical processes at perovskite
surface.

(v) Scalability challenges. From a practical perspective, the scalability aspects should be
considered in the beginning itself. The facile low temperature synthesis position perovskites in
a favorable scenario to develop large scale processes compared to other photocatalysts,
especially oxides. While nanoparticle photocatalysts show great promise, they are confronted
with scaling issues. The development of thin films artificial leaf like devices are excellent in
this regard while keeping the fundamental tenets of nanoparticles and even single crystals
intact. Device scalability depends also on optimizing other important components such as

reactant solubility limits, mass transport limitations and the design of the reactor.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Further development lies in understanding the charge transfer processes in widely utilized
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heterojunction schemes, specifically perovskite-electrolyte interface. To further expand the
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scope of halide perovskite based photocatalytic systems, utilization of other forms of CO2 and

targeting alternative oxidation reactions is indispensable.
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