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Abstract

Energy and environmental issues faced on a global scale are among the
biggest challenges in the 215t century. The worldwide industrial growth still relies
heavily on fossil fuels as energy sources resulting in the atmospheric emission
of vast amounts of hazardous, greenhouse gasses such as SOx, NOx and CO:x.
As non-renewable natural resources, fossil fuels will also be exhausted one day.
A sustainable energy supply to replace fossil fuels and environmental
remediation is hence urgently. Among the alternative energy resources, the
utilization of solar energy is among the most promising to address future
challenges. Solar energy needs to be converted for example into chemicals to
make efficient use of it, and this is where photocatalysts play a key role in
driving redox reactions utilizing the energy of the absorbed photons. Up to now,
various photocatalysts have been reported, including inorganic oxides, nitrides,
sulfides, carbon-based materials and metal-coordination compounds. However,
most of them generally exhibit modest photocatalytic performance with most of
the absorbed photon energy converted into heat. This asks for exploring and
developing more efficient photocatalysts.

Metal halide perovskites (MHPs) have recently emerged as promising
photocatalysts due to their excellent optoelectronic properties and low-cost
solution processing. To date, MHPs-based composites have been applied in
various photocatalysis reactions including COz reduction, Hz evolution, organic
synthesis and pollutant degradation. Although much progress has been made,
the catalytic performance of pure MHPs can still be improved by (1) minimizing
charge carrier recombination, (2) stabilizing the “soft” ionic structure from
degradation. To improve the photoactivity, some methods have been explored,
such as cocatalyst loading, heterojunction formation by coupling MHP to
semiconductor photocatalyst materials, and morphology modification, while the
MHP photocatalysis research is in its infancy, and more efficient strategies are
still desired for achieving high photocatalytic performance. Besides, many
efforts have been made to improve the stability of the MHPs. Currently, the use
of low polarity organic solvents can be considered to provide a stable

environment for MHP photocatalysis. Nevertheless, even in apolar solvents,



MHP photocatalysts still experience stability issues for example because of the
formation of polar products during the photocatalytic processes. Therefore,
further practical/industry applications need to overcome these drawbacks.
This PhD thesis has focused on developing efficient strategies to improve the
photocatalytic performance and stability of MHP photocatalyst for solar-to-
chemical conversion. The main contents are as follows:

In the first part of this dissertation (Chapter 1), the energy crisis and
environmental pollution issues we are facing nowadays are analysed, and the
potential of photocatalytic processes is highlighted. Next, the photoelectronic
properties of MHPs that match the requirement of efficient photocatalysts are
outlined. Afterwards, the drawbacks of MHPs hampering their further practical
applications are pointed out, and the feasible solutions to address these issues
are clarified. Lastly, the current use of MHPs for photocatalytic solar-to-
chemical energy conversions, i.e., H2 evolution, CO2 reduction, organic
transformation, and pollutant degradation, is summarized and discussed.

In the experimental Chapters 2, 3 and 4, the main research results of my PhD
work are presented:

In Chapter 2, a Schottky junction by the decoration of the Pd nanocubes (NCs)
on the CsPbBrs surface was designed to promote the separation of
photogenerated electron-hole pairs in CsPbBrs. This Pd/CsPbBrs composite
was applied to the Suzuki coupling reaction to study the catalytic performance.
Benefiting from the improved charge separation and reduced activation energy,
the activity of Pd/CsPbBrs is 11.3 folds higher than that of CsPbBrs. Besides,
the temperature-dependent catalytic performance of the photocatalytic Suzuki
reaction and the reaction mechanism were investigated.

Chapter 3 expands the concept of Schottky junction by using a phase-
engineered crystalline-amorphous core@shell Pd (APd) cube, to further
improve the photocatalytic performance of simultaneous H:z evolution and
organic synthesis over Cs3Bi2Bro photocatalyst. Experimental and theoretical
results revealed that the APd offers a robust route to tune both charge transfer
kinetics and surface redox dynamics. As a result, the optimized APd/Cs3Bi2Bro
photocatalyst exhibits H2 and benzaldehyde production rates exceeding 1400

pumol h™t gL,



To simultaneously enhance the photocatalytic activity and stability of MHP
photocatalysts, in Chapter 4, a planar heterojunction solar photocatalytic cell
(NiOx/CsPbBrs/TiO2) was constructed, where NiOx and TiOz serve as charge
extraction materials and MHP protecting layers. When applied to selective
benzyl alcohol oxidation reaction, this solar photocatalytic cell presents a 7-time

higher photocatalytic activity and enhanced stability (> 90 h) as compared to

pure CsPbBrs. Besides, it is found that trace amounts of water could enhance
the MHP photocatalyst performance. This improvement was attributed to the
water-induced structural reorganization of CsPbBrs, resulting in the reduced
charge effective mass and enhanced charge separation.

Finally, Chapter 5 describes the conclusion and outlook. First of all, the main
results of this thesis, i.e., the construction of a Schottky junction by coupling
MHP with Pd and phase engineered crystalline-amorphous Pd cocatalyst to
boost the photocatalytic conversion efficiency of MHPs, and the construction of
a stable solar photocatalyst cell to boost the photoactivity and stability of MHP
photocatalysts, were summarized. Afterwards, the challenges of the MHP-
based photocatalysis applications, i.e., the modest photocatalytic activity and
the stability issues of MHPs, are pointed out, and some strategies that can be
used to solve these problems are offered.

Through this dissertation, useful approaches for enhancing both photocatalytic
activity and stability of MHPs are developed, and the great promise of the MHP-
based photocatalyst materials for solar-to-chemical conversion is demonstrated
and expanded. Overall, this thesis opens a window for efficient solar-to-fuel

conversion using MHP-based photocatalysts.



Samenvatting

Energie- en milieuproblemen waarmee we wereldwijd worden geconfronteerd,
behoren tot de grootste uitdagingen van de 2le eeuw. De wereldwijde
industriéle groei is nog steeds sterk afhankelijk van fossiele brandstoffen als
energiebron, wat resulteert in de atmosferische uitstoot van enorme
hoeveelheden gevaarlijke broeikasgassen zoals SOx, NOx en CO2. Als niet-
hernieuwbare natuurlijke hulpbronnen zullen fossiele brandstoffen op een dag
ook uitgeput raken. Een duurzame energievoorziening ter vervanging van
fossiele brandstoffen en de milieusanering zijn dan ook noodzakelijk. Zonne-
energie is één van de meest veelbelovende alternatieve energiebronnen om
deze toekomstige uitdaging aan te gaan. Zonne-energie kan omgezet worden
in chemicalién, dit is waar fotokatalysatoren een sleutelrol spelen door middel
van het aansturen van redoxreacties die gebruikmaken van de energie van
geabsorbeerde fotonen. Verschillende fotokatalysatoren zijn tot op heden
gerapporteerd, zoals anorganische oxiden, nitride, sulfiden, koolstof
gebaseerde materialen en metaalcodrdinatieverbindingen. De meeste van
deze materialen vertonen over het algemeen gelimiteerde fotokatalytische
activiteit, waarbij het grootste deel van de geabsorbeerde fotonenergie wordt
omgezet in warmte. Dit vraagt voor de ontwikkeling van efficiéntere
fotokatalysatoren.

Metaalhalogenideperovskieten (MHP's) zijn onlangs ontdekt als veelbelovende
fotokatalysatoren vanwege hun vele voordelen, zoals een hoge
absorptiecoéfficiént, lage excitonbindingsenergie, lange dragerdiffusielengte
en goedkope oplossingsverwerking. Tot op heden zijn op MHP's gebaseerde
composiet fotokatalysatoren toegepast in verschillende reacties, zoals COo-
reductie, Hz2-evolutie, organische synthese en degradatie van verontreinigende
stoffen. Hoewel er veel vooruitgang is geboekt, kunnen de fotokatalytische
prestaties van pure MHP's nog steeds worden verbeterd door (1) de
recombinatie van ladingsdragers te minimaliseren, (2) de "zachte" ionische
structuur te stabiliseren tegen degradatie. Enkele methoden zijn onderzocht om
de fotoactiviteit te verbeteren, zoals het impregneren met cokatalysatoren,
heterojunctievorming door MHP te koppelen aan halfgeleider

fotokatalysatormaterialen en morfologiemodificatie. Het onderzoek naar MHP-
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fotokatalyse staat echter nog in zijn kinderschoenen en efficiéntere strategieén
zijn noodzakelijk om betere fotokatalytische prestaties te bereiken. Daarnaast
zijn er veel inspanningen geleverd om de stabiliteit van de MHP's te verbeteren.
Organische solventen met een lage polariteit kunnen worden beschouwd als
een stabiele omgeving voor MHP-fotokatalyse. Desalniettemin ervaren MHP-
fotokatalysatoren  zelfs in  apolaire  oplosmiddelen nog  steeds
stabiliteitsproblemen, bijvoorbeeld door de vorming van polaire producten
tijdens de fotokatalytische processen. Daarom dienen deze uitdagingen eerst
aangepakt te worden voordat verdere praktische toepassingen kunnen
uitgewerkt worden.

Dit proefschrift richt zich op het verbeteren van de fotokatalytische prestaties
en stabiliteit van MHP-fotokatalysatoren voor omzetting van zonne-energie
naar chemische energie. De belangrijkste inhoud is als volgt:

In het eerste deel van dit proefschrift (hoofdstuk 1) worden de energiecrisis en
milieuvervuilingsproblemen waarmee we tegenwoordig worden geconfronteerd
geanalyseerd, en wordt het potentieel van fotokatalytische processen
toegelicht. Vervolgens worden de optische en elektronische eigenschappen
van MHP's die voldoen aan de vereisten van efficiénte fotokatalysatoren
geschetst. Daarna wordt gewezen op de nadelen van MHP's die hun verdere
praktische toepassingen in de weg staan en worden enkele haalbare
oplossingen om deze problemen aan te pakken verduidelijkt. Ten slotte wordt
het huidige gebruik van MHP's voor fotokatalytische omzettingen van zonne-
naar-chemische energie, d.w.z. Hz-evolutie, CO2-reductie, organische
synthese en afbraak van verontreinigende stoffen, samengevat en besproken.
In de experimentele hoofdstukken 2, 3 en 4 worden de belangrijkste
onderzoeksresultaten van dit proefschrift gepresenteerd:

In hoofdstuk 2 werd een Schottky-junctie ontworpen door decoratie van Pd
nanocubes (NCs) op het CsPbBrs-opperviak om de scheiding van
fotogegenereerde elektronen en gaten in CsPbBrs te bevorderen. Deze
Pd/CsPbBrs-composiet werd toegepast op de Suzuki-koppelingsreactie om de
katalytische prestaties te bestuderen. Dankzij de verbeterde ladingsscheiding
en verminderde activeringsenergie is de activiteit van Pd/CsPbBr3 11.3 keer

hoger dan die van zuiver CsPbBrs. Daarnaast werden de
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temperatuurafhankelijke prestatie van de fotokatalytische Suzuki-reactie en het
reactiemechanisme onderzocht.

Hoofdstuk 3 breidt het concept van de Schottky-junctie uit door gebruik te
maken van eenkristallijn-amorfe kern@shell Pd (APd) kubus gedecoreerde
CssBi2Brg fotokatalysator, om de fotokatalytische prestatie van de H2-evolutie
reactie in combinatie met de organische synthese van kostbare chemicalién
verder te verbeteren. Experimentele en theoretische resultaten lieten zien dat
APd een robuuste route biedt om zowel de ladingsoverdrachtskinetiek als de
opperviakte-redoxdynamiek te verbeteren. Dit resulteertd in een H2- en
benzaldehydeproductiesnelheden van meer dan 1400 umol h™* g™ voor de
geoptimaliseerde APd/CssBi2Bre-fotokatalysator.

Om zowel de fotoactiviteit alsook de stabiliteit van MHP-fotokatalysatoren te
verbeteren, werd in Hoofdstuk 4 een vlakke heterojunctie (NiOx/CsPbBrs/TiOz2)
geconstrueerd, waarbij NiOx en TiOz niet alleen dienen als ladingsdrager-
transportlagen, maar ook als beschermplagen voor de MHP. Toegepast op de
selectieve fotokatalytische oxidatie van benzylalcohol, vertoont dit systeem een
7-voudige verbetering van de fotoactiviteit en verbeterde stabiliteit gedurende
meer dan 90 uur in vergelijking met zuiver CsPbBrs. Bovendien werd
vastgesteld dat sporen van water de prestaties van de MHP-fotokatalysator kan
verbeteren, dit werd toegeschreven aan de door water geinduceerde
structurele reorganisatie van MHP, wat leidde tot een verminderde effectieve
massa van de lading en een verbeterde ladingsscheiding.

Tot slot beschrijft hoofdstuk 5 de conclusies en vooruitzichten. Allereerst zijn
de belangrijkste resultaten van dit proefschrift samengevat. Dit zijn de
constructie van een Schottky-junctie door MHP te koppelen met Pd
nanobuisjes en fasegemanipuleerde kristallijn-amorfe Pd-cokatalysator om de
fotokatalytische prestatie van MHP's te verbeteren, en de constructie van een
stabiele zonne-fotokatalysatorcel om gelijktijdig de fotoactiviteit en stabiliteit
van MHP-fotokatalysatoren te verhogen. Daarna wordt gewezen op de
uitdagingen voor de toepaasing van de op MHP gebaseerde fotokatalysatoren.
Deze zijn de bescheiden fotokatalytische activiteit van pure MHP-

fotokatalysatoren en de stabiliteitsproblemen van MHP's. Ook worden er enkele
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strategieén aangeboden die onderzocht kunnen worden om deze problemen
op te lossen.

Door middel van dit proefschrift worden bruikbare methodes voor het
verbeteren van de fotokatalytische activiteit en stabiliteit van MHP's ontwikkeld,
en wordt het grote potentieel van de op MHP gebaseerde fotokatalysatoren
voor de conversie van zonne-energie naar chemische energie aangetoond en
uitgebreid. Over het algemeen effent dit proefschrift het pad voor een efficiénte
conversie van zonne-energie naar brandstof met behulp van op MHP

gebaseerde fotokatalysatoren.



List of symbols and abbreviations

APd Amorphous palladium

BA Benzyl alcohol

BAD Benzaldehyde

CB Conduction band

CO2 Carbon dioxide

CsPDbBrs Cesium lead bromide

DMSO Dimethyl sulfoxide

DFT Density functional theory

DRS UV-vis diffuse reflectance spectra
Eg Bandgap energy

eV Electron volt

ESR Electron spin resonance

EDS Energy-dispersive X-ray spectroscopy
EIS Electrochemical impedance spectroscopy
FA Formamidinium (HC(NH2)2)
g-CsNa4 Graphitic carbon nitride

GC Gas chromatography

GC-MS Gas chromatography-mass spectrometry
H2 Hydrogen

MA Methylammonium (CHsNHz)

MHP Metal halide perovskite

NCs Nanocubes

nm Nanometre

‘Oz Superoxide free radical

PL Photoluminescence

SEM Scanning electron microscope
TCD Thermal conductivity detector
TEM Transmission electron microscopy
HRTEM High resolution TEM micrograph
TON Turnover number

TOF Turnover frequency
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TEOA
UV-Vis
VB
XRD
XPS

Triethanolamine
Ultraviolet-Visible
Valence band
X-ray diffraction

X-ray photoelectron spectroscopy
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Chapter 1. General introduction

The rapid industrialization and growth in global activity are the driving forces for
the increasing energy demand. For instance, global energy utilization is
predicted to increase by around 35 % by 2050, which is almost double
compared to 2000.% Until now, economic prosperity and development heavily
rely on non-renewable fossil fuels. These fossil fuels are not infinitely available
and will be exhausted one day. Furthermore, the combustion of fossil fuels
results in the atmospheric emission of greenhouse and hazardous gases such
as CO2, SO2, and NOx.2 Thus, there is an urgent need for alternative energy
sources and methods to decrease environmental pollution and our dependency

on fossil fuels.

The establishment of eco-friendly and sustainable energy resources is a good
starting point to fulfill this goal. So far, many alternative approaches such as
wind power, hydroelectric power, geothermal energy biomass power and solar
energy have been developed. Solar energy, which abundantly reaches the
earth's surface every day, is a clean and sustainable source of energy. The
energy of the sunlight that reaches the earth in 1 h is estimated to be equal to
the energy needed for humans for 1 year (~4.6 x 10%° joules).? The utilization
of sunlight is therefore considered one of the most promising green energy
strategies.

Among the various solar technologies, photocatalysis — a process that utilizes
the energy of photons to accelerate/initiate a chemical reaction, has shown
great potential in solar-to-chemical conversion. In 1972, Fujishima and
coworkers showed TiOz as a photo(electro)catalyst to split water into H2 and

02.4 From then on, photocatalysis has attracted increasing attention.

Contributions

This literature overview was written by Chunhua Wang with critical input from

Bo Weng, Maarten B.J. Roeffaers, and Johan Hofkens.



1.1 Photocatalysis concept

Photocatalysis is the acceleration of chemical reactions by light. When using
sunlight, solar energy is converted into chemical fuels. In general,
photocatalysis is particularly interesting for green and sustainable chemistry
since it combines the efficiency of catalysis with the usage of sunlight. Following
the first work reported by Fujishima et al.,* photocatalytic applications have
attracted growing attention. The photocatalyst plays a key role in the catalytic
reaction process since the chemical reactions occur on the catalysts surface,
and thus the photocatalyst directly determines the photocatalytic performance
of the reaction. Two types of photocatalysis can be identified depending on the
physical form of the catalyst and the reaction medium: homogeneous and
heterogeneous photocatalysis.® In homogeneous photocatalysis both the
photocatalyst and reactant are in the same phase. If they are not in the same
phase, the photocatalytic reactions are categorized as heterogeneous
photocatalysis. The latter is often a solid material in contact with a reaction
medium in gas- or liquid-phase. Homogeneous catalytic systems generally
suffer from the difficulty in separation and recovery of catalysts from the
reaction mixtures. This makes the heterogeneous alternative much more
interesting for industrial applications.® Therefore, much attention has been paid
to the heterogeneous photocatalytic reactions. The work in this thesis is

focused on heterogeneous photocatalysis.

Semiconductor-based heterogeneous photocatalytic reactions take place by
utilizing light as an energy source and a semiconductor material as the catalyst.
The basic principle of this kind of photocatalytic process starts at the
semiconductor electronic band structure. The bandgap is the energy distance
between the conduction band (CB) and the valence band (VB). Generally,
semiconductor-based photocatalysis involves three major steps:” (1) light
harvesting and photoinduced electron excitation, (2) charge separation and
migration from bulk to surface, and (3) photoredox reactions that take place at
the surface of the photocatalyst. Taking the widely used semiconductor TiO2 as
an example, the general photocatalytic process is shown in Figure 1a.2 Firstly,
under light illumination, the photocatalyst (TiO2) absorbs photons with an

energy larger than the bandgap. This causes the excitation of electrons from
2



the VB to the CB generating holes in the VB. Secondly, the photogenerated
charge carriers migrate to the surface. Meanwhile, a part of the generated
electrons in the CB will move back to VB and recombine with the holes. Finally,
the separated charge carriers react with the adsorbed reactant molecules. The

electrons are involved in reduction reactions and holes participate in oxidation

reactions.
(a) » Products (b)
e e’f Reduction
4 «“ el . Optical Charge carrier
“a 3 & Reactants absorption separation
¢ 3 S Photocatalytic
=2 = performance
5 S
=} # Products
3
VB ht ht Oxidation Surface

™ Reactants reaction

TiO,
Figure 1. (a) Schematic illustration of a semiconductor-based (TiO2)
photocatalytic process. (b) Three key kinetic parameters affecting the catalytic

performance of semiconductor photocatalysts.

For photocatalysis, the catalytic reaction efficiency is mainly determined by
three kinetic parameters:® 10 optical absorption, the separation of photoinduced
electron-hole pairs, and surface reaction (Figure 1b).

e Firstly, the light absorption of a photocatalyst is associated with its
bandgap and absorption coefficient. Generally, a smaller bandgap
results in a broader light absorption range. While in a photocatalytic
reaction, a small bandgap leads to a limited redox ability of the
photocatalyst.!* Therefore, balancing the bandgap, the absorption
coefficient and the reaction is very important. The absorption coefficient
of the material expresses the likelihood of a photon with specific energy
to be absorbed.

e Secondly, the efficient separation of photogenerated charge carriers is
necessary to make sure the generated electrons and holes can
effectively participate in redox reactions.'? The lower exciton binding
energy and longer charge carrier diffusion length of semiconductor
materials are key to achieving this.

3



e Thirdly, since the redox reactions take place at the surface of the
photocatalysts, efficient migration of electrons and holes from the bulk
to the catalysts surface to participate in chemical reactions is very
important.” Besides charge carriers reaching the surface, reactant
absorption and product desorption also play an important role.

It is well known that these three key factors influencing photocatalytic
performance are highly related to the photocatalyst itself. So far, many studies
have been carried out to develop various photocatalysts.'3-16 Unfortunately, the
conversion efficiency of most photocatalysts is generally unsatisfactory mainly
due to limited light utilization and/or fast charge recombination. Future practical
applications need to address these challenges.

Inspired by the great advances in solar cells, metal halide perovskites (MHPS)
have recently emerged as promising photocatalysts due to their excellent
optical and electronic properties. 21412 The following section first gives a brief
introduction to MHP materials. Secondly, some strategies that can be used to
improve the catalytic performance of the photocatalyst are introduced. Thirdly,
the recent applications of MHPs in photocatalysis including Hz evolution, CO2
reduction, organic transformation, and pollutant degradation are summarized
and discussed. Finally, the motivation and objectives of this thesis are

summarized.

1.2 Metal halide perovskites (MHPS)

1.2.1 Crystal structure

Metal Halide perovskites (MHPSs) are a group of semiconductor materials with
a similar crystal structure as the natural mineral CaTiOs — the earliest perovskite
material brought to light by Gustav Rose 1839 while named after Russian
mineralogist Lev Perovski, with the chemical formula ABX3.17 In this formula A
is @ monovalent cation (CHsNH3s*, MA*; CH(NH2)2*, FA*; Cs*), B is a bivalent
metal cation (Pb?*, Sn?*) and X is a halide anion (I~, Br~and CI"). Typically, A
occupies a corner of a unit cell, B sits in a body-centered position, and X
occupies a face-centered position, with a corner-sharing [BXes]*~ octahedra,®

as exhibited in Figure 2.



Figure. 2 Unit cell crystal structure of MHPs (left) and the extended crystalline
structure connected by corner-sharing [BXs]*~ octahedra (right).1° Reproduced

with permission from ref 19. Copyright 2017 Wiley.

The structure of MHPs is associated with BXe octahedra and A cation, and their
crystal structures can be tuned by regulating its octahedral factor (u) (Equation

1), and long-standing Goldschmidt’s tolerance factor t (Equation 2):20

(1)

I'g
H=—
Iy

A
— -1 'p
= ml iy

'B

(2)

where ra, rs and rx stand for the radius of A, B and X ions, respectively,?%? na
is the varied oxidation state of A. For all-inorganic MHPs involving alkali A*
cations, na = 1. Typically, T is used to assess the degrees of size matching
between the A cation and BXe octahedra. The formation of the perovskite
structure is reported to require t < 0.418. To meet the requirement of forming

the octahedra, the radius of ra needs to be larger than 0.442 rx, i.e., u > 0.442.20:
22

1.2.2 Electronic and optical properties

The excellent optoelectronic performance of MHPs is mainly attributed to their
distinctive electronic properties.? Through investigation of the electronic
structure such as band structure and density of states, their photoelectric
properties including light absorption coefficient, exciton binding energy, carrier
mobility, effective mass, and charge recombination rate, can be analyzed.??
Theoretical simulations such as density functional theory (DFT) have been

widely employed to calculate the band structure of halide perovskites.?® 24 The
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electronic structures of MHPs with different halides possess similar features.
For instance, in typical 3D CsPbXs MHPs, the VB is constituted by the
antibonding hybridized 6s orbitals of Pb and X np orbitals of the halides (n= 5,
4, and 3 for I, Br, and CI, respectively), and the CB is mainly composed of Pb
6p orbitals.?* 2> The band structures are rarely dependent on X composition,
while X ions affect the bandgap (Eg).?® The excitation and charge carrier
recombination are mainly confined within the PbXs octahedra.?*

Compared to other materials, MHPs possess excellent optical properties
including high absorption coefficient (> 10° cm?), small exciton binding energy
(Eb < koT for iodide-based family) and tunable bandgap (1.24-3.55 eV).18 26 The
optical bandgap is one of the most important photoelectronic properties since it
directly determines the absorbance range. The bandgap of MHPs can be tuned
over the visible light region, which meets the requirements regarding catalysis.
Taking CsPbXs MHP as an example, when changing X site halide from | to Br
and ClI, the energy levels of the X np6 orbitals decrease, shifting the CB position
toward more positive potentials, thus yielding different bandgaps.?” Specifically,
CsPbls with cubic phase has a bandgap (Eg) of 1.73 eV, a wider was found for
CsPbBrs3 (2.3 eV) and CsPbCls (2.99 eV). Besides, the Egis tunable by mixing
different halides. For example, CsPblxBrs-x like CsPbl2Br and CsPbIBr2 has a
Egof 1.92 eV and 2.05 eV, respectively.?!

1.2.3 Stability

The stability of photocatalytic materials is another key factor affecting their
applicability.>1? The structural and electronic properties of MHPs can change
dramatically upon air exposure (moisture, O2) and UV illumination.? For
instance, MHPs easily degrade into PbX2 components, MA or FA and halide
ions in contact with water due to the fragile organic moieties (MA*, FA*).18.20. 28,
29 Over the past decade, the degradation mechanisms of MHPs have been
widely explored using in-situ grazing incidence XRD, transient absorption
spectroscopy techniques and ab initio molecular dynamics simulations. These
investigations showed that the absorbed H20 quickly penetrates the inner
structure of MHPs and reacts with BXe octahedra, resulting in the formation of
monohydrate and dihydrate compounds. Taking CHsNH3sPbls as an example,
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its degradation processes when exposed to water can be expressed by the

following equations:*?

CH;NH;Pbl; + H,0 — CH3NH;Pbl; - H,0 €))
4CH3NH;Pbl; + 2H,0 — (CH5NH,),Pbl, - 2H,0 + 3Pbl, 2)
CH5;NH;Pbl; - H,0 — Pbl, 4+ CH;NH;I + H,0 (3)
CH;NH;I - CH;NH, + HI 4)

Furthermore, the stability of MHPs is also weak in the presence of oxygen and
light.*> Through UV-vis and XRD characterizations, Hitoshi et al. reported that
CH3NH3sPbls decomposes into Pblz under light exposure for 12 h.3° The
degradation mechanism was further investigated by Haque et al.3' They
showed that this photoinduced degradation process is associated with iodide
vacancies, in which Oz will be inserted into the crystal lattice of MHPs. The
molecular Oz will react with photogenerated electrons at the site of | vacancies
to form reactive superoxide species. Then, the superoxide radicals interact with
MA and produce the decomposition products H20, CHsNHz, Pblz, and 2.3
Furthermore, light irradiation also influences the bandgap of MHPs.32 The light
soaking alters the position of the CB and VB of MHPs and thus changes the
bandgap. McGehee et al. symmetrically investigated this change using
MAPDBr«l3-x MHPs as a model MHP material.3? Under light irradiation for a few
minutes, a red-shift in PL peak and an increase in PL intensity of the
MAPDBTr«l3- film were observed.

The instability issues of MHP photocatalysts have recently been highlighted by
Roeffaers and coworkers in a review.'? Overall, the stability of MHPs originates
from their crystal structures. Owing to the ionic nature of MHPs, they generally
have a “soft” structure. This causes the fast degradation of MHPs under
photocatalytic conditions. Given that, several proven or potential strategies
were suggested to stabilize the MHP photocatalysts, these include replacing
organic cations (MA* and FA*) with inorganic components (Cs*), using
saturated haloacid HX (X=I, Br) solutions, low-polarity solvents (acetonitrile,
toluene, ethyl acetate, trifluorotoluene, isopropanol, etc.), adding drying agents
(such as Na2S0a4), encapsulation or surface capping the MHP, etc. One of the
targets of this thesis is to develop efficient approaches to improve the stability

of MHP photocatalysts, which will be discussed in detail in Chapter 4.
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1.3 Approaches for photocatalyst modification

As stated above, the typical photocatalytic reaction process consists of three
main steps: (1) the photocatalyst absorbs light to produce photogenerated
electron-hole pairs; (2) the separation and transfer of the generated charge
carriers; (3) the reduction and oxidation reactions on the photocatalysts
surface.” For most pure photocatalysts, the solar-to-chemical conversion
efficiency is generally modest, originating from inefficient charge separation.?
To boost the photocatalytic activity, effective strategies are required to minimize
the charge recombination.? So far, enormous efforts have been made by
loading cocatalysts, construction a heterojunction, and defect engineering.? In

this section, these approaches are summarized and discussed.

1.3.1 Loading cocatalysts

The loading of cocatalyst on the photocatalysts surface has been shown to
efficiently improve the photocatalytic performance.>'? Taking metal cocatalyst
as an example, generally, when metal nanopatrticles are in close contact with a
semiconductor material, charge redistribution between the metal and
semiconductor will occur because of their different Fermi level (EF) positions
(Figure 3a), which leads to band bending of the semiconductor. Electrons
transfer from semiconductor to metal until the EF of the metal and the
semiconductor reaches equilibrium, resulting in the formation of a Schottky
barrier (Figure 3b).23 Under light irradiation, the photogenerated charges are
influenced by this band bending. Specifically, electrons in the semiconductor
are transferred to the metal cocatalyst driven by the built-in electric field at the
interface, and the as-formed Schottky barrier at the interface will block the
backflow of electrons from the metal to semiconductor (Figure 3c), leading to
efficient separation of photogenerated charge carriers. Besides, the cocatalyst
can also offer more reactive sites for redox reactions. Until now, noble metals
such as Au,** Pd,3® Pt,%¢ Ag,%” Ru,%8 and Rh,%%, noble metal oxides like RuO2*°
and IrO2,*t and noble-metal-free cocatalysts such as Ni complexes,*? 43
hydrogenase mimics,** 4% carbon nanotubes,*® graphene nanosheets,*’
B203-xNx,* and Mo0S2,4°°1 have been explored as cocatalysts for

photocatalysis. An example of an MHP-metal cocatalyst composite for the
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photocatalytic degradation of dyes is presented in Figure 3d.? The metal
cocatalyst (Pt or Au) serves as an electron reservoir to capture the
photoinduced electrons, leading to a dramatical enhancement in the production
rate of the MHP photocatalyst. In this thesis, coupling MHP with metal
cocatalyst (Pd) was adopted to promote charge separation, and thus enhancing
solar-to-chemical conversion efficiency of MHP photocatalyst (Chapter 2).
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Figure 3. Schematic band diagram of a n-type semiconductor/metal composite
(a) before and (b) after contact and (c) the electron transfer within a Schottky
junction under light irradiation, where Er, Evac, represent Fermi level and
vacuum level, respectively, and CB, VB, e, and h* stand for conduction band,
valence band, electron and hole, respectively. (d) An example of photocatalytic
degradation of dyes using an MHP/metal composite.? Reproduced with
permission from ref 2. Copyright 2020 Elsevier.

Cocatalysts have various functions: (1) promote the separation and migration
of photogenerated electron-hole pairs.” 52 (2) offer more active sites for the
targeted surface photocatalytic reaction. (3) plasmon metals cocatalyst (Au, Ag,
Cu) can improve the light absorption originating from the localized surface

plasmon resonance effect.”- 52 53 (4) extend the stability of the photocatalysts
9



through the consumption of electrons and/or holes.” %2 (5) lower the
overpotential of Hz evolution reactions.” (6) enhance the selectivity of CO2
reduction.>3

On the other hand, tuning the crystallinity of cocatalysts has been demonstrated
to improve the photocatalytic performance.>®5 Normally, highly crystalline
materials have a higher charge migration rate, while materials with low
crystallinity, such as amorphous structures can serve as surface active sites.>?
For example, by integrating a low crystallinity Pd cocatalyst to CdS, the
production rate of CO2 over Pd/CdS composite improves significantly.>*
Similarly, a semi crystalline-amorphous Pd cocatalyst was found to be
beneficial for charge separation and offers multiple reaction sites, thus
enhancing the photoactivity and selectivity of the CO2 reduction.>® In this
dissertation, phase-engineered crystalline-amorphous core@shell Pd
nanocubes were designed to enhance the photocatalytic efficiency of H:

evolution and organic synthesis (Chapter 3).

1.3.2 Heterojunction structure

Engineering of heterojunctions is one of the most promising approaches to
improve photocatalytic performance.®® 57 For traditional semiconductor
photocatalysts such as TiO2, CdS, ZnO and CsN4, the construction of a
heterojunction to minimize the recombination of charges has been
demonstrated.>®>” Similarly, recent studies also confirmed that this strategy
could dramatically enhance the conversion efficiency of MHP
photocatalyst.>125 Very recently, MHP-based heterojunctions (such as type Il
and Z-scheme) have been summarized in detail by Roeffaers group.>> More
specifically, the underlying photophysical principles of different types of
heterojunctions were clarified, and techniques to identify the type of
heterojunctions were highlighted.

In general, when semiconductor A and semiconductor B are in contact, three
types of band alignments can be formed:%6-%8 type I, type Il, and type Il (Figure
4).58 For a type | heterojunction (Figure 4a), the VB and CB of semiconductor
B are located in the middle of the bandgap of semiconductor A. In this

heterojunction system, photogenerated charge carriers migrate to
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semiconductor B, and accumulate at the VB and CB of semiconductor B for
targeted redox reaction. Considering electrons and holes flow to a single
semiconductor, the charge carriers generally cannot be separated efficiently
due to the inevitable charge accumulation.®® For a type Il system (Figure 4b),
semiconductor A has a higher VB and CB position compared to semiconductor
B. As a result, the opposite transfer and confinement of the charge carriers will
occur, leading to a transfer of the electrons in semiconductor A to
semiconductor B, and holes migrate from semiconductor B to semiconductor A.
Due to the opposite flow directions of electrons and holes, the charge carriers
can be separated effectively.®” For a type Il heterojunction (Figure 4c), the
band edges of the two semiconductors are not overlapped. Thus, the shuttle of

holes or/and electrons between the two semiconductors will not occur.

(a) A q B (Reductlon (b) ol @ m (Reducﬂon
‘ hv ‘m hy

hv
CB

E i T CB )
VB vB o/
u ~ @, \ENE
@ u (Oxldauon Oxidation) b @
Straddling gap (type-I) Staggered gap (type-II)
(c) A (d) A (Reduction
v € B © W
>, ' ' CB
) B by (€0 -
L2 I w
® e T
L VB | @
. VB
® o
Oxidation)
Broken gap (type-III) Direct Z-scheme

Figure 4. Schematic illustration of electrons and holes separation and migration
under light illumination in four different heterojunction systems. (a) Type-I, (b)
Type-ll, (c) Type-Ill heterojunction, and (g) direct Z-scheme photocatalytic
system,® where CB, VB, e-, and h* stand for conduction band, valence band,
electron and hole, respectively. Reproduced with permission from ref 58.
Copyright 2020 Wiley.

If the two materials are an n- type and a p-type semiconductors, the electrons
in the n-type semiconductor will migrate to the p—n interface while the holes are

remained. This process originates from the offset of EF.>” Meanwhile, the holes
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generated in the p-type semiconductor material transfer to the n-type
semiconductor. As a result, a p—n heterojunction will be generated when the Er
reaches an equilibration, forming an internal electric field.>” Under light
irradiation, driven by the internal electric field, photogenerated electrons
transfer to the CB of the n-type semiconductor quickly, while holes will be
shuttled to the VB of the p-type semiconductor.>® Although p—n heterojunction
and Type-Il systems have a similar configuration, the charge separation in a p—
n heterojunction is generally faster than in a Type-Il system, attributing to the
synergistic effect of band alignment and internal electric field.%® 57

However, the redox ability of these heterojunctions is generally limited.>® To
maximize the redox potentials, Yu et al. constructed a direct Z-scheme
heterojunction (Figure 4d).>® Although this system possesses an identical
configuration to a type-ll system, the charge separation mechanism is
different.5” 58 Because of the strong electrostatic repulsion, a direct Z-scheme
blocks the transfer of electrons within the CB between semiconductors A and
B. Alternatively, the photogenerated electrons in the CB of semiconductor A
directly combine with holes in the VB of semiconductor B. In this case, the
photogenerated electrons in semiconductor A and holes in B are spatially
separated.®® 57 As a result, the strong redox ability of both semiconductors is
maintained.%®

To sum up, the construction of heterojunction is one of the most promising
strategies to enhance photocatalytic performance.5>5758 By tuning the type of
the heterojunction, both the charge separation and redox potential can be

adjusted.8

1.3.3 Defect engineering

Defects exist in almost all semiconductor materials at room temperature.1°
Although defects in semiconductors are widely recognized as charge
recombination centers detrimental to photocatalytic performance, some recent
studies have shown that when precisely engineered, certain types of defects,
in small amounts, can improve the photocatalytic performance of the
photocatalyst (e.g. TiO2, Bi2WOs and g-CsNas). These defects optimize the
electronic structure, tune the light absorption, influence the charge separation,
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and offer more reactive sites.”'* Hence, defect engineering provides a feasible
strategy to improve the overall photocatalytic performance.!! Despite the great
promise, it is difficult to accurately modulate the defect concentration and
location during the synthesis process.

Specifically, for MHPs, two categories of defects are generally identified:
intrinsic and extrinsic defects. Intrinsic point defects include vacancies,
interstitials and anti-sites,'”1° are listed in order of increasing formation energy
(Figure 5a). The defects in MHPs generally lie near the band edges or within
the bands making MHPs generally very defect-tolerant (Figure 5b).1%18 This is
in contrast to traditional defect intolerant semiconductors (e.g. CdSe, GaAs)
(Figure 5b).*® Extrinsic surface defects, originating from unsaturated surface
bonds or surrounding environment, are a major concern in solution processed
MHPs.18

So far, defect engineering has not been reported to improve the photocatalytic
performance of MHP photocatalysts. On the contrary, defects are shown to be
detrimental to photocatalytic performance, and the defect passivation can
enhance the photoactivity. For example, Wang et al. reported that the defects
treatment of CsPbBrs (uncoordinated Pb) nanocrystals can dramatical improve
the photocatalytic CO2 activity.'® Similarly, Ou et al. confirmed that the surface
passivation of CsPbBrs quantum dots promotes the photocatalytic
performance.® Until now, passivating the defects of MHPs is still a mainstream
approach for improving their photocatalytic properties (Figure 5c¢). Especially,
post-treatment with proper ligand molecules or metal salts have been employed
to passivate the surface defects (Figure 5d).® However, very recently, a DFT
study showed that the defect modified (Br-vacancy) Cs2AgBiBrs will be
beneficial for CO2 adsorption compared to pristine Cs2AgBiBre.2° Therefore, the
relationship between defects and catalytic activity of MHP photocatalysts still

needs to be investigated systematically.
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Figure 5. (a) Schematic overview of typical point defects in MHPs and (b)
comparison of electronic band structure of traditional defect-intolerant
semiconductors (e.g. CdSe, GaAs) and defect-tolerant MHPs (e.g. CsPbXa3).
Reproduced with permission from ref 8. Copyright 2018 Springer Nature
Publishing AG. (c) Summary of ligand modification of MHPs with different types
of passivation ligands. Reproduced with permission from ref 6. Copyright 2022
American Chemical Society. (d) Schematic illustration of defects passivation
with various surface ligands. Reproduced with permission from ref 10.
Copyright 2021 Wiley-VCH.

1.4 Applications of MHPs in photocatalysis

So far, great efforts have been made to enable MHPs for solar-to-chemical fuel
conversion. In this section, recent progress in the development of MHP-based
composites for various photocatalytic reactions is summarized and discussed,
such as photocatalytic Hz evolution, photocatalytic CO:2 reduction,
photocatalytic organic synthesis and photocatalytic pollutant degradation
(Figure 6).
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Figure 6. MHP-based photocatalytic applications and the corresponding
representative work.? Reproduced with permission from ref 2. Copyright 2020

Elsevier.

1.4.1 Hz evolution

H2 is one of the most promising clean and sustainable energy sources to
replace traditional nonrenewable fossil fuels.®® Photocatalytic H2 evolution,
generated from water splitting, hydrohalic acid, or alcohols, is an attractive
renewable technology.®® Despite TiO2-based materials have shown great
promise as photocatalysts for H2 generation, their poor light utilization efficiency,
fast charge carrier recombination and low performance limit their practical
applications.'? 61 Therefore, the development of new semiconductor materials
iS necessary.

In 2016, Park et al. first demonstrated Hz evolution over MHP photocatalyst.®?
To address the instability issue of MHPs, a precipitation-solubility dynamic
equilibrium strategy was developed. Under visible light illumination, MAPbIs
exhibited a stable H2 production rate of 2.9 pymol g™* h™ (Figure 7a). Though
loading the Pt on the surface of MAPDIs to facilitate the charge separation in
MAPDbI3, the production rate was enhanced to 57 pmol g™ h™. Since then, the
application of MHPs in Hz evolution was further developed through coupling
MHPs with other semiconductors or electron cocatalysts (Figures 7 b-e). For

example, Huang et al.®® synthesized a MAPbIs/rGO catalyst using reduced
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graphene oxide (rGO) to promote the separation of photogenerated electrons
in MAPDIs (Figure 7b). As a result, the MAPbIs/rGO composite exhibited a
photocatalytic conversion rate of 939 ymol g~ h™%, which is 67-fold higher than
that of pure MAPDIs. Afterwards, they also synthesized a MAPbBrs«Ix catalyst
via a halide exchange strategy.®* A production rate of 651.2 ymol h™* was
achieved with MAPDbBrsxIx/Pt composite under visible light illumination.
Followed by these studies, coupling of MHPs with semiconductor materials to
improve the charge separation was further explored. Li and coworkers designed
a MAPDI3/TiO2 composite to facilitate the charge transportation efficiency of
MAPDI3, thus enhancing the production rate of Hz evolution from HI splitting
(Figure 7c¢).%° Similarly, Tao et al. constructed a NisC/MAPbIz photocatalyst,®®
which resulted in an Hz generation rate of 2362 pmol g* h™%, 55 times higher
than that of pure MAPDIs (Figure 7d). Furthermore, Li et al. designed a dual-
channel transport photocatalyst to better promote the extraction of
photogenerated charge carriers.®” This photocatalyst system has a structure of
Pt/Ta20s/MAPDbBrs/PEDOT:PSS, using Pt/Ta20s and PEDOT:PSS as electron
extraction material and hole extraction material, respectively (Figure 7e).
Benefiting from the promoted charge separation, the H2 generation rate of
MAPDBTr3 is improved 52 times, reaching 105 pymol h™! under visible light

illumination.
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Figure 7. (a) Schematic band diagram of MAPDIs for H2 generation in saturated
HI agueous solution.®? Reproduced with permission from ref 62. Copyright 2017
Springer Nature. (b) Schematic illustration of MAPDbIs/rGO for enhanced H:
production.® Reprinted with permission from ref 63. Copyright 2018 Wiley. (c)
Band energy structure of MAPbIs and TiO2.% Reprinted with permission from
ref 65. Copyright 2018 American Chemical Society. (d) Schematic illustration
of the production rate of MAPbIz and NisC/MAPDbI3.%¢ Reprinted with permission
from ref 66. Copyright 2019 American Chemical Society. (e) Schematic band
diagram and reaction mechanism of Pt/Ta20s/MAPbBrs/PEDOT:PSS, using
PEDOT:PSS and Pt/Ta20s as hole and electron extraction materials,
respectively.®” Reproduced with permission from ref 67. Copyright 2019

American Chemical Society.

In summary, great efforts have been made to improve the photocatalytic

performance of MHPs in the photocatalytic H2 evolution (Table 1). However,

17



the photoactivity for the Hz evolution is still relatively low and needs to be further
improved. Material engineering such as developing MHPs with a suitable
bandgap, higher reduction potential, and excellent charge separation ability,
are promising pathways to improve the photocatalytic performance.? On the
other hand, most experiments on the MHP-based H:2 evolution reaction are
performed in saturated aqueous haloacid HX (X=Br and ). During the
photocatalytic process, the halide X~ will be oxidized to X3~, which requires
additional reducing agents (such as H3PO3) to regenerate X". This leads to a
rise in the cost and limits the real-world large-scale applicability.*? 3° Moreover,
the strong acidity and corrosive ability of HX make the operational conditions
harsher and more dangerous, and prevents the use of specific cocatalysts.!?
Therefore, further applications need to be explored as alternative MHP-based

H2 evolution routes.

Table 1. Summary of photocatalytic Hz evolution using MHP-based
photocatalysts.

Photocatalyst light source  Medium H.rate umol g*  Ref.
h-l

MAPDIs/Pt A 2475 nm HI acid 11.31 62

CsAgBIiBr4/rGO A =420 nm, HBr acid 50 68
300 W Xe

CsPbBrz/Ru@TiO2> 445 nm, 50  Triethanolamine 160 69
mWw laser

MAPDI3/TiO2 A =420 nm HI acid 436.6 65

MAPDbIs/CoP A 2420 nm, HI acid 785.9 70
150 W Xe

DMASNBIrs/g-CsNs 500 mW cm™  Glucose 925 n
2 Xe solution

MAPDI:/rGO A 2420 nm, HI acid 939 63
300 W Xe

PEASNBr4s/g-CsNs A 2420 nm,  Triethanolamine 1613 2
300 W Xe

Pt/TiO2-MAPDI; A =420 nm HI acid 1986.67 65

MAPDI3/NizC A 2420 nm, Hl acid 2362 66
300 W Xe
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MAPDbBIr3xl./Pt A =420 nm mixed HI/HBr 2604.80 64

acid
MAPDI:/BP A 2420 nm, HI acid 3742 73
300 mW cmr
2 Xe

1.4.2 CO2reduction

As a greenhouse gas, CO2 has been well recognized as the main reason for
the increase in surface temperature of our planet. The conversion of CO:2 to
fuels does not only provide a new way for obtaining chemical fuels but can also
slow down climate change.’* Photocatalytic CO2 reduction, supported by solar
energy and a photocatalyst, has attracted increasing attention to convert CO2
to chemical fuels, such as CO, CH4, HCOOH, HCHO and CH3OH.™

Recently, MHPs have been employed as promising photocatalysts for CO:2
reduction due to their many advantages. Until now, different MHP-based
composites have been employed, and their photocatalytic performance is
summarized in Table 2. Kuang et al. reported the use of a CsPbBrz MHP for
the photocatalytic CO2 reduction (Figure 8a), in which the photocatalytic
reaction was performed in ethyl acetate to stabilize the MHP.”® To promote the
charge separation in CsPbBrs MHP, GO, an excellent charge mediator, was
decorated onto the surface of CsPbBrs, resulting in a production rate of 30 and
59 umol g~* h™* for CH4 and CO, respectively (Figure 8b). Inspired by this work,
more strategies for photocatalytic CO2 reduction with MHPs have been
developed. Kuang and coworkers’’ reported a CsPbBrz NCs/Pd composite by
coupling MHPs with Pd cocatalyst, The Pd not only serves as an electron
acceptor to facilitate charge separation but can also modify the kinetics to
catalyze the reaction. The CO, CH4 and H2 production rate is improved to 5.8
and 10.4 and 3.3 ymol g h™l, respectively, corresponding to a 2.4-fold
enhancement compared to pure CsPbBrs. This concept was also followed by
Pan et al. where MXene was used to facilitate the separation of photogenerated
electrons and holes. In addition, coupling MHPs with other semiconductor
materials such as g-CsNas (Figure 8c)’® and ZnO” to form a Type-II
heterojunction, or encapsulating MHPs into MOFs,® were further developed.
The construction of Z-scheme heterojunctions, such as Fe203/RGO/CsPbBr3

(Figure 8d),8! was also developed to efficiently promote the separation of
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charge carriers while retaining the high redox potentials in MHPs to achieve

high photocatalytic performance.
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Figure 8. (a) Scheme of CsPbBrs/GO composite for the photocatalytic CO2
reduction and (b) comparison of the main products of the reaction with and
without GO as a cocatalyst.”® Reproduced from ref 76. Copyright 2017
American Chemical Society. (c) Schematic illustration of the CO2 reduction over
CsPbBra/g-CaNs4 photocatalyst.”® Reproduced with permission from ref 78.
Copyright 2018 Wiley. (d) Scheme of the a-Fe203/Amine-RGO/CsPbBrsz Z-
scheme photocatalyst for CO2 reduction.®! Reproduced from ref 81. Copyright
2020 Elsevier.

To sum up, great success has been achieved to promote charge separation
and facilitate surface redox reactions in MHPs, thus enhancing their
photocatalytic performance in CO2 reduction. However, the relatively low
photoactivity still does not meet the requirements for practical applications.?
Therefore, more efforts are still needed to improve the MHP-based CO:
reduction for further applications. Furthermore, the MHP-based photocatalytic
COz2 reduction faces poor selectivity, where CO, CHs4 and Hz are generally

produced simultaneously.!?
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Table 2. Summary of photocatalytic CO:2 reduction using MHP-based

photocatalysts.
Photocatalyst light source Medium products Ref.
and
activities
(Mmol/g/h)
CsPbBr; QDs 300 W Xe, ethyl acetate/ CO (4.25), ©®
AM 1.5G water CH4(1.5),
H2(0.1)
CsPbBrsQDs/GO 300 W Xe, ethyl acetate CO (4.89), ¢
AM 1.5G CH4 (2.47),
H» (0.13)
CsPbBr:@ZIF-67 100 W Xe, water vapor CO (0.77), 83
AM 1.5G CHa (3.51)
CsPbBrsNC/znO/graph 150 W Xe, water vapor CO (0.85), ™
ene AM 1.5G CH4 (6.29)
Cs,AgBiBrs 300 W Xe, ethyl acetate CO (0.92), &
AM 1.5G CH,(0.11)
CsPbBr:@TiO» 300 W Xe, ethyl acetate/ CO (3.9), 85
AM 1.5G isopropanol CH4(6.72),
H. (1.46)
MAPDbI;@Fe-MOF 300 W Xe ethyl acetate/ CO (4.16), ©®°
water CH4 (13)
Cs3Bizlo UV (32 W, 305 water vapor CO (7.76), ©¢
nm) CH4 (1.49)
Co@CsPbBrs/CssPbBrs 300 W Xe water CO (11.95) ¢
CsPbBrs/TiO2-g-C3Na 300 W Xe ethyl acetate/ CO (1290 ¢©8
water
CsPbBrs/MXene 300 W Xe ethyl acetate CO (32.15), ®°
CHa(14.64)
CsPbBrsQDs/g-C3N4 300 W Xe, A 2 ethyl acetate/ CO (70) 8
420 nm water
CsPbBrs«Clk QDs 300 W Xe, AM ethyl acetate CO (85), 90
1.5G CHa4 (12)
Cs2Snle/SnS; 300 W Xe, A 2 water/methanol CH, (6.09) %
400 nm

1.4.3 Organic synthesis

Organic chemicals are essential to produce many of our daily products such as
pharmaceuticals, flavorings, food additives and pesticides. Well-stabilized
industrial organic synthesis routes normally require harsh operating conditions
(high temperature and pressure).”® The photocatalytic reactions have been
considered as desirable alternative approaches in organic chemistry.
Unfortunately, many traditional catalysts have certain limits, such as the high

cost of noble metals, complicated preparations and moderate activity.”®
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Therefore, the development of economical and effective alternative
photocatalysts is of great importance.

Among various potential photoactive materials, MHPs have shown great
promise. The first report on MHP organic synthesis was the polymerization of
TerEDOT (2,2',5',2"-ter-3,4-ethylenedioxythiophene) into PEDOT over CsPbls
QDs (Figure 9a).2 TerEDOT is a hole acceptor and is oxidized by
photogenerated holes, with benzoquinone or molecular oxygen as an electron
acceptor. Afterwards, many advances have been made,®*-*® as summarized in
Table 3. Roeffaers et al. demonstrated that FAPDbBrs is an efficient
photocatalyst for the selective photocatalytic oxidation of benzyl alcohol (Figure
9b).% Through loading the FAPbBrs on the surface of TiOz, the photoactivity of
FAPDbBrs could be improved drastically. This was attributed to the improved
charge separation in FAPbBrs due to the photogenerated electrons transfer
from FAPbBrs to TiO2.% Many studies regarding C—H bond activation were also
reported.®”- % Yan and co-workers demonstrated that CsPbX3 MHPs can be
used for C-C, C-N and C-O formation (C—-C bond formations via C-H
activation, C-N, and C-O formations via N-heterocyclizations and aryl-
esterifications) (Figure 9c¢).® A detailed understanding of the reaction
mechanisms (Figure 9d), investigated by Chen et al. through transient
absorption spectroscopy,®* offers a guideline for designing new MHP-based

systems for photosynthesis of a larger class of small molecules.
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Figure 9. (a) Schematic illustration of the CsPbls QDs used for photocatalytic
polymerization of TerEDOT.®? Reproduced with permission from ref 92.
Copyright 2017 American Chemical Society. (b) Scheme of the CsPbBr3/TiO2
for selective photocatalytic oxidation of benzyl alcohol.’® Reproduced with
permission from ref 96. Copyright 2018 American Chemical Society. (c)
Photocatalytic a-alkylation of aldehydes by APbBrs (A=Cs and MA) in organic
solvents.?® Reproduced from ref 93. Copyright 2019 American Chemical
Society. (d) Schematic illustration of the mechanism for C-C bond formation
over CsPbBr3.%* Reproduced with permission from ref 94. Copyright 2020
American Chemical Society.

In summary, the current literature shows the promise of MHPs for photocatalytic
organic synthesis. However, most of these studies mainly focus on traditional
catalytic reactions, more efforts can be made to explore some novel reactions
to expand the application of MHPs.?12 Besides, in some organic synthesis
reactions such as selective benzyl alcohol oxidation, the photogenerated
electrons and holes cannot be effectively used to generate value-added
products.? Therefore, the combination of oxidized organic reaction and
reduction reactions to simultaneously utilize the photogenerated charge
carriers,!! such as coupling benzyl alcohol oxidation and CO:2 reduction, or
simultaneous oxidation of benzyl alcohol into benzaldehyde and H2z evolution,
offers a promising new direction for research on MHPs.
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Table 3. Comparison of the photocatalytic performance of MHP-based
photocatalysts for organic synthesis.

Photocatalyst Light Reaction condition Conversion  Selectivity Ref.
source (%) (%)
FAPDbBr3 AM 1.5 Benzyl alcohol 15 99 9%
FAPDbBTr3 G, 150 W /toluene 63 99
ITiO> Xe
CsPbBrs; A>420nm Benzyl alcohol 50 90 o7
ITiO; , 300 W /toluene
Xe Benzyl alcohol 25 82
/Hexene
CsPbXs AM 1.5 Benzyl alcohol 72 99 %8
/W 18049 G, 150 W /Hexene
Xe
CsPbBrs; Blue aldehyde 85 - 93
LED, 12
w
CsPbBr; Visible tertiary amines 98 - 9
CsPbBrCl LED 98
CsPbBrosClos Thiophenol/ 68
CsPbls disulfide 58
CsPbCls 35
Cs3Bi2Brg A>420 styrene oxide 99 - 100
CsPbBr3 nm 91
CsPbls A>495 3,4- 33 - 92
nm ethylenedioxythioph
ene
CsPbBrs; Blue LED aldehydes 99 96 %

1.4.4 Pollutant degradation

Environmental pollution is currently a serious issue in the whole world
threatening human health and ecosystems.’”® 101 Conventional treatment
methods for pollution such as membrane filtration, chemical precipitation, and

biological methods have already been adopted and thoroughly investigated.
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However, these approaches face some limitations like high operating costs and
non-biodegradable products, and are rather time-consuming.1% Establishing
environmentally friendly and sustainable photocatalysis technologies to solve
these problems is therefore highly desirable. So far, various photocatalyst
materials (TiO2, g-CsN4 and CdS) have been explored to achieve this goal.
However, the rapid charge recombination and low light absorption of most
photocatalysts restrict their photocatalytic performance.”®

In recent years, MHPs have been demonstrated as promising photocatalysts
for pollutant degradation. Table 4 summarizes the recent progress of the
application of MHPs in various pollutant degradation applications. For example,
Xu et al. reported that CsPbXs (X = Cl, Br, and I) QDs (Figure 10a) can rapidly
degrade methyl orange into a colorless solution within 80 minutes (Figure
10b).1%2 Xu and co-workers synthesized Cs2AgBiBrs MHPs for organic dye
degradation (Rhodamine B (RhB), Rhodamine 110 (Rh110), Methyl red (MR),
and Methyl orange (MO)) through an alcohol-based photocatalytic system
irradiated under visible light (Figure 10c).1%3 Monitoring of this photocatalytic
degradation process showed that the dye molecules can be mineralized
completely within 2 h (Figure 10d), and the reaction rate of Cs2AgBIBre is
comparable to that of CdS. Following this concept, MHP-based type II
heterostructures were developed to improve the production rate of pollutant
degradation reactions. For instance, an MHP/C3Na catalyst was synthesized for
photocatalytic pollutant degradation.?*19 Through modulation of the interfacial
charge carrier dynamics of MAPDbBrs (CsPbBrs)/g-CsNa, the activity of this
composition became much higher than those of pure MAPbBrs (CsPbBrs).
Similarly, Liu and co-workers designated a CsPbBrs/C3sN4 composite coupling
Ag for 7-aminocephalosporanic acid degradation (Figure 10e);*% Fan et al.
constructed CsPbCI3/C3N4  for  penicillin  6-aminopenicillanic  acid
degradation,'% the formation of the heterojunction is beneficial for charge

separation, thus enhancing the photocatalytic activity of MHPs.
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Figure 10. (a) Schematic illustration of the mechanism for the photocatalytic

reaction of methyl orange (MO) over CsPbXs QDs and (b) Image of MO
degradation for 80 min.1°? Reproduced with permission from ref 102, Copyright
2017 Royal Society of Chemistry. (c) Scheme of photocatalytic degradation of
Rhodamine B (RhB) on Cs2AgBIiBrs/Pt(Au) composites and (d) Kinetic curves
of the Rhodamine B (RhB), Rhodamine 110 (Rh110), Methyl red (MR), and
Methyl orange (MO) degradation.®® Reproduced with permission from 103,
Copyright 2019 Wiley. (e) Schematic illustration of the mechanism for
cephalosporin antibiotics degradation with CsPbBrs/C3sNs-Ag composite.0®
Reproduced with permission from 105, Copyright 2019 Elsevier.

To sum up, the above studies have shown the great potential for MHP-based
photocatalysts to degrade organic pollutants, converting them into CO2 and

H20. However, more attention still needs to go towards addressing some
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challenges with these materials. First of all, most MHPs are not stable under

practical reaction conditions, especially in the presence of water or other polar

solvents, therefore the design of stable MHP photocatalysts or the development

of feasible strategies to keep these materials stable under reaction conditions

are of great importance.?*? On the other hand, the heavy metal, Pb, contained

in MHPs is another concern, which may generate new environmental issues.!?

Therefore, efficient Pb-free MHPs should be developed for photocatalytic

pollutant degradation.

Table 4. Summary of photocatalytic organic degradation using MHP-based

composites.

Photocatalyst  light source Pollutant

CsPbBrs; 300 W Xe,
A =420 nm

CssBizlo/Ag2S

Cs3Bi2lo/TiO2

Cs3Bialg

Cs3BiBro/AgS A 2420 nm

Cs3BizBro/TiO-

Cs3Bi2Brg

CssBi2Brg

Cs3Bi2Brg NCs

CsPbBrs-10 AM 1.5G

CsPbBr3

CsSnBrs A=420 nm

CsSnBr; 500 W Xe,

CsPbCls A =420 nm

Cs>AgBiBrs

tetracycline
hydrochloride/ethanol
methyl orange
dye/ethanol

tetracycline
hydrochloride/isopropanol
tetracycline

hydrochloride/water

methylene blue/ water

methylene blue
f/isopropanol

rhodamine 6G

crystal violet dye

methyl orange dye

Rhodamine B

Degradation Ref.
percent %

76 107

70

53

18

89 108
84
62
40
28
27
66
59
95 109
75
73
90 102
82
98 110
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1.5 Motivation and objectives

1.5.1 Motivation

Besides the more traditional photovoltaic applications, the utilization of MHP
semiconductors for solar-to-chemical energy conversion has recently attracted
considerable attention. Currently, MHP materials have become one of most the
promising photocatalyst materials.'? Their defect tolerant properties allow for
novel processing methodologies.? So far, MHPs have successfully been used
for solar fuel generation through photocatalytic CO:2 reduction and H:2
evolution,2:66.8086 gnd their applications in organic synthesis and pollutant
degradation are equally promising.9?93102,106

Despite their great potential, single MHPs generally possess modest
photocatalytic performance due to their inefficient charge separation.'? To date,
great efforts have been made to promote the separation of photogenerated
electrons and holes in MHPs. Nevertheless, the photocatalytic performance of
MHP-based photocatalysts still does not meet the requirements for practical
applications. Therefore, developing more powerful strategies to improve the
photoactivity of MHP photocatalysts is necessary.

Besides the photocatalytic activity, the poor stability of MHPs is considered the
main bottleneck for their further development.?'?> Most MHPs are reported to
suffer from limited long-term operational stability due to their ionic nature and
moisture sensitivity properties. When exposed to water, MHPs will degrade
quickly into precipitates and dissolved ions.’? Thus, exploring useful
approaches to improve the stability of MHP-based photocatalyst is of great
importance.

So far, although much progress has been made, an efficient and stable MHP-
based system in practical reaction conditions (polar solvent, in-situ generated
water reaction systems, etc.) is still challenging.'? MHP photocatalysis research
has been facing issues in simultaneously achieving higher photocatalytic
activity and long-term stability.
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1.5.2 Research objectives

This thesis aims to use MHP-based photocatalysts for solar-to-chemical energy
conversion, focusing on enhancing the photocatalytic conversion efficiency and
stability of the MHP photocatalysts.

The first objective is to construct a Schottky junction, i.e., loading Pd NCs on
the surface of CsPbBrs, to improve the catalytic performance of the Suzuki
reaction, and investigate the exact photo and thermal contribution and the
mechanism of the photocatalytic Suzuki reaction. The second objective is to
focus on the cocatalyst, by synthesizing a phase-engineered
crystalline/amorphous core@shell Pd (APd) as the cocatalyst, to further
improve the photocatalytic performance of simultaneous Hz evolution and
organic synthesis over CssBi2Bro/APd photocatalysts. Although metal
cocatalysts are an effective strategy to improve the photocatalytic activity of
MHPs, the stability of MHPs during photocatalytic reactions is still challenging.
To address this issue, a planar heterojunction solar photocatalyst cell, with a
configuration of NiOx/CsPbBrs/TiO2, was constructed to simultaneously boost

the solar-driven photocatalytic performance and the stability of the MHPs.
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Abstract

The development of improved catalysts capable of performing the Suzuki
coupling reaction has attracted considerable attention. Recent findings have
shown that the use of photoactive catalysts improves the performance, while
the reaction mechanism and temperature-dependence performance of such
systems are still under debate. Herein, we report Pd nanocubes/CsPbBrs as an
efficient catalyst for the photothermal Suzuki reaction. The photo-induced and
thermal contribution to the overall catalytic performance has been investigated.
At temperatures around and below 30 °C light controls the activity, while
thermal catalysis determines the reactivity at higher temperature. The
Pd/CsPbBrs catalyst exhibits 11 times higher activity than pure CsPbBrs at 30
°C due to reduced activation barrier and facilitated charge carrier dynamics.
Furthermore, the alkoxide radicals (R-O") for Suzuki reaction are experimentally
and theoretically confirmed, and photogenerated holes are proven to be crucial
for cleaving C-B bonds of phenylboronic acids to drive the reaction. This work
prescribes a general strategy to study photothermal catalysis and offers a

mechanistic guideline for photothermal Suzuki reactions.
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2.1 Introduction

The Suzuki coupling reaction is one of the most important organic synthetic
methods for C-C bond formation. 2 While the reactions were initially performed
using Pd complexes as homogeneous catalyst, a lot of research has been
focused on the fabrication of solid catalysts using Pd nanoparticles (NPs).3° Pd
is the preferred catalyst for thermally driven Suzuki coupling reactions and
temperature significantly influences the performance. The catalytic activity of
Pd NPs is reported to be associated with the particle morphology, i.e., exposing
different facets; cubic Pd has been found to present an improved reactivity due
to the presence of the (100) crystal facets.® Recent research has shown the
possibility to enhance the Suzuki coupling reaction under light irradiation
through the use of photocatalytic supports, such as TiO2, C3N4, SiC, WSz, in
combination with Pd NPs.3 > 7 Yet, the temperature-dependent photocatalytic
activity of Pd-photocatalytic support hybrids is seldomly investigated. Bai et al.
reported photocatalytic Suzuki coupling reactions with Pd and TiO2 decorated
carbon nanofibers, and they showed that the performance increased from 30
to 50 °C.8 However, the precise contribution of photo- and thermal catalysis at
different temperatures has not been clarified since the photoactivity of TiO2 also
improves with the increased temperature.® Recently, metal halide perovskites
(MHPs) have emerged as promising photocatalysts exploiting their excellent
opto-electronic properties such as tunable bandgap, strong light absorption
coefficient, long carrier diffusion length, small exciton binding energy, and low-
cost solution-processing.'? Although MHPs-based photocatalysts have been
explored for various chemical processes, their performance in driving Suzuki

coupling reactions has not yet been explored.

On the other hand, the underlying reaction mechanisms of photocatalytic
Suzuki couplings are still under debate. For instance, the exact role of
photogenerated holes is controversial. Antonietti et al. proposed that the
photoexcited holes can assist in cleaving C-B bond in phenylboronic acids,*
while Kim and coworkers claimed that the holes will be trapped by the solvent
but not participate in the coupling reaction.® Moreover, the reaction
intermediates generated from the phenylboronic acids remain uncertain.

Specifically, both OH- and COs? anions have been reported to activate
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phenylboronic acids to form intermediates.® 4 Additionally, the alkoxide ion
(EtO) is also speculated to activate the phenylboronic acids,*! while direct
experimental evidence is lacking. Summarizing, there is no consensus on the
photocatalytic Suzuki reaction mechanism.

Herein, we report Pd nanocubes (NCs) deposited on the photoactive CsPbBr3
MHP as efficient photothermal Suzuki coupling catalyst using solar irradiation
(AM 1.5G) at near ambient temperature conditions. The precise contribution of
the photo-induced and thermal catalysis to the overall performance is resolved.
At mild conditions, below 30 °C, the photocatalytic reaction is responsible for
the majority of the conversions, while thermally driven catalysis determines the
reactivity at higher temperature. Benefiting from the synergistic photothermal
effect leading to a reduced activation barrier, the Pd/CsPbBr3 catalyst exhibits
11 times higher activity than pure CsPbBrs and 4 times for Pd. Through
advanced characterization it is shown that the CsPbBrs metal halide perovskite
(MHP) efficiently collects the solar irradiation and the presence of Pd NPs
mediates in the efficient charge extraction through Schottky barrier formation
and surface defect passivation. Further, through a set of control experiments
and theoretical calculations, the reaction radicals, i.e., alkoxides (R-O"), are
confirmed and the photogenerated holes are revealed to be crucial for the
cleavage of the C-B bonds of phenylboronic acids to boost the Suzuki coupling

reaction.

2.2 Results and discussion

To prepare the CsPbBrs and Pd/CsPbBrs hybrid catalysts, a room-temperature
antisolvent precipitation method was adopted,'? in which the Pd NCs were
synthesized based on reported methods.'® X-ray diffraction (XRD) patterns
(Figure S1) reveal that the pure CsPbBr3 possesses an orthorhombic (Pnma)
phase and the pure Pd has a cube morphology.*® 4 Due to the low Pd loading
no typical diffraction peaks assigned to Pd are detected in the hybrids.** Raman
spectroscopy further confirms that CsPbBrsis the predominant material in the
hybrids and Pd has no influence on the CsPbBrs structure (Figure S2).
Scanning electron micrographs (Figure S3) show that the CsPbBrs and 3 wt%

Pd/CsPbBrs composites have similar surface morphologies. Energy-dispersive
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X-ray spectroscopy proves the presence of Pd, Cs, Pb and Br elements in the
samples (Figure S3e). Transmission electron microscopy (TEM) (Figure S4)
shows the successful deposition of Pd NCs on the surface of CsPbBrsin which
the average size of Pd is around 17.2 £ 0.7 nm. From high-resolution TEM
images, the lattice spacings of CsPbBrs ((110)=0.42 nm) and Pd ((200)=0.20
nm) were identified.*® 1> Nitrogen physisorption data (Figure S5) shows that the
surface area of CsPbBrs is similar with that of Pd/CsPbBrs (Table S1),
suggesting the Pd deposition has a negligible effect on the materials surface.
Through inductively coupled plasma-mass spectrometry (ICP-MS) the precise
amount of Pd was determined to be 2.72 wt% in the 3 wt% Pd/CsPbBrs
composite.

Next, the photocatalytic Suzuki coupling reaction of iodobenzene with
phenylboronic acid as a model reaction was performed. Without catalyst, no
Suzuki coupling product was detected (Figure 1a), and the pure CsPbBr3 shows
a 11% conversion and moderate selectivity (81%) with benzene as the main
side product (Figure S6) after 4 h under 1-sun solar light irradiation at 30 °C.
Notably, the catalytic activity shows an impressive enhancement in the
presence of Pd. The optimal 3 wt% Pd/CsPbBrs catalyst exhibits the highest
conversion (96.5 %) with nearly 100% selectivity, an 11-fold improvement
compared to pure CsPbBrs. Further increasing Pd loading beyond 3% resulted
in a reduced conversion, which could be attributed to competitive light
absorption and enhanced charge recombination caused by Pd.1® Table S2
compares the catalytic performance of 3 wt% Pd/CsPbBrs catalyst from this
work to other reported photocatalytic Suzuki coupling catalysts. The reaction
protocol was further extended to the coupling of different aryl halides and
phenylboronic acids (Table 1). All aryl iodides were converted into the
corresponding products in high yields (entries 1-4), while the compound with
electron-withdrawing substitutions (entries 1-3) show higher activity than that
with electron-donating substitutions (entry 4). This can be explained by the fact
that electron-withdrawing substituents result in an electron-deficient aromatic
ring which facilitates the nucleophilic attack via the photogenerated electrons
on the electron-rich Pd NPs.” Besides, no steric hindrance effect was observed

(entries 2 and 3). Also, phenylboronic acids with electron-donating or electron-
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withdrawing substituents can easily convert into their desired products (entries
5-8), without an obvious steric hindrance effect (entries 7 and 8). Moreover, the
applicability of the Pd/CsPbBrs catalyst for bromobenzene derivatives and aryl
chlorides was also investigated (entries 9-14), and excellent performance was
achieved. The results of photocatalytic coupling with different aryl halides and
phenylboronic acids suggest the versatility of 3 wt% Pd/CsPbBrs hybrid catalyst.
The effect of the light intensity on catalytic activity was investigated (Figure 1b).
The purely thermal conversion was measured in the dark and the photo-
induced contribution was obtained by subtracting this thermal activity from the
overall photothermal conversion.® This shows that there is an almost linear
relation between the photo-induced activity and light intensity, indicating that

light irradiation plays a key role in driving the Suzuki reaction in this system.3 4
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Figure 1. (a) The photocatalytic performance of Suzuki coupling reaction over
CsPbBrs and Pd/CsPbBrs hybrids at 30 °C for 4 h under 1-sun irradiation. (b)
The dependence of the catalytic activity of 3 wt% Pd/CsPbBrs on the solar light
intensity at 30 °C for 4 h. (c) Thermal and photothermal Suzuki reactions under
different temperatures (5-60 °C) for 1 h with 1-sun light irradiation. (d) Apparent
activation energy derived via Arrhenius equation, where k represents the rate

constant. Reaction conditions: 0.1 mmol iodobenzene, 0.12 mmol
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phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2COs, 3 mL ethanol, simulated
solar light (150 W Xe lamp, AM 1.5G), reaction time (4 h for a-b and 1 h for c).

Table 1. The catalytic performances of 3 wt% Pd/CsPbBrs catalyst for Suzuki

reaction with different aryl halides and phenylboronic acids.!

Entry Reactantl Reactant 2 Main product  Conversion (%) Selectivity (%)
1° I—@—C} @-B(OH)E CI 99.6 99.5
2a —@—CO(H‘ @—B(OH); (f()(tl[3 99.2 99.6
32 ] Q @_B(oml 99.5 99.4
COCH; COCH,
42 |—©—()H @—B(OH)l OH 90.8 98.7
52 ]_© :?_Qmoﬁh 96.5 99.2
6a ]_@ HO/—Q—B(UH}Z n 937 993
72 < > Qmonh H 926 996
] HO Q O OH
& ) ot Omvom OO, 920 99.1
0a - @ @_Bmmz 88.3 99.3
102 Br—@—(fo(,‘ll; QB(OII)Z (‘()(‘II_‘ 86.7 99.0
112 - @ Hg%—@—nmmz ;clgﬂs 87.0 98.9
12° <~._© ¢ H—wom, 65.8 98.3
13° (‘l—@—(?()(.‘ll:, @—an)z (;0(,-..3 64.3 99.1
140 (.—Q ?—@—“ O« 651 98.6
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[BlReaction conditions: 0.1 mmol aryl halides, 0.12 mmol phenylboronic acids,
15 mg catalyst, 0.4 mmol Cs2COs, 3 mL ethanol, simulated solar light (150 W
Xe lamp, AM 1.5G), reaction time (4 h, 30 °C). PIReaction conditions: 0.05 mmol
aryl chlorides, 0.06 mmol phenylboronic acids, 20 mg catalyst, 0.2 mmol
Cs2C03, 3 mL ethanol, simulated solar light (150 W Xe lamp, AM 1.5G),
reaction time (6 h, 30 °C).

To evaluate the contribution of thermal and photo-induced effect on the overall
catalytic performance of the Pd/CsPbBrs composites, the Suzuki reaction was
performed at controlled temperatures between 5 and 60 °C, while keeping the
light irradiation constant at 1-sun. As shown in Figure 1c, with the increase of
temperature, the catalytic performance of 3 wt% Pd/CsPbBrs increases
gradually. Notably, below 30 °C, the photo-induced activity exceeds the thermal
contribution of Pd. When using the pure constituents, for CsPbBr3 only photo-
induced activity was observed, while for Pd only thermal activity was measured.
Additionally, it is worth noting that the activity of 3 wt% Pd/CsPbBrs is about
double that of the sum of the conversions obtained by pure CsPbBr3 and Pd
(Figure S7), indicating the synergetic effect of photo and thermal.l” 18 By
increasing reaction temperature to 60 °C, the contribution of photo-induced
activity in total conversion clearly decreases. This may be attributed to the fact
that thermally most of the reaction sites in Pd for Suzuki reaction are already
activated and thus the effect of light on the performance is reduced accordingly.
Using the temperature dependent activity data, the apparent activation energy,
derived via the Arrhenius equation (see Supporting Information and Figure
S8),'® was calculated to be 40.4 and 30.1 kJ mol* (Figure 1d) for thermal and
photothermal catalysis, respectively. To explain this favourable contribution of
the photogenerated charge carriers on the Suzuki reaction, theoretical
calculations indicate that the photogenerated electron can weaken the C-l in
iodobenzene thus simplifying the cleavage.'® The stability tests (Figure S9a)
show no significant loss in activity even after six reaction cycles with a total of
24 hours. XRD patterns do not show changes in crystal structure of the catalyst
after recycling (Figure S9b), while ICP-MS tests show no Pd has leached during

the reaction processes, and without changes in activity after catalytic separation
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(Figure S10). In situ temperature dependent XRD and Raman tests (Figures
S11 and S12) confirm that the stability of the material under the applied reaction
conditions. Both optical (absorbance and PL) characterization and XPS show
that there is no observable halide exchange during the catalytic reaction
process at higher temperature (60 °C) (Figure S13).

To understand the origin of the activity enhancement in Pd/CsPbBrs hybrids,
the photophysical properties of these materials were studied. X-ray
photoelectron spectroscopy (XPS) was first performed to investigate/determine
the chemical structure and valence state of the materials. Figure S14a shows
the two typical Cs 3d peaks located at 724.1 and 738.2 eV, which are assigned
Cs 3dsi2 and Cs 3dar, respectively.?? After loading the Pd NCs, these peaks
shift 0.15 eV toward higher binding energy, indicating that electrons transfer
from CsPbBrsto Pd due to the formation of a Schottky junction.?* As a result,
the presence of Pd can mediate in the efficient charge extraction in CsPbBr3
(vide infra). A similar shift is also found in Pb 4f and Br 3d (Figures S14b and
c). Additionally, the Pd 3d peaks with binding energies of 334.6 and 339.9 eV
in 3wt% Pd/CsPbBrs (Figure S14d) correspond to Pd 3ds2 and Pd 3dsp,
respectively, showing a lower binding energy as compared to metallic Pd
originating from electron enrichment on the Pd NCs.3

Photoelectrochemical characterizations were used to confirm the beneficial
effect of Pd in charge transfer and separation in CsPbBr3 materials. Transient
on-off photocurrent measurements (Figure 2a) show that the 3 wt%
Pd/CsPbBrs composite displays a higher photocurrent than pure CsPbBrs. A
similar trend is found in the photocurrent response versus monochromatic light
test, where an elevated current density for the Pd/CsPbBrs composite is
observed (Figure 2b), indicating that the Pd incorporation can effectively
promote the transfer and migration of photogenerated charge carriers.??
Moreover, the photocurrent density of 3 wt% Pd/CsPbBrz sample derived from
cathodic polarization curves (Figure S15) also presents an obvious
enhancement compared to pure CsPbBrs at the same potential range, agreeing
well with bespoke observations.’?®* To understand this enhancement in
photocurrent, electrochemical impedance spectroscopy (EIS) was carried out

to examine the charge transfer properties of the samples.?? The charge-transfer
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resistance for 3 wt% Pd/CsPbBrs (227 Q) is much lower than that of CsPbBrs
(353 Q) (Figure 2c), indicating better efficiency in charge transfer within the
Pd/CsPbBrs, which is in agreement with its improved photocurrent.?®
Furthermore, the surface charge transfer efficiency (nt) was calculated to be
36.5 % for CsPbBs (Figure 2d); while in the presence of Pd, the nt of
Pd/CsPbBrs composite as high as 58.4 %, 1.6-fold higher than that of pure
CsPbBs (Figure S16), further confirming the faster transfer efficiency of
photogenerated charge carriers.?* Based on the above analyses, a schematic
view representing the charge dynamics is depicted (Figure S17). Under light
irradiation, the photogenerated electrons in CsPbBrs transfer to Pd, and the as-
formed Schottky barrier at the interface will block the back-flow of electrons

from Pd to CsPbBrs, leading to efficient separation of photogenerated charge

carriers.® 4
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Figure 2. (a) Transient photocurrent, (b) Photocurrent response versus
monochromatic light, (c) EIS Nyquist plots, (d) Surface charge transfer
efficiency (ni), (e) Steady-state PL spectra and (f) In situ temperature-
dependent transient luminescence decays of CsPbBrs and 3 wt % Pd/CsPbBrs

materials.

The optical absorption properties of the samples were characterized through
UV-Vis diffuse reflection spectroscopy (DRS). The absorption spectrum of
CsPbBr3 (Figure S18a) reveals an absorption band edge at 551 nm, with a
bandgap of 2.25 eV (Figure S18b).2> No changes in bandgap after loading the
Pd are observed, while the samples exhibit an enhanced absorption intensity
at longer wavelengths, with color changing from orange-yellow to dark black
(Figure S19). This can be ascribed to the light scattering of Pd and thus
promoting the light absorption of CsPbBrs therefore contributing to catalytic
activity enhancement.!3

The photophysical processes in the CsPbBrs and Pd/CsPbBrs materials were
examined through steady-state photoluminescence (PL) spectroscopy. The PL
spectrum of CsPbBrs (Figure 2e) shows an emission peak at around 525 nm,?6
with a small shoulder located at ~550 nm which can be attributed to either
surface defect or self-absorption.?” 28 A lower PL intensity in Pd/CsPbBrs
hybrids was observed compared to CsPbBrs due to the suppressed radiative
recombination.?! The small shoulder in the PL spectrum disappeared after the
incorporation of Pd (Figures 2e and S20), which can be attributed to the surface
passivation by Pd originating by reducing the amount of Pb defects at the
surface similar to ligand-capped surfaces, and thus reducing an unwanted
recombination pathway for the photogenerated charge carriers.?® 30
Additionally, a red shift of the PL peak of the 3 wt% Pd/CsPbBrs sample is
observed, which is further investigated by temperature-dependent (4.2-300 K)
steady-state PL (Figure S21). Note that the PL peak of CsPbBrs maxima exhibit
a blue-shift with increasing temperature (Figure S21c), originating from the
temperature induced lattice expansion and its competition with the electron-
phonon coupling.3* The electron-phonon coupling constants of these two

systems, extracted from the temperature-dependence of the emission line
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width,3? are similar (Figure S21d), indicating no fundamental changes in the
electron-phonon interactions in these two samples. Additionally, low
temperature (77 K) absorption measurements show that both CsPbBrs and the
Pd/CsPbBrs composite have similar absorption band edges (Figure S22),
further confirming that the Pd does not affect the intrinsic properties of CsPbBrs.
To better understand the charge dynamics behind the temperature dependent
activity behaviour, in situ temperature-dependent transient PL was performed
(Figure 2f). The PL decays of the samples are analyzed using a sum of two
exponential decays, where the extracted two decay constants 11 and 12 are
associated with the bound exciton and free exciton recombination,
respectively.®® The lifetime of the 3 wt% Pd/CsPbBrs slightly increases as a
function of temperature from 25 to 60 °C as compared to CsPbBr3 (Figure S23),
which can be attributed to the CsPbBrs surface defect passivation by Pd.*® To
sum up, the above analyses revealed that the nature of the enhanced catalytic
performance in Pd/CsPbBrs hybrids originating from the improved photo-
electric properties. Moreover, the Pd nanoparticles in the catalyst composites
not only serve as an electron reservoir enhancing the photogenerated charge
separation in CsPbBrs (Figures 2 and S16) but also as source of catalytic sites
for Suzuki couplings (Figure 1c and S7).

Next, the Suzuki coupling reaction mechanism was then systematically
investigated. For the initiation of Suzuki reactions, anions like OH- and CO3*
are generally reported to activate the phenylboronic acid to form CeHs-B(OH)s-
and CeHs-B(OH)2CO3? intermediates to facilitate the C-B bond cleavage.® 34
However, these speculated intermediates and their final products have not
been experimentally demonstrated.>’ To elucidate this issue, gas
chromatography-mass spectrometry (GC-MS) was employed. When using
ethanol as the solvent, besides the desired biphenyl product, the triethyl borate
compound was also detected (Figure S24). Besides, the reaction can also be
driven by the EtONa compound (Figure S25). Thus, we deduce that the
ethoxide (EtO) may interact with phenylboronic acid to form a boronate
complex CeHs-B(OH)2EtO". This hypothesis was theoretically confirmed by DFT
calculation, where the bond dissociation energy of C-B bond of various

phenylboronic acid compounds was calculated (Table S3). The results show
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that the C-B bond dissociation energy of CeéHs-B(OH)2EtO" radicals is 317.48 kJ
mol?, which is lower than that of CsHs-B(OH)2 (468.78 kJ mol?), and CsHs-
B(OH)2C0O3? (325.56 kJ mol?) and CeHs-B(OH)s (320.79 kJ mol?), indicating
that the EtO" is more conducive to boost the C-B bond cleavage of
phenylboronic acid. Similarly, when using isopropanol and butanol solvents,
both biphenyl and boron-alcohol compounds (triisopropyl borate and tributyl
borate, Figures S26-29) can be detected. Tributyl borate cannot be detected by
GC-MS (Figure S27), even for the pure compound (Figure S28). Instead,
Raman measurements confirm the existence of this product in the reaction
(Figure S29). These experimental and theoretical results confirmed the key role
of alkoxide (R-O") like EtO in triggering the Suzuki reaction.

To further confirm the proposed reaction mechanism, the catalytic performance
in protic solvents (ethanol, isopropanol and butanol) and aprotic solvents
(acetonitrile, acetone and dichloromethane) was compared. Figure 3a shows
that protic solvents exhibit high activities, while no biphenyl product is detected
in aprotic solvents (Figures S30 and S31). However, when ethanol was added
to acetonitrile, a measurable conversion was measured (Figure 3b), suggesting
the critical role of alkoxide in the Suzuki reaction.® 34 Subsequently, the effects
of different bases were examined. Figure 3c shows the reaction could not
proceed without a base, as it is necessary to dissociate the alcohols. All
carbonate bases are effective, while hydroxide bases yield moderate
conversion. This can be attributed to the fact that abundant free and reactive
hydroxides interact strongly with Pd, thus covering active sites, leading to the

lower catalytic performance.®®
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Figure 3. Effects of (a, b) solvents, (c) bases and (d) scavengers on the
catalytic activity over 3 wt% Pd/CsPbBrs. Reaction conditions: 0.1 mmol
iodobenzene, 0.12 mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol base, 3

mL solvent, simulated solar light (150 W Xe lamp, AM 1.5G), reaction time (4
h).

Finally, the influence of photoexcited charge carriers on the Suzuki coupling
was studied by using scavengers. With electron scavenger 5,5-Dimethyl-1-
pyrroline N-oxide,® 7 the conversion is decreased to the same level as no-light
conditions (Figure 3d), suggesting that the photon-mediated reaction is
guenched. Since ethanol is considered as a holes scavenger, triethanolamine
possessing lower oxidation potential than ethanol,*¢ was employed to trap the
holes. A dramatic decrease in the conversion is observed. These results show
that the coupling reaction cannot proceed smoothly without photogenerated
electrons and holes. Moreover, no oxidation products of solvents and reduction
products (such as H2) were detected via GC and GC-MS measurements
(Figures S24, S26-27), indicating that holes were not transferred to the solvent

and oxidize it during the reaction process.

54



Based on above results, we propose a plausible mechanism that is responsible
for photothermal catalytic Suzuki couplings over the Pd/CsPbBrs catalyst
(Figure 4, Equation S1). Under light irradiation, CsPbBr3 absorbs solar light to
produce electron-hole pairs. Electrons transfer to Pd through the Schottky
contact,® 4 and the electron-rich Pd can activate the C-X bond of aryl halides
and produce Pd-adsorbed aryl.'® 37 Meanwhile, phenylboronic acids and
alkoxide form a boron-alkoxide complex, where holes assist in the activation of
this molecule by weakening the C-B bonds.* 7 These reactions can be more
effective due to the reduced activation barrier originating from the photo-thermal
synergistic effect. When the activated phenylboronic acids complex transfers to
the redox-activated aryl halides, the coupling reaction occurs easily to produce

the desired biphenyl products.

CsPbBr;

Figure 4. A Proposed mechanism for the Suzuki coupling reactions over
Pd/CsPbBrs catalyst.

2.3 Conclusions

In summary, the photothermal and thermal contribution to the catalytic activity
and the mechanism of the Suzuki reaction were investigated using a Pd NCs-
decorated MHP (Pd/CsPbBrs) photothermal catalyst. Photo and thermal
contributions were derived from the temperature-dependent experiments,
showing that light plays a key role at mild conditions (< 30 °C) while thermal
catalysis component takes over at higher temperatures. At room temperature,
the reduced activation energy of the photothermal processes, results in an over
11 times higher activity for Pd/CsPbBrs than for pure CsPbBrs. Detailed optical
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and photoelectrochemical studies showed that Pd deposition not only promotes
the separation of photogenerated charge carriers, but it also passivates
CsPbBrs surface defects. Furthermore, the reaction mechanism of the
photocatalytic Suzuki process was experimentally and theoretically
demonstrated. This work provides a new perspective to study photothermal
catalysis and offers mechanistic insights in the photocatalytic Suzuki reaction.

2.4 Experimental section

Materials

Lead(ll) bromide (298%), potassium bromide (299%), L-ascorbic acid (99%),
poly(vinyl pyrrolidone) (PVP, M.W. z 55 000), cesium carbonate (99.9%),
sodium carbonate (299.5%) potassium carbonate (299%), sodium
hydroxide(98%), potassium hydroxide (pellets for analysis), iodobenzene
(98%), phenylboronic acid (95%), acetonitrile (299.8%), dichloromethane
(299.8%), 4-chlorobiphenyl  (99%), 1-chloro-4-iodobenzene  (99%),
acetaldehyde diethyl acetal (99%), 3-iodoacetophenone (97%), 4-
ethoxyphenylboronic acid (99%), 4-tert-butylphenylboronic acid (295%), 4-
iodoacetophenone (297%), 1-butanol (99.8%) and tributyl borate (=99%) were
purchased from Sigma-Aldrich. Ethanol (absolute, 299.8%) and acetone
(=299.8%) were purchased from Fisher Chemical. 3-
(hydroxymethyl)phenylboronic acid and 1-propanol (299.5%) were bought from
Honeywell. Dimethyl sulfoxide (DMSO, anhydrous, Max. 0.005% water), 2-
propanol (99.9%) and toluene (99%) were supplied by VWR chemicals. Cesium
bromide (99.9%), potassium palladium(ll) chloride (99.9%), 4-
(hydromethyl)benzeneboronic acid (98%) and trifluorotoluene (99%) were
purchased from Alfa Aesar. The Milli-Q water was obtained from the Milli-Q

System. All chemicals were used without further purification.

Photocatalyst preparation

Preparation of CsPbBrs catalyst

CsPbBr3 was synthesized at room temperature by the anti-solvent precipitation
method.'? First, lead(ll) bromide (PbBrz2) and cesium bromide (CsBr) were

dissolved in dimethyl sulfoxide (DMSO) at a precursor concentration of 0.3 M
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with a molar ratio of 1:1. After the PbBr2 and CsBr precursors were fully
dissolved, the precursor solution was added into toluene solution to get the
CsPbBrs suspension. After washing twice, the suspension was dried in a

vacuum oven at 70 °C overnight.

Synthesis of palladium nanocubes (Pd NCs)

Palladium nanocubes (Pd NCs) were synthesized according to previous
method.!3 First of all, 105 mg poly(vinyl pyrrolidone) (PVP), 60 mg L-ascorbic
acid (AA) and 600 mg of KBr were put in an 8 mL aqueous solution, and pre-
heated under magnetic stirring at 80 °C for 10 min. Secondly, 63 mg potassium
palladium(ll) chloride (K2PdCls) was dissolved in 3.0 mL aqueous solution, then
the K2PdCls solution was added into the above solution and kept stirring at 80
°C for 3 h, where PVP, AA and KBr acted as a stabilizer, reductant, capping
agent, respectively. Finally, the Pd NCs product was collected by centrifugation
and washed with ethanol, and re-dispersed in ethanol at a concentration of 1

mg/mL.

Fabrication of Pd/CsPbBrs composites

A series of x wt% Pd/CsPbBrs catalysts were synthesized at room temperature
by the similar precipitation method mentioned above. In a typical experiment (3
wt% Pd/CsPbBrs), 100 mg CsPbBrs powder was first added to 15 mL ethanol
solution and kept stirring for 30 min. After that, 20 mL of ethanol solution
containing 3 mg Pd NCs was added dropwise into the vigorously stirred
CsPbBr3 suspension. Then the mixture was kept stirring at room temperature
for 12 h. Finally, the Pd/CsPbBrs suspension was washed twice, and collected
by centrifugation and dried in a vacuum oven at 70 °C.

Characterization

X-ray diffraction (XRD) patterns of the samples were recorded with a Malvern
PANalytical Empyrean diffractometer with Bragg-Brentano geometry, using a
P1Xcel3D solid-state detector and a Cu anode, and the diffractogram was
recorded in the 26 ranging from 10 to 70 degrees with a step size of 0.0131°

and an integration time of 150 s/step. For the temperature-dependent XRD
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patterns, the diffractometer was equipped with an Anton Paar TTK 600 low-
temperature chamber with a CCU 100 control unit as the heating stage. The
temperature was varied from 30 °C up to 60 °C. Each diffractogram was
recorded every 10 °C where the chosen temperature was kept for 5 min before
the measurement. The sample was deposited as a powder bed and heated at
10°C/min in Nz. Ultraviolet-visible spectrophotometer (UV-Vis, Lambda-950)
was employed to obtain the optical properties of the samples by UV-vis diffuse
reflectance spectroscopy (DRS) in the wavelength 300-800 nm with 1 nm
increment, where BaSOs and black carbon were used as the references.
Scanning electron micrographs of samples were recorded by scanning electron
microscopy (SEM, FEI-Q FEG250). Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM) were analysed
using a JEOL model JEM 2010 EX instrument at an acceleration voltage of 200
kV. X-ray photoelectron spectroscopy (XPS, Al Ka X-ray source, 1486.6 eV)
was employed to investigate the chemical structure and valence state of the
elements of the catalysts, and the C 1s signal was set to a position of 284.6 eV.
Electrochemical impedance spectroscopy, cathodic polarization curves and
photocurrent response, were made using a standard three-electrode setup.
Ag/AgCI electrode was employed as the reference electrode, and a platinum
sheet was used as the counter electrode. The working electrode was deposited
on a cleaned indium tin oxide (ITO) substrate. More specifically, firstly, 10 mg
powder photocatalyst was fully dispersed in 1 mL toluene by sonication. Then
20 pL slurry solution was dropped onto the ITO substrate where the exposed
area of the working electrode was fixed at 0.25 cm? by using Scotch tape to
protect the boundary of the ITO substrate, and dried at 80 °C for 2 h to improve
adhesion. After that, the Scotch tape was unstuck, followed by isolating the
uncoated electrode with epoxy resin. Connection to the CsPbBr3 working
electrode was immersed in the electrolyte solution. 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFe) dissolved in dichloromethane (DCM) solution
was used as the electrolyte. Electrochemical impedance spectra were obtained
on an electrochemical workstation by applying an alternating current (AC)
voltage (5 mV amplitude) in a frequency range from 10 KHz to 5 MHz with the

open circuit potential of 0.2 V under simulated solar light. Photocurrent
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response measurements were performed as that of impedance spectra.
Cathodic polarization curves were achieved via linear sweep voltammetry
technique with a scan rate of 0.2 mV/s. Raman measurements were performed
using an upright optical microscope (BX53, Olympus, Japan) equipped with a
motorized stage (Marzh&user Wetzlar GmbH, Germany) on a commercial
Raman setup (MonoVista CRS+, S&l GmbH, Germany). Continuous-wave
laser light from 785 nm laser (IPS, USA) with an average power of 5 mW was
focused onto the sample with a 50x objective (MPLN, Olympus, Japan). After
collecting light by the same objective, the Raman scattered light from the
sample was filtered using a long-pass edge filter (LP02-785RE-25, Semrock,
USA) and passed through a 100 um confocal pinhole. Afterwards, the signal is
sent to a monochromator (SpectraPro HRS-500, Princeton Instruments, USA)
equipped with a grating of 1200 grooves/mm. The signal is then directed to a
CCD camera (Newton 920, Andor, UK) for recording. The measurements at
different temperatures were performed using a temperature-controlled stage
(Linkam Scientific Instruments, UK). The acquisition time was set to 1 s with
averages of 5 acquisitions to increase the signal-to-noise ratio. For the
temperature-dependent photoluminescence (PL) measurements, a He flow
cryostat in which the temperature can be varied from 4.2 to 300 K was used.
The sample was excited with a solid-state laser (Thorlabs M365LP1 with driver
DC2200) operating at 365 nm via a 550 ym core optical fiber. The PL spectra
were collected in an increment of 5 K through 11 optical fibers surrounding the
excitation fiber. The fibers were coupled to a LOT-QD Shamrock F/4
spectrometer with an electron-multiplying charge-coupled detector iXon DV887.
Time-resolved PL spectra were recorded on a Leica DMi8 system. As an
excitation source, a pulsed white light laser (SuperK Extreme EXW-12, NKT
Photonics) operating at 405 nm and set at a repetition rate of 20 MHz and a
fluence of 2 yJ mm-? was employed. The samples were mounted on a Linkam
stage where the temperature can be varied between room temperature and 500
K. The samples were illuminated through an air objective of an inverted
microscope system (Leica DMi8). The fluorescence photons were detected by
an avalanche photodiode (SPCM-AQR-14, Perkin—Elmer) via the same
objective passing through dichroic and cut-off filters. Photon counting and time
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tagging were performed within a TimeHarp 200 module (PicoQuant), with a time
resolution of 29 ps per channel. The fluorescence lifetime images were
analyzed using SymphoTime 32 software (PicoQuant). All calculations were
carried out with the Gaussian 16 program. The B3LYP/6-311+G(3df,2p) was
used for all geometry optimizations, vibrational frequency and single-point
energy calculations.

(Photo)thermal catalytic coupling reaction

All Suzuki cross-coupling reactions were conducted in a 25 mL quartz reactor.
In a typical experiment, 0.1 mmol iodobenzene, 0.12 mmol phenylboronic acid,
0.4 mmol Cs2C0O3 and 15 mg catalyst were mixed in 3 mL ethanol, then the
reactant mixture and solvent were evacuated by a mechanical pump to remove
air completely and protected by an Ar atmosphere before irradiation. The
mixture was stirred continuously under 1-sun solar irradiation (AM 1.5G) with a
150 W Xe lamp for 4 h. The temperature of the reaction system was accurately
controlled within the temperature window 5-60 °C and kept 1-sun solar light
intensity. After the reaction, the mixture was centrifuged, and the filtrates were
analyzed by GC to obtain the conversion of iodobenzene. The conversion and
selectivity of iodobenzene were defined as follows:

Conversion (%) = [(Co-Ca)/Co] x100%

Selectivity (%) = [Cs/(Co-Ca)] x100%

Where Co is the initial concentration of iodobenzene, Ca and Cs are the
concentrations of the iodobenzene and corresponding product of the reaction,

respectively.
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2.6 Appendix to Chapter 2
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Figure S1. XRD patterns of (a) CsPbBr3: and Pd/CsPbBrs composites and (b)
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Figure S2. (a) Raman spectra and (b) magnified view of Raman spectra of
CsPbBrs and 3% Pd/CsPbBrs in the range of 20-300 cm™ materials,
respectively. The vibration peaks located at 52 and 67 cm are assigned to the

vibrational mode of the [CsBre]* octahedron, and the peak at 120 cm™ is

assigned to the motion of Cs* cations.'® This result confirms that CsPbBrs is

the predominant species in the 3% Pd/CsPbBrz samples.
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Figure S3. (a-b) SEM images of (a) pure CsPbBrs and (b) 3% Pd/CsPbBrs
materials. (c-d) particle size distribution of (c) CsPbBrs and (d) 3% Pd/CsPbBrs.
(e) EDS spectrum recorded for 3% Pd/CsPbBrs catalyst.
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Figure S4. TEM and HRTEM images of (a-b) Pd NCs, (c-d) 3%Pd/CsPbBrsand

(e-f) CsPbBrs, respectively.
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Figure S5. Nitrogen adsorption-desorption isotherms of the CsPbBrs and 3%

Pd/CsPbBrs samples.
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Table S1. BET surface areas, pore size and pore volume the as-synthesized
CsPbBr3 and 3% Pd/CsPbBrs samples.

Sample Sger (M2g?) Pore size (nm) Pore volume (cm3g?)
CsPbBr3 1.49 1.45 0.0083
3% Pd/CsPbBr; 1.34 1.49 0.009

1_25-5 o~ Ethanol

,_oo_f o~ lodobenzene

0-50-2 Biphenyl

”—25-; Benzene &

s T o

: 2s so 78 100 125 150 175 200 225 280 21§ min g

Figure S6. Gas chromatogram of the reaction mixture after Suzuki coupling

reaction.
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Nano Pd/TiO;

m-CNR-Pd

Pd@PDA-CL

white LED strips

(15 W)

Xe lamp (150
W)

Two white LED

lamps (12 W)

60 °C,1.67 h

H.O-PEG (1:1),
NaOC(CHs)s (3 eq.),
15 mg of catalyst
(7.04x10-2 mmol of
Pd), 28 °C, 4 h

H>O/EtOH (1:1),
K>CO3,10 mg of
catalyst (3 wt% Pd),
1h, RT

DMF/H20 (1:1),
K2COs, PA@PDA-CL
(containing 0.6 mg of
Pd), RT, 2h

e)

33
(lodobenzen
e)

51.6
(lodobenzen
e)

85
(lodotoluene)

Table S2. Comparison of 3 wt% Pd/CsPbBrs catalyst with reported
photocatalytic Suzuki couplings photocatalysts.
Catalyst Light Source Reaction conditions TOF (h?) Ref.
Pd/CsPbBrs Xe lamp (150 15 mg of catalyst ﬁgobenzen This
W) (3 wt% Pd), 25 °C, 1h &) work
Supramolecula Tungsten H,O/EtOH (1:1), 1.45
r ensemble filament K.COs3 (1.5€eq.), 0.02 (bromobenze *
2:Cux0 bulb (100 W) mM catalyst, RT, 8 h ne)
H.O/NaOH, 50 mg of
Laser power 3.05
Cu;S.@Pd > catalyst (5.4 mg Pd), 5
(0.45 W cm™) 58.8°C. 0.5h (lodophenol)
H,O/DMF (1:1),
i K.COz (3 eq.),15mg 6.3
(F;cé/é\u/PN \)/(\/e; lamp (150 of catalyst (2.95 wt%  (lodobenzen °©
2 Au, 0.41 wt% Pd), e)
25°C, 5h
DMF/H20 (3:1),
K2COs (3 eq.), 50 mg 145
Au-Pd alloy White LED lamp catalyst (containing (br.omobenze 7
NPs (0.5 W cm?) 3% of metals), Ar ne)
atmosphere, 30 °C, 6
h
EtOH, K>CO3, 20 mg 28.64
Pd/WO3.« Xe lamp (300 of catalyst (2 wt% Pd), (Ioaobenzen 8
nanowires W) 25/

10

11
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Pd@B-BO3

Au-Pd/TiO2

Pd-
NiFe204/GO

Au-Pd NPs

Pd/SiC

2H-WS./Pd
NPs
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white LED lamp
(2.2 Wicm2)

Blue LED lamp
5
W)
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W)

laser power
(1.68
W)

Xe lamp (300
W)

white LED lamp
(60W)

white LED lamp
(60W)

DMF/H20 (1:1),
K>CO3s, 10 mg of
catalyst (3 wt% Pd),
RT, 2h

H>O/EtOH (1:1),
K2COs, catalyst
containing 0.002
mmol Pd, RT (25 %
5°C), 5h

H>O/EtOH (1:9),
K2COj3, catalyst (0.5
mmol% Pd), 25 °C,
0.5h

H.O, NaOH, 0.49
pmol of
catalyst, 25°C, 1 h

DMF/H20 (3:1),
Cs2C03(3 eq.), 10 mg
of catalyst (3 wt% Pd),
30°C, 1.33h

EtOH/H20 (2:1),
K2COs (5 eq.), 2H-
WS./PdNPs (Pd 2.85
Mg), RT,3 h

MeOH/H.0 (2:1),
CSzCOa, PdO@WO?,
(7.27 ug, 68wt%Pd:5
pg of Pd), RT,4 h
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(lodotoluene)

98
(lodobenzen
e)

130.6
(Bromotoluen
e)
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Figure S7. (a-b) Thermal and photothermal Suzuki reactions over (a) CsPbBr3
and (b) Pd catalysts under controlled temperature in the range of 5-60 °C. (c)
Comparison of the activity of 3% Pd/CsPbBrs to the sum of the individual
components. Reaction conditions: 0.1 mmol iodobenzene, 0.12 mmol
phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2COs, 3 mL ethanol, simulated
solar light (150 W Xe lamp, AM 1.5G), reaction time (1h).
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Figure S8. (a) Time-dependent Suzuki coupling reaction over 3% Pd/CsPbBrs
catalyst. (b) The plot of In (Co/C1)-T at different periods of reaction time in 4 h.
(c) The extracted rate constant. Reaction conditions: 0.1 mmol iodobenzene,
0.12 mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2COs, 3 mL ethanol,
simulated solar light (150 W Xe lamp), reaction time (0.5-4 h, 30 °C).

At different periods of reaction time in 4 h, the conversions were calculated, and

a first-order dependence of the reaction rate on the concentration of biphenyl

was found. According to the first-order reaction rate equation: k = %ln% , Where
1

t is the reaction time, Co and Ci are the concentration of iodobenzene before
and after reaction, thus the values of the rate constants k were calculated.

For thermal catalytic processes, the calculated k values at different
temperatures  are:  ko7s15k=9.03x10°% st kogs15k=1.28x10° s,
k2o3.15k=2.08%10° s1  k303.15k=3.24%10° sl = Kks1315k=6.06%x10° s,
k323.15k=9.24x10° s, kssz15=1.78x10% s. For photothermal catalytic
processes, the k values at different temperatures are: k27s.15k=5.44x10"° s,
kog3.15k=6.90%10° s K29315k=9.32x10° s1  ksos1s5k=1.41x10% s
k313.15k=2.01x10"* 51, k323.15k=3.00%10* 571, k333 15k=5.12x10"* s,
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The dependence of the rate constant k of the reaction on the temperature can
be describe via the Arrhenius equation as:

—Ea

k=AeRT
where k is the rate constant, T is the temperature in kelvins, A is the pre-
exponential factor (a constant for each chemical reaction), Ea is the activation
energy, R is the universal gas constant (8.314 J K™ mol™). Taking the natural

logarithm of Arrhenius equation yields:

Ink = 2 (1)+1 A
nK = R T n

Therefore, a plot of In k versus T gives a straight line, whose gradient and
intercept can be used to determine the Ea and preexponential factor A,

respectively.
Based on reaction kinetics, the slop (_TE‘?‘) of thermal and photothermal catalytic

processes is -4.86 and -3.625, respectively. Thus, the Ea for thermal and
photothermal reaction is calculated to be 40.4 kJ mol* and 30.1 kJ mol%,

respectively.
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Figure S9. (a) The stability test of 3% Pd/CsPbBrs catalyst and (b) XRD pattern
before and after recycling. Reaction conditions: 0.1 mmol iodobenzene, 0.12
mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2COs, 3 mL ethanol,
simulated solar light (150 W Xe lamp, AM 1.5G), reaction time (4 h, 30 °C).
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Figure S10. Suzuki coupling reaction over 3% Pd/CsPbBrs catalyst. After the
irradiation of 2 h, the catalyst was removed via centrifugation and the reaction
was continued under irradiation for 4 h using the supernatant liquid. Reaction
conditions: 0.1 mmol iodobenzene, 0.12 mmol phenylboronic acid, 15 mg
catalyst, 0.4 mmol Cs2COgs, 3 mL ethanol, simulated solar light (150 W Xe lamp,
AM 1.5G), reaction time (2 h, 30 °C).
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Figure S11. In situ temperature-dependent XRD patterns of (a-b) CsPbBr3 and

(c-d) 3% Pd/CsPbBrs material measured in the range of 30-60 °C. The XRD
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patterns show the same diffraction peaks for both CsPbBrz and 3% Pd/CsPbBrs

under different temperatures, indicating that there are negligible structural

changes over these materials.

—_
Q
-

Normalized intensity (a.u.)

—_
0O
-

Normalized intensity (a.u.)

Raman shift cm™)

—30°C
CsPbBr, ——40°C
——50°C
k ——60°C
400 800 1200 1600
Raman shift (cm™)
—30°C
3% Pd/CsPbBr, ~ — 40°C
——50°C
k ——60°C
400 800 1200 1600

G

Normalized intensity (a.u.)

=

Normalized intensity (a.u.)

—30°C

100 200

300
Raman shift (cm™)
——30°C
3% Pd/CsPbBr;, ——40°C

—50°C
——60°C

100 200
Raman shift cm™)

300

Figure S12. In situ temperature-dependent Raman spectra of (a-b) CsPbBrs
and (c-d) 3% Pd/CsPbBrs material measured in the range of 30-60 °C. Three
Raman active modes belonging to CsPbBrs for both CsPbBrs and 3%

Pd/CsPbBrs were detected, and all Raman peaks and the profile of the spectra

remain unchanged versus temperatures, indicating that these materials exhibit

high stability and no phase transition occurs during these reaction conditions.
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Figure S13. (a-b) High-resolution XPS spectra of (a) | 3d and (b) Cl 2p core
levels of 3% Pd/CsPbBrs after catalytic Suzuki reaction, where 3% Pd/CsPbBrs
(1) and 3% Pd/CsPbBrs (Cl) represent the catalyst after catalytic reaction under
60 °C together with 1-sun light irradiation with iodobenzene and chlorobenzene
reactant, respectively. (c) Absorption and (d) PL spectra of 3% Pd/CsPbBrs
before and after catalytic Suzuki reaction at 60 °C. (e) Absorption and (f) PL
spectra of a typical halide exchange experiments for CsPbBrs according to a
reported method. Suzuki reaction conditions: 0.1 mmol iodobenzene, 0.12
mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2CQOs, 3 mL ethanol,
simulated solar light (150 W Xe lamp, AM 1.5G), reaction time (1h, 60 °C).
Halide exchange reaction conditions: halide exchange was performed by
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soaking CsPbBrs film in a Pbl2 solution at temperature of 75 °C for 40 min. The
solution was made by dissolving Pblz into a mixture solution of 1-octadecene,

oleylamine, and oleic acid at 170 °C.1°
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Figure S14. The XPS spectra of (a) Cs 3d, (b) Pb 4f, (c) Br 3d and (d) Pd 3d
core levels of CsPbBrs and 3% Pd/CsPbBrs materials, respectively.
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Figure S15. The cathodic polarization curves of CsPbBrsz and 3% Pd/CsPbBrs

using the linear sweep voltammetry technique with a scan rate of 0.2 mV s,
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Figure S16. Comparison the surface charge transfer efficiency (n:) of CsPbBrs
and 3% Pd/CsPbBrs.

The surface charge transfer efficiency (nt) of CsPbBrs and 3% Pd/CsPbBrs was
evaluated (under solar light irradiation without and with MVCI2 under the
potential of 0.06 V). (Figures 1d). Generally, the photocatalytic rate of a
photocatalyst is mainly determined by optical absorption (na), charge carrier

separation (ns), and n.?% ' The photocurrent density (J1) is given by the
theoretical formula:?°

J1=Jm X nNaX ns X Nt (1)
78



Where Jmis the theoretical maximum photocurrent density. When adding a fast
electron scavenger methyl viologen dichloride (MVCI.), the surface charge
transfer can be greatly promoted and reached almost 100 %,° thus the current
density in this case can be calculated as follows:?°

J2=JmXNa Xns (2)

Hence, the ntcan be obtained by combining Eqg.s (1) and (2)

Nt = Ji/J2
Interface Metal
Semiconductor ) vac
Evac ———————————— - 1
1
1
1
e € e _ell\e
I -
EF _____________ :— —————— € - EF
" :
J
VB h+ h+ h+ h+ h+!

Figure S17. Schematic band diagram of Pd/CsPbBr3 composites illustrating
the charge transfer driven by the Schottky junction, where Evac, EF, CB, and VB
represent vacuum level, Fermi level, conduction band and valence band,

respectively.
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Figure S18. (a) Absorption spectra and (b) Tauc plots of CsPbBrs and 3%
Pd/CsPbBrs materials.

Figure S19. The digital photographs of (a) CsPbBrs and (b) 3% Pd/CsPbBrs,

respectively.
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Figure S20. Normalized steady-state PL spectra of CsPbBrz and 3%

Pd/CsPbBrs measured at room temperature.
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Figure S21. Normalized PL spectra measurement under low temperature
ranging from 4.2-300 K of (a) pure CsPbBrs, (b) 3% Pd/CsPbBr3 hybrid at 5 K

increment and (c) at selected temperatures. (d) FWHM of the temperature-

dependent PL spectra as a function of temperature for CsPbBrs and 3%

Pd/CsPbBrs. (e) PL (main) peak centers vs temperature for both systems.
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To obtain the information on electron-phonon coupling constants in these two
systems, all the PL spectra are fitted with Gaussians, and the PL peak centers,
full width at half-maximum (FWHM) and integrated intensity are extracted
(Figure S15). The emission line width is described as following described as
follows:?% 23
M(T)=To+ lact+ N0
=[o+ YaT +yLoNn

where [o is a constant and represents the temperature-independent
inhomogeneous broadening parameter. ['ac and Lo are the acoustic and optical
phonon (Frohlich) interactions with carrier-phonon coupling constants yac and
yLo, respectively.?? The electron-phonon coupling constants, extracted from
both systems are similar with negligible changes, indicating no fundamental
changes in the electron-phonon interactions in the CsPbBrs and 3%
Pd/CsPbBrs samples.
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Under liquid N,
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Figure S22. Absorption spectra of CsPbBr3 and 3% Pd/CsPbBrs measured

under low temperature (77 K).
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Figure S23. Temperature-dependent PL
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Figure S24. GC-MS analysis of the products of the Suzuki reaction using
ethanol solvent over 3% Pd/CsPbBrs composite. Reaction conditions: 0.1 mmol
iodobenzene, 0.12 mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2COs3,

3 mL ethanol, simulated solar light (150 W Xe lamp, AM 1.5G), reaction time (4
h, 30 °C).
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Figure S25. The catalytic performance of Suzuki coupling reaction over 3%
Pd/CsPbBrs hybrids with or without EtONa compound. Reaction conditions: 0.1
mmol iodobenzene, 0.12 mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol

EtONa, 3 mL ethanol, simulated solar light (150 W Xe lamp, AM 1.5G), reaction
time (4 h, 30 °C).
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Table S3. The bond dissociation energy of the C-B bond for the various

phenylboronic acid compounds.

Compound C-B bond dissociation
energy (kJ/mol)
CesHs-B(OH)2 468.78
CeHs-B(OH)s 320.79
CeHs-B(OH).CO3s* 325.56
CsHs-B(OH),EtO- 317.48
CsHs-B(OH) (EtO)s" 341.25
CeHs-B(EtO)s 360.45
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Figure S26. GC-MS analysis of the products of the Suzuki reaction using
isopropanol solvent over 3% Pd/CsPbBr3 composite. Reaction conditions: 0.1
mmol iodobenzene, 0.12 mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol
Cs2C0s3, 3 mL isopropanol, simulated solar light (150 W Xe lamp, AM 1.5G),
reaction time (4 h, 30 °C).
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Figure S27. GC-MS analysis of the products of the Suzuki reaction using n-
butanol solvent over 3% Pd/CsPbBr3 composite. Reaction conditions: 0.1 mmol
iodobenzene, 0.12 mmol phenylboronic acid, 15 mg catalyst, 0.4 mmol Cs2COs3,
3 mL n-butanol, simulated solar light (150 W Xe lamp, AM 1.5G), reaction time
(4 h, 30 °C).
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Figure S28. GC-MS analysis of the products of the pure tributyl

compound.
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Figure S29. Raman spectra of the product of the Suzuki reaction using n-
butanol solvent over 3% Pd/CsPbBrs composite (black), the pure tributyl borate
compound (blue) and the mixture of tributyl borate and n-butanol (red).
Reaction conditions: 0.1 mmol iodobenzene, 0.12 mmol phenylboronic acid, 15
mg catalyst, 0.4 mmol Cs2COs, 3 mL n-butanol, simulated solar light (150 W Xe
lamp, AM 1.5G), reaction time (4 h, 30 °C).
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Figure S30. (a) GC-MS analysis of the products of the Suzuki reaction using
acetonitrile solvent with Cs2COs base over 3% Pd/CsPbBrs composite.
Reaction conditions: 0.1 mmol iodobenzene, 0.12 mmol phenylboronic acid, 15
mg catalyst, 0.4 mmol Cs2COs, 3 mL acetonitrile, simulated solar light (150 W
Xe lamp, AM 1.5G), reaction time (4 h, 30 °C).
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Figure S31. (a) GC-MS analysis of the products of the Suzuki reaction using
acetonitrile solvent with NaOH base over 3% Pd/CsPbBrs composite. Reaction
conditions: 0.1 mmol iodobenzene, 0.12 mmol phenylboronic acid, 15 mg
catalyst, 0.4 mmol NaOH, 3 mL acetonitrile, simulated solar light (150 W Xe
lamp, AM 1.5G), reaction time (4 h, 30 °C).
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Equation S1. The detailed reaction equations for Suzuki coupling reaction over
Pd/CssBi2Brg catalyst.

CsPbBr, +hv ——— e + h* (1)

@—I + e + I (2)
Pd

FtOH — FEtO° + H* (3)

H o OH (4)
+ FtO0 —— B{OEt
@‘B(gH
o OH N Pd @ + OO + 2H,0 (5)
@—B{gﬁt + h* 2EOH—— \o : 2

) o]
Pd r

@ R @ — OO (6)
Pd Pd
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Abstract

A Cs3Bi2Bro photocatalyst decorated with crystalline-amorphous Pd nanocube
cocatalyst is reported to simultaneously produce 1400 ymol h™* g™t of H2 and
benzaldehyde from the selective benzyl alcohol oxidation. This route offers an
alternative for photocatalytic H2 generation using metal halide perovskites

under mild conditions.
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3.1 Introduction

Photocatalytic H2 generation is considered a promising strategy for the
sustainable production of energy.'® Recently, metal halide perovskites (MHPS)
have emerged as efficient Hz evolution photocatalysts.®8 However, most of the
H2 evolution reaction (HER) experiments are performed in saturated aqueous
hydrohalic acid HX (X = Br and ) solutions using the dynamic dissolution-
reprecipitation equilibrium to keep the MHP stable.® 1° During the photocatalytic
process, the halide anion, X~, will be oxidized to X3~, which requires additional
reducing agents (such as HsPO3) to regenerate X~.11 2 This limits the real-word
large-scale applicability and the overall sustainability. Moreover, the strong
acidity and corrosive ability of the hydrohalic acid solution make the operational
conditions harsher and put limitations to the selection of cocatalysts based on
their stability.!* Therefore, it is important to explore alternative photocatalytic
HER routes using MHPs.

Dual-functional photocatalytic processes that couple HER with industrially
relevant organic reactions, such as simultaneous H: evolution and value-added
aldehyde generation from alcohols, have recently received extensive
attention.'® 4 Such a dual-purpose photocatalytic reaction offers an excellent
alternative for Hz evolution over MHP photocatalysts avoiding concentrated
hydrohalic acid solutions. Additionally, compared to the traditional
photocatalytic conversion of alcohols to aldehydes, both the photogenerated
electrons and holes in dual-functional systems can be used effectively, to
produce value-added products.?

On the other hand, despite MHPs having been used for various photocatalytic
applications, pure MHP materials generally exhibit modest photocatalytic
performance.!! To improve the photoactivity, the decoration of the MHP surface
with a metal cocatalyst has been shown to be effective.! Pd for example has
been demonstrated to efficiently improve the photocatalytic performance by
promoting the photogenerated charge carrier separation.'® > Moreover,
controlling the nanoparticle morphology of Pd further improves the photoactivity
of Pd-nanocube cocatalyst.’® In addition, recent studies indicate that surface

amorphization is an effective route to increase the number of active sites, while
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partially amorphization Pd can favor charge separation and surface reactions,
thus improving the overall photocatalytic activity.> 16

In this work, we report the successful application of CssBi2Bre MHP decorated
with crystalline-amorphous core@shell Pd (APd) nanocubes, as cocatalyst, to
efficiently coproduce H2 and benzaldehyde (BAD) from benzyl alcohol (BA).
Benefiting from the formation of a Schottky junction between CssBi2Brg and Pd,
photogenerated charges in CssBi2Bro are efficiently separated. Through
targeted amorphization of the Pd nanoparticle surface, more active sites are
formed, which enhances the HER over APd/CssBi2Brs. As a result, excellent
production rates of 1421 uymol h™t g™ for H2 and 1457 ymol h™t g~* for BAD are
achieved with 1% APd/Cs3Biz2Bre, which is 4-fold higher than that of pure
CssBi2Brg, and superior to most reported photocatalysts so far. Through a set

of control experiments, a plausible reaction mechanism was proposed.

3.2 Results and discussion

Fig. S1 describes the synthetic procedure of these materials. X-ray diffraction
experiments (Fig. S2A) confirm the formation of CssBiz2Bre (trigonal phase).
Compared to crystalline Pd, the intensity of the diffraction peaks of the APd
sample is decreased.17 Raman spectroscopy (Fig. S3) and scanning electron
microscopy (Fig. S4) confirm that the deposition of APd nanopatrticles in the
employed relative amounts, between 0.25 and 2 wt%, does not compromise
the perovskite structure and morphology of the material. Inductively coupled
plasma-mass spectrometry shows the efficient deposition of APd with the exact
amount of APd in the composite matching well the target amount added to the
synthesis mixture (Table S1). Transmission electron microscopy (TEM)
confirms the synthesized Pd has a cube morphology (Fig. S5A), and the
amorphization of the surface of APd is shown by high-resolution TEM (Fig.
S5D), leading to a crystalline-amorphous core@shell structure. Lattice
spacings of 0.33 nm and 0.20 nm (Fig. S5F) in APd/CssBi2Brg hybrids are
ascribed to Cs3Bi2Bre (003)* and Pd (200),'3 respectively.

The photocatalytic performance of these MHP-based samples was evaluated
by simultaneous H2 evolution and BAD generation from BA (See ESI for details).

No reaction products are detected in absence of a photocatalyst (Fig. 1A). After
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14 h of solar illumination (AM 1.5G), the pure CssBi2Bre sample displayed an
average Hz production rate of 341 + 36 umol h™! g%, together with 368 + 30
umol h™t g™t of BAD with > 99% selectivity. As expected, the photoactivity is
improved dramatically after introducing APd cocatalyst. The best production
rates of 1421 + 91 ymol h™* g™ and 1457 + 78 ymol h™t g™* for H2 and BAD,
respectively, are obtained with 1% APd/CssBi2Bro; this is a 4-fold enhancement
over the pure CssBi2Bro; the apparent quantum efficiency at 400 nm is 0.33%.
APd loading beyond 1% leads to reduced performance, which could be
explained by the effect that excessive amounts of metal, APd, can also serve
as a charge recombination center.!® The material with optimal loading, 1%
APd/Cs3Bi2Bry, displays a multifold improved photoactivity compared to
CssBi2Brg functionalized with the fully crystalline or fully amorphous Pd
analogues (Fig. S6), as well as other reported MHP-based photocatalysts
(Tables S2 and S3). Recycle tests show the 1% APd/CssBi2Bre photocatalyst
remains stable for at least 70 h of use (Fig. 1B). Morphology, structure and
optical properties characterizations achieved through XRD, SEM, PL and

absorbance spectra (Fig. S7) further confirm the excellent stability of the

photocatalysts.
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Fig. 1. (A) Simultaneous photocatalytic H2 evolution and BAD production from
BA over Cs3Bi2Bre loaded with x% APd/CssBi2Bro hybrids (x=0.25, 0.5, 1, 1.5,
and 2). (B) Recycle tests for 1% APd/Cs3Bi2Brs composite. Reaction conditions:
1 mmol BA, 15 mg catalyst, 2.5 mL benzotrifluoride, simulated solar light (AM
1.5G, 150 W Xe lamp, light intensity: 100 mW/cm?), reaction time (14 h).
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To understand the exact origin of the photoactivity enhancement by APd
loading, experimental and theoretical analyses were carried out. UV-vis diffuse
reflectance spectroscopy (DRS) was employed to investigate the optical
properties of CssBi2Brg and 1% APd/CssBi2Bre, showing that both materials
exhibit similar visible light absorption properties with an absorption maximum
around 470 nm (2.64 eV, Fig. S8), in agreement with previous reports.?° The
introduction of APd increases the light absorption beyond 475 nm, paralleled
by the color change (Fig. S9), which is attributed to the APd because of its: (i)
enhanced scattering and (ii) enhanced light absorption due to interband
transition of bound electrons.'® 2! The photoluminescence (PL) spectra of both
materials are similar (Fig. S10A), while there is a very strong intensity drop
(35 %) after APd addition leading to reduced radiative recombination of
electron-hole pairs.*® 19 Time-resolved PL was further performed to study the
photophysical processes involved, with the PL decays analyzed using a
summed bi-exponential, vyielding two distinct decay constants (1)) and
amplitudes (Aj). Here 11 and 12 are associated with the bound exciton and free
exciton recombination, respectively.” Compared to pure Cs3Bi2Brs, the
APd/Cs3Bi2Bro sample displays longer photogenerated charge carrier lifetimes
(Fig. S10B), with 11 and T2 increasing significantly, suggesting the effective
migration of photogenerated charge carriers in Cs3Bi2Brg.??

X-ray photoelectron spectroscopy (XPS) was used to explore the chemical
structure and valence state of these two materials. Fig. S11A shows that two
typical Cs 3d peaks of CssBi2Brg located at 724.1 and 738.2 eV are assigned
to Cs 3ds2 and Cs 3dsr,’ respectively. These peaks shift to higher binding
energies (BE) after APd loading can be attributed to a shift in electron density
from Cs3Bi2Broto APd.*° A similar phenomenon was observed for Bi 4f and Br
3d (Figs. S11B and S11C). Meanwhile, the Pd 3d XPS peaks (Fig. S11D) in 1%
APd/Cs3Bi2Bre move slightly towards lower BE than that of metallic Pd,*°
originating from the enrichment of electrons on APd.

Photoelectrochemical measurements were performed to investigate the
charge-transfer properties. Polarization curves (Fig. S12A) show that the
presence of APd enhances the current density of Cs3Bi2Bro, indicating the

efficient charge transfer in 1% APd/CssBi2Bre.1® 22 This is consistent with
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transient photocurrent response measurements, where a higher photocurrent
is observed for 1% APd/CssBiz2Bry (Fig. 2A). Photocurrent response versus
monochromatic light test also verified the photocurrent density over 1%
APd/Cs3Biz2Brg higher than that of pure CssBi2Bro (Fig. S12B). To better
understand the charge-transfer resistance, electrochemical impedance
spectroscopy (EIS) was performed. The 1% APd/CssBi2Bre hybrid presents a
smaller semicircle in the Nyquist plots (Fig. 2B), indicating the improved charge
carrier migration efficiency.'® This is supported by surface charge transfer
efficiency (nt) measurements (Fig. 2C). The nt of 1% APd/CssBiz2Brg is
calculated to be 62%, much higher than that of Cs3Bi2Brg (29%). These results
uncover that the 1% APd/CssBi2Bro sample possesses elevated charge
separation efficiency, empowering faster surface photoredox reactions.?*

To reveal the underlying mechanism of charge transfer in the hybrid materials,
the band structure of these samples was evaluated. Mott-Schottky
measurements (Fig. S13), combined with bandgap data, show the conduction
band (CB) and valence band (VB) edge potential of Cs3Bi2Bro are -0.57 and
2.07 eV (vs. NHE), respectively, confirming the suitable redox potentials (+ 0.68
eV) for the performed reaction.?® Besides, The calculated density of charge
carriers (Np) of 1% APd/CssBi2Brg slightly larger than that of pure CssBi2Bro,
suggesting an enhanced carrier density of 1% APd/CssBiz2Bre due to the
decoration of APd NCs. Moreover, theoretical calculations show that the work
function (WF) of Cs3Bi2Brg is 4.82 eV, and the WF of APd is 5.61 eV (Figs. S14
A and B). Driven by the different WF of CssBi2Brg and APd, electrons migrate
across the interface forming a Schottky barrier (Fig. S14D).?6 Band bending
induces a built-in electric field, driving the electrons in Cs3Bi2Bro to move to
APd.'® Moreover, the role of APd in charge separation was then assessed by
analysing the charge density difference (Ap). Fig. S15A illustrates the obvious
charge transfer at the interface in APd/Css3Bi2Bre, confirmed by the plane-
averaged Ap data (Fig. S15B), suggesting the efficiency in charge separation
in Cs3Bi2Bro in the presence of APd.
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Fig. 2. (A) Transient photocurrents, (B) EIS spectra and (C) Surface charge
transfer efficiency (nt) of CssBi2Bre and 1% APd/CssBi2Bre photocatalysts. (D)
The effect of electron and hole scavengers on the photocatalytic performance
of Hz evolution and BAD generation over 1% APd/Cs3Bi2Bro. Reaction
conditions: 1 mmol BA, 15 mg catalyst, 2.5 mL benzotrifluoride, simulated solar
light (AM 1.5G, 150 W Xe lamp, light intensity: 100 mW/cm?), reaction time (14
h).

To understand the mechanism of the targeted reaction, control experiments
with scavengers were conducted. The addition of a hole scavenger (sodium
sulfite, 1mM) largely diminished both BAD and H:2 formation (Fig. 2D),
suggesting the photogenerated holes are the major oxidative species for
triggering the overall reaction.” When an electron scavenger (potassium
persulfate, 1mM) was added into the system, the BAD formation was not
influenced, while the Hz production decreased sharply, revealing that the
photogenerated electrons are major reductive species for H2 generation.?’- 28

In situ electron spin resonance (ESR) using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the trapping reagent was conducted to monitor reaction

intermediates.?® Fig. S16 shows six ESR peaks indexed as DMPO-carbon-
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centred radical (DMPO-"C) and additional nitroxide-like radical signals formed
by the light-induced cleavage of the N-C bond and the ring-opening of DMPO-
"C adduct,?® 30 while no ESR signals are detected in the dark, indicating the
generation of CeHsCH(OH)™* free radicals during the photocatalytic reaction
process.10

Based on these experiments, we propose a mechanism for the
dehydrogenation of BA with simultaneous Hz and BAD production over

APd/Cs3Bi2Brg catalysts (Fig. S17), and the reaction equations are as follows:

CssBiz2Brg + hv — h* + e (1)
CeHsCH20H + h* — CéHsCHOH™*+ H* (2)
CeHsCHOH™ + h* — CeéHsCHO + H* (3)

2H"+2e - H2 4)

Under solar light illumination, CssBi2Brg absorbs photons with energy larger
than the bandgap to generate electron-hole pairs. The photogenerated
electrons transfer from the CB of Cs3Bi2Brg to the APd due to the formation of
a Schottky junction, leaving the holes in the VB of Cs3Bi2Bre.1° Two holes are
required to oxidize adsorbed BA molecules to produce BAD via CeHsCH(OH)™*
while releasing two protons (H*).2° These protons are reduced by the electrons

in APd to generate H2.%°

3.3 Conclusions

In summary, we have developed a dual-functional photocatalytic system for
simultaneous H2 evolution and BAD production over MHP-based
photocatalysts. Phase-engineered crystalline-amorphous core@shell APd
cocatalyst was used to promote charge transfer and surface redox reaction. As
a result, an excellent photocatalytic performance of H2 and BAD products over
APd/Cs3Bi2Brg was achieved. Based on a set of control experiments, a possible
reaction mechanism was proposed. This work offers an alternative for MHP-
based solar-to-fuel conversion through dual-functional photocatalytic systems.
On the other hand, from the perspective of green solvents, exploring low-toxic
solvents such as isopropanol alcohol, ethyl acetate, etc., to replace the

benzotrifluoride while keeping MHP stable, is promising.
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3.5 Appendix to Chapter 3

Experimental section

Materials and reagents

Bismuth(lll) bromide (BiBrs, 298%), potassium palladium(ll) chloride (K2PdCla,
99%), potassium bromide (KBr, 99%), L-ascorbic acid (CsHsOs, 99%),
poly(vinyl pyrrolidone) (PVP, M.W. z 55 000), benzyl alcohol (anhydrous,
99.8 %) were purchased from Sigma-Aldrich. Cesium bromide (CsBr, 99%) and
benzotrifluoride (298%) were purchased from Alfa Aesar. Dimethyl sulfoxide
(DMSO, anhydrous, Max. 0.005% water) was supplied by VWR chemicals.
Ethanol (absolute, 299.8%) was purchased from Fisher Chemical. Bismuthiol |
(1,3,4-thiadiazole-2,5-dithiol (C2H2N2Ss), 299.0%) was purchased from Fluka.
The Milli-Q water was obtained from the Milli-Q System. All chemicals were

used without further purification.

Photocatalyst preparation

Preparation of CssBi2Bro catalyst

CssBi2Brg material was synthesized at room temperature using an anti-solvent
precipitation method. Firstly, the CssBi2Brg perovskite precursor solution was
prepared by dissolving CsBr and BiBrs (CsBr/BiBrs=3:2) in dimethyl sulfoxide
(DMSO) at a precursor concentration of 0.4 M. Secondly, the fully dissolved
CssBi2Bry precursor solution was added to isopropanol to get the Cs3Bi2Bro
suspension. After washing twice, the CssBi2Bro suspension was collected by
centrifugation. Finally, the Cs3Bi2Brg material was dried in a vacuum oven at 60
°C overnight.[

[[INote: this was added as a footnote to Chapter 3 (which is based on a

published article) based on the discussion during the preliminary PhD defence.
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Synthesis of palladium nanocubes (Pd NCs)

The Pd NCs were synthesized according to the previously reported method.!
First, PVP, KBr and AA with the amount of 105 mg, 600 mg, and 60 mg,
respectively, were added in an 8 mL Milli-Q water under magnetic stirring at 80
°C for 10 min. Second, 3 mL Milli-Q water solution containing 63 mg K2PdCls
was added to the above mixture under magnetic stirring at 80 °C for 3 h, Finally,
the synthesized black Pd NCs were collected by centrifugation and washed with
isopropanol, and then dispersed in isopropanol or methanol at a concentration

of 1 mg/mL.

Synthesis of amorphous palladium (APd)

The APd was synthesized by a previously reported method with slight
modification.? In a typical experiment, 1 mL of the as-synthesized Pd NCs with
a concentration 1 mg/mL in methanol was mixed with 9 mL of a methanol
solution containing 50 mg of bismuthiol I. The mixed solution was sealed in a
closed vial under magnetic stirring at 25 °C for 8 h. After that, the APd products
were collected by centrifugation and washed with isopropanol.

Synthesis of APd/CssBi2Brg composite

A series of x wt% APd/Css3Bi2Bre photocatalysts were synthesized at room
temperature through the similar precipitation method mentioned above. In a
typical experiment (1% APd/CssBi2Brg), 15 mL isopropanol containing 100 mg
CssBi2Brg powder was first kept stirring for 30 min, and then 20 mL of
isopropanol solution containing 1 mg APd was added dropwise into the
vigorously stirred CssBi2Bre suspension. Then the mixture was kept stirring at
room temperature for 12 h. Finally, the APd/Cs3Bi2Bre suspension was collected

by centrifugation after washing twice and dried in a vacuum oven at 60 °C.

Characterization

Instrumentations and methods

X-ray diffraction (XRD) patterns of the catalysts were achieved using an X-ray
diffractometer (Cu Ka1 radiation, A=1.5406 A) in the 2 8 ranging from 10 to 70
degrees at a scan rate of 0.02°s. Scanning electron micrographs of samples
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were recorded by scanning electron microscopy (SEM, FEI-Q FEG250).
Transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) were analysed using a JEOL model JEM 2010
EX instrument at an acceleration voltage of 200 kV. Ultraviolet-visible
spectrophotometer (UV-vis, Lambda-950) was employed to obtain the optical
properties of the samples by UV-vis diffuse reflectance spectroscopy (DRS) in
the wavelength of 300-800 nm, where BaSO4 and black carbon were used as
the references. Steady-state photoluminescence spectra were recorded on an
Edinburgh FLS980 with an excitation wavelength of 365 nm in the wavelength
of 425-575 nm. Time-resolved PL spectra were recorded on a Leica DMi8
system with a pulsed white light laser (SuperK Extreme EXW-12, NKT
Photonics) operating at 405 nm and set at a repetition rate of 20 MHz and a
fluence of 2 yJ mm=2. X-ray photoelectron spectroscopy (XPS, Al Ka X-ray
source, 1486.6 eV) was employed to study the chemical structure and valence
state information of the materials, and the C 1s signal was set to a position of
284.6 eV. Photoelectrochemical measurements were carried out using a
standard three-electrode setup. Ag/AgCl electrode was employed as the
reference electrode, a platinum sheet was used as the counter electrode. The
working electrode was deposited on a cleaned indium tin oxide (ITO) substrate
and immersed in the electrolyte solution. Tetrabutylammonium
hexafluorophosphate (TBAPFs, 0.1 M) dissolved in dichloromethane (DCM)
solution was used as the electrolyte. Electrochemical impedance spectroscopy
(EIS) was obtained on an electrochemical workstation under an alternating
current (AC) voltage (5 mV amplitude) in a frequency range from 10 kHz to 5
MHz with the open circuit potential of 0.2 V. Photocurrent response
measurements were performed under simulated solar light irradiation. Cathodic
polarization curves were achieved via linear sweep voltammetry technique with
a scan rate of 0.2 mV/s. Mott-Schottky plots were measured in dark at a
frequency of 1 kHz.

The surface charge transfer efficiency (n) was measured by adding
methylviologen dichloride (MVCI2) into the electrolyte as a fast electron
scavenger.® 4 The photocurrent can be described by the following Equation.*

Ji=JImxnaXnsxnt (1)
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When adding MVCI2to the electrolyte, the surface charge transfer is very fast
and the nt: approximately reaches 100%. The photocurrent can be written as
Equation.®

J2=JImXnNa XnNs (2)
Due to Jm, nNa, Ns are unchanged before and after adding the MV Clz, the surface
transfer efficiency (n:) can be given as:3 4

Ne=Ji/J2 3)

Density functional theory (DFT) calculation

The present calculations have been performed with the Vienna ab initio
simulation package (VASP) code, based on density functional theory (DFT).
Projector-augmented wave method is used to describe the interaction between
ion cores and valence electrons. Atomic structures are optimized using the
exchange-correlation functional of Perdew, Burke, and Ernzerhof. A plane-
wave cutoff of 400 eV is used in the calculation. Monkhorst-Pack 5x5x1 k-point
grid is used to sample the Brillouin zone. All atoms are allowed to be fully
relaxed till the atomic Hellmann-Feynman forces are less than 0.02 eV/A. The
convergence criterion of energy in the self-consistency process is set at about
1x10* eV. The plane-averaged charge density difference can be written as

Ap(2) = prot — Pcs;Bi,Br, — Para. HETE, piytiS the plane-averaged density of the
combined APd/CssBiz2Bro system. pcs.gi,5r, @Nd pspq are the plane-averaged

densities of the free-standing Css3Biz2Bre interface and APd interface,
respectively, which are calculated by freezing the atomic positions of the
respective components in the combined system.

Photocatalytic activity evaluation

The photocatalytic reactions were conducted in a 25 mL quartz reactor. In a
typical experiment, 15 mg catalyst (1% APd/Css3Bi2Br¢) and 1 mmol benzyl
alcohol (BA) were added to 2.5 mL benzotrifluoride. Then, the mixture was
evacuated by a mechanical pump to completely remove air, and under
simulated solar light illumination (150 W Xe lamp) for 14 h. After the illumination,
the amount of H2 evolved was detected using a gas chromatograph (GC,

Shimadzu 2014) equipped with a thermal conductivity detector (TCD). Then,
108



the mixture was centrifuged, and the filtrates were analyzed by GC (Shimadzu
2010) to obtain the amount of the generated benzaldehyde (BAD). The
conversion and selectivity of BA were defined as follows:

Conversion (%) = [(Co-Ca)/Co] x100%

Selectivity (%) = [Cs/(Co-Ca)] x100%

Where Co is the initial concentration of BA, Caand Csg are the concentrations of
the BA substrate and corresponding BAD product, respectively. The apparent
quantum efficiency (AQE) for H2 generation measured at 400 nm (light intensity:
9.02 mW/cm?) is calculated according to the following equations:

AQE= (number of reacted electrons/number of incident electrons) x100%

= (2xnumber of evolved H: electrons/number of incident electrons) x100%
=(2x6.02x10%2x0.0025)/{(14%x3600%9.02)/[(6.6261x1034)x(3x108)]/(4x107)}
=0.33%
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Fig. S1. The synthetic procedure of Cs3Bi2Bre, Pd, APd, and APd/Cs3Bi2Bro

materials.

Note: The CssBi2Brg powder was synthesized by an antisolvent precipitation

method using the CssBi2Br9 precursor solution with fully dissolved CsBr and
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BiBrs (CsBr/BiBrs=3:2 in DMSO); Pd nanocubes (NCs) were synthesized
according to the previous method,! and crystalline-amorphous Pd (APd)
component was synthesized through modifying Pd NCs via a thiol molecule
(bismuthiol 1).2 In the following, a series of APd/Cs3Bi2Bro hybrids with various
Pd contents were synthesized by the decoration of the APd on the surface of
CssBi2Brg at room temperature, where the well-anchored APd NCs provide a

crucial platform for charge transfer and interfacial redox reaction.

APd

(111)
(200)
(220)

Pd

T S

Intensity (a.u.)
Intensity (a.u.)

I Cs;3Bi,Bry

Cs,Bi,Brg JCPDS No. 44-0714 Pd JCPDS No. 46-1043
10 20 30 40 50 60 70 30 40 50 60 70
2-theta (degree) 2-theta (degree)

Fig. S2. XRD patterns of (A) Cs3Bi2Bre and 1% APd/CssBiz2Bre materials and (B)
Pd and APd samples.

Note: This result reveals that the CssBi2Bro in these hybrids is indexed to the
trigonal phase (JCPDS No. 44-0714).> No typical diffraction peaks assigned to
Pd in APd/CssBi2Bro were detected due to the low content of APd (1%).1 XRD
patterns in Fig. S2B show the as-prepared crystalline Pd NCs possess obvious
diffraction peaks, while the intensity of the peaks of APd decreased significantly,
indicating the formation of crystalline-amorphous structure.? This can be
attributed to the replacement of PVP by thiol molecules because thiol-metal
bond is enthalpically more favourable than pyrrolidone oxygen/nitrogen metal
coordination.® Meanwhile, the attached hydrophilic or amphiphilic thiol ligands
will be dissolved in an alcohol solution to some extent, which leads to the

displacement of Pd, thus forming this crystalline-amorphous structure.’
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Fig. S3. Raman spectra of Cs3Bi2Brg and 1% APd/CssBi2Brg materials in the
range of (A) 20-1800 cm™ and (B) 20-400 cm?.

Normalized intensity (a.u.) »
Normalized intensity (a.u.)

Note: Raman spectroscopy further confirmed that CssBi2Brois the predominant
species and APd deposition does not affect the structure of CsszBi2Bre. The
modes at 167 and 192 cm are attributed to the stretching vibrations of Bi-Br
bonds in BiBre octahedra.? The other two peaks located at 63.9 and 74.6 cm™
are due to vibrations of Br atoms only.8 ° The two samples decorated with APd
correspond to the CssBi2Brg vibrational mode, suggesting that CssBi2Bro are the

predominant species, agreeing with the XRD results.
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Fig. S4. (A-C) SEM images of (A) CssBi2Bre and (B) 1% APd/Cs3BizBro
materials. (C-D) Particle size distribution of (C) CssBi2Bro and (D) 1%
APd/Cs3Bi2Bro. (E) EDS spectra recorded for 1% APd/CssBi2Brs.

Note: The surface morphology of materials recorded through the scanning
electron microscope (SEM) reveals the average size of CssBi2Brgis around 550
nm; after loading APd, the resultant samples show a similar morphology relative
to the blank Cs3Bi2Bre. Energy-dispersive X-ray spectroscopy (EDS) spectrum
confirmed the Cs, Bi, Br and Pd elements in the hybrid materials.
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Table S1. The inductively coupled plasma-mass spectrometry (ICP-MS) result
of Pd content in 1% APd/CssBiz2Bre sample.

Sample Theoretical value ICP-MS
(Pd content) (Pd content)
1% APd/Cs3Bi2Bro 1% 0.96%

Note: Inductively coupled plasma-mass spectrometry (ICP-MS) confirmed the
amount of Pd in 1% APd/Cs3Bi2Brg sample is 0.96 wt%, which matches the

theoretical value.
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Fig. S5. Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images of (A and B) Pd NCs, (C and D) APd NCs and (E and F) 1%

APd/Cs3Biz2Brg material, respectively.

Note: TEM confirms the synthesized Pd has a cube morphology (Fig. S5A),
HRTEM image shows that the lattice fringe of 0.20 nm corresponds to Pd (200)*
crystal facet (Fig. S5B). The amorphization of the surface of APd leading to a
crystalline-amorphous core@shell structure (Fig. S5D), and the lattice fringes
of 0.33 nm and 0.20 nm in 1% APd/Cs3Bi2Bry (Fig. S5F) corresponding to
Cs3Bi2Bre (003)° and Pd (200),* respectively.
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Fig. S6. Comparison of the photocatalytic performance of pure CssBi2Brg, and
CssBi2Brg coupled with crystalline Pd (1% Pd/CssBi2Bro), crystalline-amorphous
Pd (1% APd/CssBi2Brg) and fully amorphous Pd (1% amorphous Pd/Cs3BizBro)
composites. Reaction conditions: 1 mmol BA, 15 mg catalyst, 2.5 mL
benzotrifluoride, simulated solar light (AM 1.5G, 150 W Xe lamp, light intensity:
100 mW/cm?), reaction time (14 h).

Note: This result shows that the photoactivity of photocatalysts with crystalline-
amorphous Pd cocatalyst is superior to that of pure crystalline and fully
amorphous Pd, confirming the beneficial effect of partially surface

amorphization of Pd.
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Table S2. Comparison of photocatalytic H2 evolution over various MHP-based

photocatalysts.
H2 production
Photocatalyst Light source Medium rate Ref.
(umol g™ h™)
Cs3Bi2Bro/APd AM 1.5G, 150 W BA/BTF 1421 This
Work
MAPDbBr3 A =420 nm HI/HBr acid mix 11.20 10
solution
MAPDbBI3 A =420 nm HI acid 11.31 1
MAPDBr3 A =420 nm, 300 HI solution 14.00 12
W Xe
DMF-MAPDbBr3 A=420 nm HI acid 22.62 1
DMSO-MAPDbBrs A =420 nm HI acid 31.67 1
MAPDIs A =475 nm HI solution 33 1
MAPDBIr3/Pt A=420 nm HI/HBr solution 33.60 10
MAPDBIr3 A=420 nm Saturated HlI 38.00 13
solution
A =420 nm, 300 HI solution 40.00 12
MAPDbBrs/Pt W Xe
CsAgBIiBr4/rGO A =420 nm, 300 HBr acid 50 14
W Xe
MAPDbBr2/Pt A =420 nm Saturated Hl 90 13
solution
CsPbBrz/Ru@TiO 445 nm, 50 mW Triethanolamine 160 15
2 laser
MAzBilo/Pt A =400 nm, 300 HI solution 170 16
wW
MAPDI3/TiO2 AM 1.5G HI acid 436.6 13
PEDOT:PSS/MA A 2420 nm), 150 HBr solution 650 17
PbBrs/Ta:0s mW/cm?
DMASNBIr3/g- 500 W cm™? Xe Glucose solution 925 18
CsNgs
MAPDBI3.1./Pt A 2420 nm), 300  HBr/HI solution 2604.80 10

w
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BP/MAPDI;

A =420 nm), 300

mW/cm?

HI solution

3742

19

BA: benzyl alcohol. BTF: benzotrifluoride

Table S3. Comparison of selective photocatalytic oxidation of benzyl alcohol

(BA) to benzaldehyde (BAD) over various MHP-based photocatalysts.

Photocatalyst Light source Medium BAD production Ref.
rate
(umol g™ h™)
Cs3Bi2Bro/APd AM 1.5G, BA/BTF 1457 This work
150 W
FAPDBr3 AM1.5 G Trifluorotoluene 18 20
FAPDbBrs/Bi,WOs AM 1.5G Trifluorotoluene 250 20
CsPDbBr3/TiO» A >420 nm, Toluene 500 21
300W
FAPDbBrs/Bi,WOs AM1.5 G, Trifluorotoluene 580 20
150w
FAPDBr3/TiO, AM1.5G, Toluene 800 22
150w
CSPng/W1804g AM1.5G, Hexane 1000 23
150w
Cs3Bi2Bry/TiO» A >420 nm, Toluene 1465 24
300W
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Fig. S7. (A-B) SEM images of 1% APd/Cs3Bi2Bre material (A) before and after
five reaction cycles. (C) XRD, (D) PL and (E) Absorption spectra of 1%
APd/Cs3Bi2Brg before and after recycling measurements, respectively.

Note: This result shows that there are negligible changes in morphology,

structure and optical properties of the material after the recycling test.
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Fig. 8. (A) DRS spectra and (B) Tauc plots of Cs3Bi2Bre and 1% APd/Cs3Bi2Brog

materials.
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Fig. S9. The digital photographs of (A) CssBi2Brg and (B) 1% APd/Cs3BizBro
materials.
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Fig. S10. (A) Steady-state PL spectra and (B) time-resolved PL decays of
Css3Bi2Br9 and 1% APd/Cs3Bi2Bre materials.
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Fig. S11. High-resolution XPS spectra of (A) Cs 3d, (B) Bi 4f, (C) Br 3d core
levels of CssBi2Bro and 1% APd/Cs3Bi2Brg and (D) Pd 3d core level of 1%
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Fig. S12. (A) Polarization curves measured in dark and (B) Photocurrent
response versus monochromatic light under the potential of 0.06 V of Cs3Bi2Bro
and 1% APd/CssBi2Brg materials.
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Fig. S13. Mott-Schottky plots of CssBi2Bro measured in dark at the frequency of
1 kHz.

Note: Based on the slopes of the Mott-Schottky plots, the flat band potentials
of Cs3Bi2Brg and 1% APd/Css3Biz2Bre are concluded to be -0.57 V and -0.59 V,
respectively, and the density of the charge carrier (Np) of pure Cs3Bi2Broand 1%
APd/Cs3Bi2Bre can be calculated according to the following equation:?5-27

2 dE 2 1

~ geey dé  qegy slope

Np

where Nb is the density of charge carriers, C is the space charge capacitance,
E denotes the applied potential, q is the electric charge (1.602 x 10-1° C), ¢ and
&, refer to the dielectric constant of the semiconductor (13.8)28 and permittivity
in a vacuum (8.85 x 102 F m?t). The calculated No of 1% APd/CssBi2Bro is
8.28 x 10° cm3, slightly larger than that of pure Cs3Bi2Bre (6.43 x 10%° cm3),

showing that an enhanced carrier densities after the decoration of APd NCs.
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Fig. S16. ESR spectra of DMPO-carbon centered radical (#) and nitroxide-like

radical (¥) over APd/Cs3Bi2Bre samples in BA and benzotrifluoride mixture.

Note: This result indicates the generation of CsHsCH(OH)™ free radicals during
the photocatalytic reaction process. Namely, photocatalytic selective BA
oxidation occurs via carbon-centered radicals.
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Abstract

The excellent optoelectronic properties of metal halide perovskites (MHPS)
have been employed in various photocatalytic applications, but their poor water
stability is considered as the main bottleneck for further development. Herein,
we protect the light-absorbing CsPbBrs MHP with a NiOx and TiO2 hole and
electron extracting layer. This planar NiOx/CsPbBrs/TiO2 architecture can easily
be fabricated through solution-processing. When applied to selective
photocatalytic oxidation of benzyl alcohol, this system presents a 7-fold
enhancement of photoactivity and an improved stability for over 90 h compared
to CsPbBrs counterpart. Interestingly, we find that trace amounts of water
improve photoactivity. Through experimental and theoretical analyses, this
improvement could be attributed to water-induced structural reorganization of
MHP, leading to improved crystal quality and decreased effective masses of
charge carriers. This work indicates planar heterojunction helps improve the
photoactivity and stability of MHP photocatalyst, and our findings provide

insights into the effect of water on MHPs.
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4.1 Introduction

Solar energy conversion and utilization by artificial photosynthesis are among
the most promising strategies to address current environmental issues and
provide an energy source not suffering from fluctuating availability. So far, much
effort has been devoted to exploring various photocatalysts, such as inorganic
oxides, nitrides, and sulfides [1, 2]. carbon-based materials [3] and metal-
coordination compounds [4]. However, most reported photocatalysts suffer
from a limited light absorption range and rapid charge carrier recombination.
Future practical applications require addressing these challenges. Recently,
the excellent light absorption properties of metal-halide perovskites (MHPS)
have triggered a breakthrough in various solar harvesting applications [5, 6].
MHPs have excellent optical and electronic properties such as a high
absorption coefficient, low exciton binding energy, and long carrier diffusion
length. Furthermore, their structure seems very defect tolerant allowing various
low-cost processing methodologies [7-10]. Recently, MHP photocatalysts
successfully generated solar fuels through COz2 reduction [11] and H2 evolution
[12], and their performance for light-driven organic synthesis [13] and pollutant

degradation [14] is equally promising.

Despite the excellent photocatalytic performance, most reported MHP
photocatalysts have limited long-term stability due to their moisture sensitivity
[15-18]. In the presence of large quantities of water, MHPs tend to decompose
relatively quickly into a PbX2 (X = I, Br, Cl) precipitate, and dissolved ions
(Cs*/MA*/FA* cation, and halide anion) [16, 17]. In aqueous environments,
saturated halo acid solutions can be used to keep the MHP from decomposing
[19]. Alternatively, apolar solvents provide a practical photocatalytic
environment for MHPs [13, 20-22]. However, the generation of water and polar
reaction products during the photocatalytic processes lead to a deterioration of
the performance after several hours of operation [13, 21]. In short, MHP
photocatalysis research has been facing issues to achieve long-term stability
due to the presence or generation of polar molecules such as water. To slow
down the deactivation of MHP, a core-shell structure is a straightforward
stabilization method [23]. Also, the addition of drying agents such as anhydrous

Na2SO0s4, to absorb the produced water in the reaction system, is an effective
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way of stabilization [22]. Further, planar heterojunction structure using inorganic
oxides as protecting layers to cover the MHP has been demonstrated to
improve the stability of MHP solar cells or photoelectrodes [24-26]. On the other
hand, selective oxidations of alcohols into aldehydes are important reactions in
organic industry [27]. Among them, the selective benzyl alcohol (BA) oxidation
has attracted much attention since benzaldehyde (BAD) is one of the essential
intermediates for fine chemicals, fragrances and flavouring additives [28].
Compared to the hydrolysis of benzal chloride, the selective oxidation of BA
into BAD using O:2 as the oxidant is a highly desired sustainable for industrial
application.

Here, we show the construction of a stable solar photocatalyst cell
(NiOx/CsPbBrs/TiO2), with a planar heterojunction structure, where the NiOx
and TiOz2 serve not only as charge carrier transportation layers but also as MHP
protecting layers. When applying to selective oxidation of benzyl alcohol under
simulated solar light irradiation, this solar photocatalyst cell displays improved
photoactivity (a 7-fold enhancement) and stability (23 versus 18 successive
cycles before the activity is lower than the first cycle) compared to the pure
CsPbBrs, with an average of production rate 16.3 ymol cm h for over 90 h,
or 23 successive cycles of 4 h each. Interestingly, the solar photocatalyst cell
displays a significant increase (80.4 %) in performance during the first 56 h or
14 operation cycles. Detailed control experiments reveal that this activity
enhancement is related to the water molecules generated during the reaction.
This in-situ generated water improves the crystal symmetry of CsPbBr3, a result
confirmed by density functional theory (DFT) calculations. Through a
combination of complementary techniques, we show that this water-induced
structural reorganization reduces the charge carrier effective mass, thus

enhancing the charge carrier separation and transfer.

4.2 Experimental section

Materials

Nickel(ll) nitrate hexahydrate (Ni(NO3s)2:6H20), lead(ll) bromide (PbBr2),
titanium(lV) oxide (TiOz2), benzyl alcohol (BA), 2-phenylethanol, dimethyl
sulfoxide (DMSO), 1-phenylethanol, 4-fluorobenzyl alcohol, ethylene glycol,

129



ethylenediamine and ethanol were purchased from Sigma-Aldrich. Cesium
bromide (CsBr) and trifluorotoluene were purchased from Alfa Aesar. All

chemicals were used without further purification.

Photocatalyst fabrication

Prior to the fabrication of photocatalysts, ITO coated glasses were cleaned
using an ultrasonic cleaner in detergent, Milli-Q water, acetone and isopropanol
for 30 min in sequence [29, 30]. After that, the cleaned ITO glasses were dried
by nitrogen and then immediately illuminated by a UV-ozone machine for 30
min.

CsPbBr3 photocatalysts were deposited onto ITO coated glasses through a low-
temperature solution process by spin-coating. In a typical experiment, 74.5 mg
CsBr and 128.5 mg PbBr2 were first dissolved in 1 mL anhydrous DMSO to
prepare 0.35 M CsPbBrs precursor solution. Then, the as-prepared solution was
spin-coated onto ITO glass at 1000 rpm for 15 s, followed by 3000 rpm for 75
s. The prepared films were kept on a hot plate immediately at 70 °C for 30 min.
NiOx/CsPbBrs/TiO2 solar cell photocatalysts were fabricated by a three-step
solution-processed technology. Specifically, the prepared 1.0 M Ni(NOz)2:6H20
ethylenediamine solution was dropped onto glass ITO substrate, followed by
spin-coating at 4000 rpm for 40 s, and then annealed in the air environment at
300 °C for 60 min, to form the NiOx hole extracting layer. Secondly, CsPbBr3
layer was deposited onto NiOx layer through the same low-temperature solution
process by spin-coating as mentioned above. Finally, a pre-prepared TiO2
precursor solution (50 mg mL™tin ethanol, where the particle size of the TiO2 is
21 nm, and the TiO2 power was suspended in the ethanol solution for 1h via
ultrasonication without using any ligands) was spin-coated onto CsPbBrs at
4000 rpm for 40 s, then annealed at 70 °C for 2 min. Pure NiOx, TiOz,
NiOx/CsPbBrs and CsPbBr3/TiO2 samples were used as reference, and the
preparation process was the same as above. All processes were conducted in

a glovebox.
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Characterization

Absorption spectra were obtained by ultraviolet-visible spectrophotometer (UV-
vis, Lambda-950) and the absorption coefficient (a) of the thin films was
calculated using the following expression: a = 2.303 A/t, where A is absorbance
and t is the thickness of thin film. X-ray diffractometer (XRD, Cu Ka1 radiation,
A =1.5406 A) was used to obtain the crystallographic properties of the samples.
Scanning electron microscopy (SEM) images of samples were taken with a FEI-
Q FEG250 system and cross-sectional SEM images were obtained using FEI
Helios Nanolab 600i SEM. The steady-state photoluminescence was recorded
on an Edinburgh FLS980, from 490 to 580 nm with 5 nm increments and 1 s
integration time, under an excitation wavelength of 480 nm. Fluorescence
lifetime data was recorded on a home-built confocal FLIM microscope.
Emission from a pulsed 480-nm laser diode (LDH-D-C-485, Picoquant, Berlin,
Germany) was cleaned up (Chroma ET485/20x, F49-482, AHF
Analysentechnik, Tabingen, Germany) and the laser pulsing was set to 1 MHz
(PDL 828 Sepia2, Picoquant). X-ray photoelectron spectroscopy (XPS, Al Ka
X-ray source, 1486.6 eV) was employed to investigate the detailed effect of
water on perovskite with different cycle times, and the C 1s signal was set to a
position of 284.6 eV. Electrochemical measurements were made using a
standard three-electrode setup. The reference electrode was Ag/AgCl
electrode, and a platinum sheet was used as the counter electrode. Connection
to the CsPbBrsworking electrode was immersed in the electrolyte solution. The
absorption coefficient (a) of NiOx, CsPbBrs and TiOz thin films in this region
was calculated via equation: a = 2.303 A/t, where A is absorbance andtis the
thickness of thin film. The calculated a value of NiOx, CsPbBrs and TiOz is
2.4x10% 4.1x10% and 2.5 x10% cm™* at 400 nm, respectively.

Photocatalytic activity evaluation

The activity of CsPbBrs and CsPbBrs-based solar cell photocatalysts were
evaluated using selective photocatalytic oxidation of benzylic alcohols. The
specific operation procedure for the photocatalytic activity measurements is
described as follows: trifluorotoluene solution was first being saturated in a

sealed bottle with molecular oxygen for 1 hour. After that, CsPbBrs
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photocatalysts with an illumination area of 1.0x1.2 cm? were put into a 20 mL
guartz reactor with 2.5 mL saturated trifluorotoluene and 0.5 mmol BA, and the
whole reaction system was kept sealing up and under light illumination using a
150 W Xe lamp with AM 1.5G filter to simulate the solar light spectrum. After
irradiation of 4 h, the liquid was analyzed by Shimadzu GC-2010. The
conversion of BA, and selectivity of BA/BAD are defined as follows [13]:
Conversion (%) = Co—Cga/Co x 100%

Selectivity (%) = Csap/(Co—Csa) x 100%

where Co is the initial concentration of BA; Cea and Csap are the concentrations
of the reaction substrate and corresponding product of the photocatalytic

reaction, respectively.

Interband absorption by excitons using Elliot model

We have applied a semi-empirical relation suggested by Manoogian and
Woolley [31] to the experimentally obtained absorption coefficient near the band
edge for all materials under study. This model has been obtained from Elliot’s
theory of Wannier excitons [32] where the contributions of discrete exciton
transitions are added to the continuum transitions and are convoluted with a

Lorentzian with a broadening of I'. The expression is given by [33, 34]:

a(hv) = aq Z (ig) (Er /[(F—n)2 + (hv —E; + &)2] + al{E + arctan [(hv
~ n 2 2 n 2
It

~E)/GN)
Here ao and ai represent the absorption peak at the ground state exciton
energy and bandgap, respectively. I'n is the full width at half maximum of the
Lorentzian and I'c accounts for the full width of the continuum excitons. Rxis the
exciton binding energy and Eg represents the bandgap. n is an integer and
referred to as exciton quantum number. Higher values of n can be neglected
due to the n dependence of the intensity of the excitons peaks. This equation
can be used for bulk semiconductors with exciton binding energies much
smaller than the bandgap (Wannier excitons) and describe optical transitions
to bound and ionized excitonic states. This theory has been applied to model

the band edge of halide perovskites as well [35, 36]. The extracted bandgaps
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are summarized in Figure S3, Figure S10 and Figure S11, and Table S1. The
high energy side of the curves cannot be well described with this model either
due to a non-parabolicity band effect which is not taken into consideration [33]
or the presence of other bands that accounts for carrier absorption. Yet, it fits
well to the data at the band edges and the obtained bandgaps are in agreement
with the other studies [25].

XRD structural refinement using Le Bail method

We modelled the scattering patterns using the Le Bail method in Fullprof [37],
i.e., refining the unit cell (a, b, c), the scattering offset, the profile parameters
(U, V, W), and the peak intensities to match the measured diffraction pattern.
Thus, this simple model was robust for determining the relative volume change
in the unit cell (Figure 5d), as it was not necessary to know the structural factor
and associated structural parameters (i.e., internal tilting), since they are not
considered in this type of analysis. All patterns were indexed to an orthorhombic
(Pbnm) y-phase perovskite and a preferential orientation (i.e., perovskite thin

film texture; direction and distribution of the grains) was taken into account.

Density functional theory calculation

The present calculations have been performed with the Vienna ab initio
simulation package (VASP) code, based on density functional theory (DFT).
The projector-augmented wave method is used to describe the interaction
between ion cores and valence electrons. Atomic structures are optimized
using the exchange-correlation functional of Perdew, Burke, and Ernzerhof
(PBE). A plane-wave cutoff of 450 eV is used in the calculation. A Monkhorst-
Pack 6x6x1 k-point grid is used to sample the Brillouin zone (BZ). All atoms are
allowed to be fully relaxed till the atomic Hellmann-Feynman forces are less
than 0.01 eV/A. The convergence criterion of energy in the self-consistency
process is set at about 1x10“eV.

The effective mass (m™>) is calculated as the following equation:

e 220
ok?
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Where the k is the wave vector along different directions and the (k) represents
the eigenvalues of energy band.

4.3 Results and discussion

Characterization of the photocatalysts

A series of CsPbBrs flms and CsPbBrs-based planar heterojunction solar
photocatalyst cells (NiOx/CsPbBrs/TiO2) deposited on ITO glass substrates
were fabricated via simple low-temperature solution-processing starting from
different CsPbBrs precursor solution concentrations (the detailed process is
described in Experimental section). The crystal structure of CsPbBrs films and
solar photocatalyst cells was determined by X-ray diffraction (XRD). Figure la
shows the XRD patterns of these CsPbBrs films, the characteristic diffraction
peaks of the orthorhombic (Pnma) space group were found and confirmed by
structural refinement using the Le Bail method (Figure S1) [37]. The XRD
pattern of solar photocatalyst cell (Figure 1b) consists of diffraction peaks from
NiOx, CsPbBrs and TiO2, indicating successful synthesis of these three
components. The CsPbBrs films adopt an orthorhombic crystal phase in the
constructed solar photocatalyst cells. The surface morphology of CsPbBr3
perovskite films was characterized by SEM. Scanning electron micrographs of
CsPbBrs films with different precursor solution concentrations (0.05 M-0.45 M)
are shown in Figures S2a-e, in which the surface coverage of CsPbBrs film
improves gradually from 40.7% to 78.5% with increasing precursor solution
concentration (Figure S2f). Besides, cross-sectional SEM images of CsPbBrs
film and solar photocatalyst cell in Figures 1c and d confirmed this layer-by-

layer structure.
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Figure 1. XRD patterns of (a) CsPbBrs thin films spin-coated with different
precursor concentrations (0.05 M-0.45 M) and (b) NiOx/CsPbBrs/TiO2 solar
photocatalyst cell consists of NiOx, CsPbBrs and TiOz. (c-d) Cross-sectional
SEM of CsPbBrs thin films and CsPbBrs-based solar photocatalyst cell,

respectively, where the precursor concentration of CsPbBrszis 0.35 M.

Figures 2a and b represent the UV-Vis absorption spectra of all as-prepared
CsPbBrs films and solar photocatalyst cells possessing strong visible-light
absorption. While an excitonic peak is visible around 520 nm, excitons only
make up a small fraction of photogenerated species (approx. 1%) with the
majority of absorbed photons leading to free charge carriers [7, 38]. The
bandgap of these CsPbBrs films, extracted using Elliott's model [32, 35, 36]
(Experimental section), agrees well with the reported 2.3 eV (Figure S3) [25].
The NiOx/CsPbBrs/TiO2 solar photocatalyst cell processes strong light
absorption in the visible range due to the good absorption coefficient of NiOy,
CsPbBrs, TiO2 component (2.4x104, 4.1x10* and 2.5x10% cm* at 400 nm,
respectively) (see Experimental section).

Steady-state and time-resolved photoluminescence (PL) measurements were

performed to reveal the photophysical processes in these materials. As shown
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in Figure 2c, both CsPbBrs and NiOx/CsPbBr3/TiO2z display an emission peak at
around 525 nm, while the PL intensity of NiOx/CsPbBrs/TiO2 was strongly
guenched after the deposition of NiOx and TiO2 as compared to the uncoated
CsPbBrs film, indicative of improved charge separation and reduced radiative
recombination [20]. This is further corroborated by time-resolved PL decay
measurements, that revealed significant changes in charge dynamics in the
NiOx/CsPbBrs/TiO2 solar photocatalyst cell (Figure 2d). The luminescence
decays of the CsPbBrs film and NiOx/CsPbBrs/TiO2 are analyzed using a sum
of two exponential decays, with two distinct decay constants (7;) and amplitudes
(Aj). The two extracted decay times, r1 and 12 are associated with the bound
exciton and free exciton recombination, respectively [39-41]. The solar
photocatalyst cell NiOx/CsPbBrs/TiO2 showed a longer lifetime than the pure
CsPDbBrs film, with 11 and rz increasing significantly (see Figure 2d), hinting to
the effective extraction of the photogenerated charge carriers in CsPbBrs by
NiOx and TiOz2 layers (vide infra) [20, 24].
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Figure 2. Absorption spectra of (a) CsPbBrs thin films with different precursor
concentrations and (b) NiOx/CsPbBrs/TiO2 with three components, i.e., NiOx,
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CsPbBrs and TiO2. (c) Steady-state PL spectra and (d) PL lifetime decay traces
of CsPbBrs thin film and NiOx/CsPbBrs/TiO2 solar photocatalyst cell.

Photocatalytic performance and stability tests

The photocatalytic performance of the CsPbBr3 films and solar photocatalyst
cells (1.0x1.2 cm?) was evaluated under simulated solar light (AM 1.5G) by
studying the selective oxidation of benzyl alcohol (BA, 0.5 mmol) in a nonpolar
solvent (trifluorotoluene, 2.5 mL) with saturated molecular oxygen under
simulated solar light illumination (BA + O2 — BAD + H20). As shown in Figure
S4, all CsPbBrs3 films converted at least 1.1 pmol cm2 h' BA toward BAD based
on the per illumination area [42, 43], with an excellent selectivity of over 99%.
After the introduction of NiOx and TiO2, the NiOx/CsPbBrs/TiO2 solar
photocatalyst cells presented a significant increase in photoactivity of at least
5.8 umol cm2 h! (Figure 3a) while maintaining over 99% selectivity, in which
the optimal photocatalyst cell (NiOx/CsPbBrs/TiO2-4) presented a BAD
generation rate of 12.1 ymol cm? h?' after 4 h of irradiation, a 7-fold
enhancement compared to pure CsPbBrs. Gas chromatography—mass
spectrometry (GC-MS) was employed to check these products (Figure S5). In
comparison to other reference photocatalysts (Figure S6a), this planar
heterojunction layered system displayed the highest photoactivity. Note that the
activity of NiOx/CsPbBrs/TiO2-4 was around 2-fold higher than the sum of the
individual components CsPbBrs, NiOx and TiO2 (Figure S6b), which can be
attributed to the synergistic effect of the charge extraction by NiOx and TiO2 [20].
Comparison of this solar photocatalyst cell with reported MHP-based catalysts
for organic synthesis (Table S2) and selective photocatalytic oxidation BA to
BAD over various photocatalysts (Table S3) showed the excellent
photocatalytic performance of this solar photocatalyst cell. The production rate
of the NiOx/CsPbBr3/TiO2 photocatalyst cell is also comparable to other thin film
based photoelectrochemical (PEC) or PEC-photovoltaic (PEC-PV) systems
(Table S4). Besides the benzyl alcohol, the efficient conversion of benzylic
alcohols, such as 2-phenylethanol, 1-phenylethanol and 4-fluorobenzyl alcohol,
confirmed the general applicability of the solar photocatalyst cell, as

summarized in Table S5. Further, to confirm the photocatalytic performance of
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the proposed photocatalyst cell architecture, we tested the CsPbBr3 films and
photocatalyst cells for the selective oxidation of toluene to BAD with saturated
molecular oxygen under simulated solar light illumination. The photocatalytic
activity is summarized in Figure S7a, and GC-MS was employed to check the
generated products (Figures S7b-d). Similarly, both CsPbBr3z thin film and
photocatalyst cell were effective for photocatalytic oxidation toluene to BAD,
with BA as the main side product. Also, the NiOx/CsPbBrs/TiO2 photocatalyst
cells presented a significant increase in photoactivity (an 8.7-fold
enhancement), compared to the CsPbBrs counterpart. These results confirmed
the versatility of the MHP-based planar heterojunction structure for

photocatalytic organic transformation.
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Figure 3. (a) Selective photocatalytic oxidation of BA to BAD over films of
CsPbBrs and NiOx/CsPbBrs/TiO2 photocatalysts, where NiOx/CsPbBrs/TiO2-n
(n=1, 2, 3, 4 and 5) represents the precursor solution concentration of CsPbBrs
is 0.05 M, 0.15 M, 0.25 M, 0.35 M and 0.45 M, respectively. (b) Recycling test
of NiOy/CsPbBrs/TiO2 solar photocatalyst cell and pure CsPbBrs thin film
photocatalyst. (c) The energy band diagram of the photocatalytic cell. (d) The
effects of various radical scavengers on the photocatalytic performance of BA
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oxidation over photocatalyst cell, where W/O represents without
scavengers, OH™, e7, -O27, and h* represents the radical that is targeted by the

addition of t-butanol, potassium persulfate, 1,4-benzoquinone and ammonium
oxalate additives, respectively. Reaction conditions: photocatalytic cell or
CsPbBrs thin film photocatalysts (1.0x1.2 cm?), 0.5 mmol BA in 2.5 ml
trifluorotoluene with saturated molecular oxygen, AM 1.5G simulated solar light
(150 W Xe lamp), reaction time (4 h).

The stability of the best solar photocatalyst cell, NiOx/CsPbBrs/TiO2-4, was
evaluated by a recycling test in which after 4h the reaction solution was
removed, analysed and fresh solution was added. As shown in Figure 3b, the
photocatalyst cell showed no activity drops in comparison to the initial one in
23 successive cycles. An average BAD production rate of 16.3 ymol cm? h?
was achieved for over 90 h of testing. Meanwhile, a selectivity of around 99%
was maintained for 23 cycles. The turnover number (TON) is 45300 and
turnover frequency (TOF) is 492.4 (h™1) for the first 23 cycles. Furthermore, the
recycle test revealed an interesting behaviour with an initially improving
photocatalytic performance. The highest BAD production rate of 21.7 pmol cm-
2 ht was achieved after 14 cycles (56 h in total), a 1.8-fold improvement
compared to the initial one (12.1 ymol cm ht). With further reaction cycles,
however, the photocatalytic efficiency gradually decreases. After 23 cycles, the
activity of the solar photocatalyst cell is lower than the first cycle testing. The
recycle test of the pure CsPbBrs film photocatalyst also showed a similar
tendency as the CsPbBrs-based solar photocatalyst cell, i.e., the photoactivity
increases with increasing reaction cycle (Figure 3b), indicating the CsPbBr3 film
itself is the key factor that causes this interesting behavior in photoactivity. The
highest production rate of BAD (4.8 ymol cm2 h'1) of CsPbBrs film photocatalyst
was achieved after 11 cycles of 4 h testing (44 h in total). This represents a 3-
fold improvement to the first 4 h run, while maintaining a selectivity of around
99%. Note that after the 11th cycle the activity of the CsPbBrs films is worse
than the first cycle. These results indicate that the durability of CsPbBrs film is
inferior to that of solar photocatalyst cell in which NiOxand TiO2 were deposited

on the bottom and top of CsPbBrs, respectively, as the protecting layers. More
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importantly, to the best of our knowledge, this is the first report on perovskite
photocatalysis that the photoactivity increases with reaction time instead of

decrease.

Mechanism study

To elucidate the pathways of photogenerated charge carriers, the energy band
structure of the NiOx/CsPbBrs/TiO2 photocatalytic cell was investigated. As
shown in Figure 3c, the valence maximum (VBM) and conduction band
minimum (CBM) of CsPbBr3 are -5.6 eV and -3.3 eV, respectively. The VBM of
NiOx is -5.4 eV, and the CBM of TiO2 is -4.0 eV. Therefore, the photogenerated
electrons and holes can be easily extracted and transfer to TiO2 and NiOx,
respectively [20], to participate in the reaction. Furthermore, to understand the
mechanism of photocatalytic selective BA oxidation reaction over the
photocatalyst cell, different radical scavengers, i.e., ammonium oxalate,

potassium persulfate, 1,4-benzoquinone and t-butanol for holes (h*), electrons
(e”), superoxide radicals (-O27), and for hydroxyl radicals (-OH"), respectively

[20], were employed to examine the role of various redox-active species. Figure
3c shows the effects of these radical scavengers on the photocatalytic
performance, and the detailed parameters are listed in Table S6. Scavenging
the holes with ammonium oxalate almost completely stops the reaction, and in
the presence of potassium persulfate as electron scavenger also resulted in a
sharp drop in the photoactivity; a similar effect is observed when adding 1,4-
benzoquinone to the reaction system, while t-butanol has negligible effect on
the photoactivity. These results suggest that both holes and electrons actually
participate in the BA oxidation reaction. Based on these experiments, we
propose following mechanism that responsible for the photocatalytic oxidation
of BA over the photocatalyst cell, and the reaction mechanism is as follows [13,
21]:

CsPbBrs+ hv — h*+ e Q)
O2+e — Oz (2)
CsH5CH20H + h* — CsHsCH20H-* €))

CesHsCH20H* + 'Oz — CsHsCHO + H20 + %2 O2 (4)
CsHsCH20H + ¥2 O2 — CsHsCH20 + H20 (5)
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Under solar light illumination, CsPbBr3 absorbs solar light to produce electron-
hole pairs. Electrons transfer to TiO2 to reduce the molecular oxygen absorbed

on TiO2 into -O27, species. Meanwhile, the photogenerated holes transfer to

NiOx and oxidize the benzyl alcohol substrates to carbocations. It is well known
that dense and uniform thin films are important for efficient charge separation
and transfer in solar cells. While for photocatalysis, besides considering charge
separation and transfer, molecules need to directly interact with the
photocatalyst to be able to participate in the redox reactions. For the standalone
photocatalyst cell-based photocatalysis, different from solar cells,
discontinuities in the thin film can serve as the active sites, thus promoting the
benzyl alcohol oxidation reaction. Therefore, it is important to establish a
balance between the efficient charge separation and sufficient adsorption area.
Since both TiO2 and NiOx are not fully dense and continuous (Figure S8), BA
substrates and molecular oxygen can be easily adsorbed on non-covered,
accessible area and border of NiOx and TiO2, respectively. Finally, the BA

radical carbocations react with -O2~ species to produce the BAD product. On

the other hand, some previous studies with g-CsN4 as the photocatalyst have
shown that the H202 can be possible generated as an intermediate during the
photocatalytic processes.?’” In our system H202 was however not detected
using iodometry.[@

[BINote: this comment was added as a footnote to Chapter 4 (which is based on

a published article) based on the discussion during the preliminary PhD defence.
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Besides, to reveal the factors that cause the 3-fold improvement in photoactivity
over CsPbBrs films, a series of control experiments were carried out. In these
experiments, the role of the solvent (trifluorotoluene), the effect of extended
illumination (AM 1.5G, simulated solar light), and molecular adsorption of BA
and BAD were explored (Figure 4a). Solvent and photodegradation were ruled
out, and the presence of BA or BAD only had a minute effect on the activity.
Another factor that should be taken into consideration is the generation of water
during the photocatalytic oxidation reaction of BA. To simulate experimental
conditions, controlled amounts of water were added to the reaction system
while keeping the sample in dark for 4 h, before starting the photocatalytic
testing; the water amounts are in the same order of magnitude as those photo-
catalytically generated during the process. Figure 4b shows the significant
effect of water on the measured photocatalytic performance. Specifically, the
BAD generation steadily improved 2-fold, with 0.8 yL water incubation, before
slowly decreasing again with large amounts of water. These results strongly
suggest the beneficial effects of trace amounts of water on the catalytic
performance, while excessive water has an adverse effect.
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Figure 4. (a) The effect of solvent (trifluorotoluene), light irradiation (AM 1.5 G,
simulated solar light), substrate (benzyl alcohol) and main product
(benzaldehyde) on photocatalytic activity for 60 h with an interval of 20 h. (b)
Photocatalytic activity (4 h) of CsPbBrs thin film photocatalyst as a function of
the added amount of water to the reaction system. Reaction conditions:
CsPbBrz photocatalyst (1.0x1.2 cm?), 0.5 mmol benzyl alcohol in 2.5 ml
trifluorotoluene solution with saturated molecular oxygen, AM 1.5 G simulated
solar light irradiation (150 W Xe lamp), illumination time (4 h). With Tri, Light,

BA, BAD and Reference referring to storage of the CsPbBr3 thin film before
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photocatalytic testing in: (1) Tri: 2.5 mL trifluorotoluene in dark. (2) Light: 2.5
mL trifluorotoluene solution under AM 1.5 G simulated solar light illumination.
(3) BA: 2.5 mL trifluorotoluene solution with 0.5 mmol benzyl alcohol in dark. (4)
BAD: 2.5 mL trifluorotoluene with 0.03 mmol benzaldehyde in dark. While
Reference sample is the CsPbBrs thin film used for the cycling test, with the

identical reaction conditions as above.

To determine the underlying mechanism of this beneficial effect, changes in the
structural properties of CsPbBr3z with increasing cycle times were studied. The
XRD patterns in Figure 5a show similar diffraction peaks for the recycled MHP
films. However, changes are visible when analyzing the peak position and peak
width in detail, as shown in Figure 5b. Refining the data with the Le Bail method
(Figure S9) [37] reveals the peak-width parameter U (a resolution function
parameter used to quantify the peak width) declines substantially from 16.28
(cycle 0) to 8.02 (cycle 11) and then increases to 13.14 after the 14th cycle
(Figure 5c¢); the normalized lattice parameters, as a function of cycles, are
plotted in Figure 5d. Meanwhile, the normalized, pseudo-cubic unit cell volume
(per unit formula, determined from the crystallographic data) reduced about 5%
from 211.01 A3to 202.13 A3 after cycle 11 and expanded to 206.14 A3 with
further increased cycling to 14 (Figure 5d, the detailed parameters are shown
in Table S7). This indicates that the crystallinity of CsPbBrsfirst improves before
decreasing [44-46].
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Figure 5. (a) XRD patterns of CsPbBrs films recorded before photocatalytic
testing, after 1, 5, 11, and 14 testing cycles. (b) Magnified view of XRD patterns
of CsPbBrs films before and after photocatalytic testing on the most prominent
diffraction signal recorded around 15 degrees, with the structural refinement via
Le Bail method. (c-d) Dependence of the recorded XRD peak broadening and
lattice parameters, respectively, on the photocatalytic recycling (derived from
the use of a dominant empirical broadening parameter U during the structural
refinement (Le Bail method). The other key experimental parameters, like layer
thickness and instrumental geometry, are kept constant. Normalization of the
y-phase lattice is made via rescaling the orthorhombic unit cell by (1/72, 1~/2,
1/2), with the pseudo-cubic unit cell volume also being normalized by the same

fractions.

To identify the underlying reason for this improved crystallinity, DFT-based
simulations were performed. The model started from a clean CsPbBrs slab with
H20 adsorbed before relaxation; Vienna ab initio simulation package (VASP)
codes (details see Experimental section) [47]. As shown in Figures 6a and b,
the calculated bonding angles of Pb-Br-Pb are 172.8° and 166.9° in

CsPbBr3+H20 and pure CsPbBrs slab, respectively. The result shows that the
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PbBre octahedrons in CsPbBrs become more symmetrical after surface
adsorption of H20 molecules, consistent with the experimental XRD data.

In addition, DFT calculations revealed a significant drop in effective mass of the
charge carriers in the CsPbBrs+H20 slab; calculated electron effective mass
0.385 mp (CsPbBr3) vs. 0.366 mo (CsPbBrs+H20) and the effective hole mass
reduces from 0.515 mo to 0.489 mo. This lower effective mass relates to higher

mobility and lower recombination probability [48].

Oc O©Pb ©@B @O0 ©OH
Figure 6. The models of (a) clean CsPbBr3 slab and (b) CsPbBrs slab adsorbed
H20 molecules, the calculated bonding angles of Pb-Br-Pb are 166.9° and
172.8° in CsPbBrs and CsPbBr3+H20 slab, respectively.

Photophysical properties and electronic structures analyses

The transfer and recombination kinetics of charge carriers were experimentally
validated with time-resolved PL measurements. Normalized steady-state PL
spectra (Figure 7a) reveal a blue-shift of the emission maximum from 526 nm
to 521 nm (0.023 eV) with increasing reaction cycles. This is in agreement with
the absorption data (Figure S10a). While the absorption slightly decreases, the
absorption edge shows a slight blue-shift of about 0.026 eV. With this
information at hand, time-resolved PL was used to generate insight into the
charge carrier dynamics and experimentally validate the observations from DFT.
As shown in Figure 7b, an increase in PL lifetime is observed with increasing
reaction cycles (the detailed parameters are shown in Table S8). The longest
lifetime is obtained after 11 cycles, in which the contribution of 71 is reduced
from 93.4% (0.58 ns) to 86.6% (1.16 ns). Meanwhile, the contribution of 12 is

increased from 6.6% to 13.4% for the recycled one, with the 12 extended from
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3.64 to 6.23 ns. Further increasing cycles beyond 11 times leads to a slightly
decreased lifetime but still larger than the pristine one. The suppressed exciton
recombination and enhanced catrrier lifetime are linked to the separation of
electron-hole pairs [49]. This result provides clear evidence for the better
effective charge separation after water absorption on the surface of CsPbBrs.
The prolonged lifetime enhances the probability of photocatalytic surface
reaction over unwanted recombination pathways [50, 51]. These findings show
that the beneficial effect of trace amount of water can be linked to optimizing

the crystal structure and improving the charge carrier migration to the CsPbBr3

surface.
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Figure 7. (a) Steady-state PL spectra, (b) PL lifetime decay traces, (c) Nyquist
plots and (d) Photocurrent responses of CsPbBrs films under repeated
reactions with the cycle time of 0 time, 1 time, 5 times, 11 times and 14 times,
respectively. The inset in Figure 7c is the equivalent circuit used to fit the

impedance spectra for EIS analysis.

To evaluate changes in the charge-transfer properties, electrochemical

impedance spectroscopy (EIS) was performed. Figure 7c reveals that with
146



increasing cycles, the semicircle radius in the Nyquist plot becomes smaller,
signifying a smaller charge-transfer resistance [51]. The details of these
semicircles quantified with an equivalent circuit are summarized in Table S9.
The resistance decreases from 259 Ohm (before cycle 1) to 172 Ohm (after
cycle 11), indicating an improved electronic conductivity [11]. In addition, the
photocurrent responses of CsPbBr3 with different cycle times under solar light
irradiation were tested to evaluate photogenerated charge carrier dynamics. As
shown in Figure 7d, the photocurrent of CsPbBrs under repeated cycles,
especially the 11th cycle, increases significantly compared to the original one,
suggesting more efficiency in conductivity and charge generation [51].

The energy level transition on CsPbBrs during the cycling tests was explored
by XPS. As shown in Figure 8a, the XPS spectra of the Cs 3d had no significant
change in the spectral shape, while the peaks presented a shift of around 0.5
eV (11 times) to higher binding energy (BE). A similar shift was also found in
the spectra of Pb 4f and Br 3d, as shown in Figures 8b and c. Previous research
has revealed that the BE shift can be attributed to water (the water molecules
acted as an n-dopant), which makes the Fermi level position closer to
conduction band minimum (CBM) [52, 53]. Thus, the generated trace water
would increase electron density and accordingly improve reduction ability.

To further investigate the effect of water on band structure of the CsPbBrs thin-
film with different cycles, electrochemical flat band potential (E)
measurements (Mott—Schottky curves) were carried out as shown in Figure 8d.
The positive slope is characteristic of an n-type semiconductor [54]. The
calculated Em of CsPbBrs with repeated cycles was found to be more negative
than that of CsPbBrs film without photocatalytic use, before cycle 1 Ew = -0.83
V versus Ag/AgCl whereas after cycle 11 it is -1.07 V. Generally, flat-band
potential lies very close to the bottom of the conduction band for n-type
semiconductors [54, 55]. Using the band gap information from the UV-vis
spectra (Figure S10c), the energy band structure of CsPbBrs is illustrated in
Figure S11. This implies that the conduction band potential becomes more

negative with increasing reaction time [54], which responds to the XPS results.
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Figure 8. The XPS spectra of (a) Cs 3d, (b) Pb 4f and (c) Br 3d core levels, and
(d) Mott—Schottky plots of CsPbBrs films under repeated reactions with the

cycle time of 0 time, 1 time, 5 times, 11 times and 14 times, respectively.

4.4 Conclusions

In summary, a stable planar photocatalyst cell NiOx/CsPbBrs/TiOzis developed
that yields on average 16.3 ymol cm2 h'! of BAD from the selective oxidation
of BA, for over 90 h testing under simulated solar light illumination. A NiOxand
TiO2 hole and electron extracting layer improve the photogenerated charge
extraction from the light-absorbing CsPbBrs layer while simultaneously
protecting it from the environment. Our experimental and theoretical results also
indicate the trace amounts of H20 can drastically enhance the photoactivity (a
3-fold improvement) of the as-generated CsPbBrs by improving the crystal
symmetry and decreasing the effective mass of the charge carriers. This work
offers an effective strategy for constructing stable metal halide based
photocatalysts via simple solution-processing. Besides, our findings provide
deeper insights into the effect of water on MHP material and shed light on the
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beneficial effect of trace amounts of water to improve the photoactivity of
perovskite solar catalyst cell.
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4.6 Appendix to Chapter 4
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Fig. S1. XRD structural refinement of CsPbBr3 thin film via Le Bail method.
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distribution of CsPbBrs films with precursor solution concentrations ranging
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Fig. S4. Photocatalytic performance of benzyl alcohol oxidation over CsPbBr3

thin film with the precursor solution concentration ranging from 0.05 M to 0.45

M. Reaction conditions: CsPbBrs thin film photocatalyst (1.0x1.2 cm?), 0.5

mmol benzyl alcohol in 2.5 mL trifluorotoluene solution with saturated molecular

oxygen, AM 1.5 G simulated solar light irradiation (150 W Xe lamp), illumination
time (4 h).
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Fig. S5. (a) GC-MS spectra of the products over NiOx/CsPbBrs/TiO2
photocatalyst cell. (b-c) The spectrum of (b) benzaldehyde, (c) benzyl alcohol
and (d) benzoic acid, respectively. Reaction conditions: photocatalyst cell
(1.0x1.2 cm?), 0.5 mmol benzyl alcohol in 2.5 mL trifluorotoluene solution with
saturated molecular oxygen, AM 1.5 G simulated solar light irradiation (150 W

Xe lamp), illumination time (4 h).
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Fig. S6. (a) Selective photocatalytic oxidation of BA to BAD over CsPbBrs,
NiOx/CsPbBrs/TiO2 thin films and other reference photocatalysts. (b)
Comparison of the photoactivity of solar photocatalyst cell and the sum of the
individual components CsPbBrs, NiOx and TiO2 photocatalysts. Reaction

conditions: various photocatalysts (1.0x1.2 cm?), 0.5 mmol benzyl alcohol in
157



2.5 ml trifluorotoluene solution with saturated molecular oxygen, AM 1.5 G
simulated solar light irradiation (150 W Xe lamp), reaction time (4 h).
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Fig. S7. (a) Photocatalytic oxidation of toluene to benzaldehyde over pure
CsPbBrs thin film and NiOx/CsPbBrs/TiOz2 photocatalyst cell. (b-d) GC-MS
spectra of the products over NiOx/CsPbBrs/TiO2 photocatalyst cell after 8h of
irradiation under simulated solar light, (b) the full spectrum of these products,
i.e., benzaldehyde and benzyl alcohol, and the corresponding spectra of (c)
benzaldehyde and (d) benzyl alcohol, respectively. Reaction conditions:
CsPbBrs3 film or NiOx/CsPbBra/TiO2 photocatalyst cell (1.0x1.2 cm?), 2.5 ml
toluene solution with saturated molecular oxygen, AM 1.5 G simulated solar

light irradiation (150 W Xe lamp), illumination time (8 h, room temperature).
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Fig. S8. SEM images of (a) NiOx and (b) TiO2 thin films, respectively.
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Fig. S9. XRD structural refinement of CsPbBrs with different cycle times using
Le Bail method. The other key experimental parameters, like layer thickness
and instrumental geometry, are kept constant. Normalization of the y-phase
lattice is made via rescaling the orthorhombic unit cell by (1/\/2, 12, 1/2), with
the pseudo-cubic unit cell volume also being normalized by the same fractions.
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Fig. S11. The schematic illustration of the band structures of CsPbBrs with
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determined from flat band plot (Fig. 8d) and valence band minimum (VBM) is

evaluated using the band energy via UV-Vis absorption spectra (Fig. S10).
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Table S1. Detailed Parameters for CsPbBrs Thin-Film with Different Precursor

Concentrations.
Concentration (M) 0.05 0.15 0.25 0.35 0.45
Total area (cm?) 1.2 1.2 1.2 1.2 1.2
Thickness (nm) 187 275 368 453 525
Surface coverage (%) 40.8 49.0 63.7 72.4 78.5
Mass (ug) 0.27 1.33 4.03 7.94 13.10
Bandgap (eV) 2.318 2.299 2.296 2.319 2.330

The mass of CsPbBrs photocatalyst with different precursor concentrations was

calculated depending on the precursor solution concentration, the volume of

CsPDbBrs thin film (i.e., the thickness of the film multiplied by the area) and the

related surface coverage, with detailed parameters summarized in Table S1, in

which the CsPbBrs amount was calculated according to the followed formula:

m = active area x thickness x concentration x molar mass x surface coverage

Table S2. Comparison of the CsPbBrs Photocatalyst with Other Reported Metal

Halide Perovskite-Based Photocatalysts Used for Organic Synthesis.

Perovskite Solvent Light Productand Measured TON Ref.
photocatalyst source activity time for
(mmol/g/h) stability (h)
CsPbBrs trifluorotolue  AM 1.5G o 92 45300 This work
. o
(807)
CssBizBrg benzyl A >420 ¢ 12 - [1]
alcohol nm Q)L”
(32.9)
FAPDBr3 toluene AM 1.5G 0 20 263 [2]
(3.8)
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Cs3Biz2Bro isopropanol A >420 LT 18 - [3]
m 70
(1.333)
FAPDBr3 trifluorotolue  AM 1.5G 0 20 - [4]
" o
(0.25)
CsPbBrs CH2Cl:2 Blue LED i(\(@ 96 52000 [5]
" Hex O
CsPbBrs CH2Cl2 Blue LED 0 ) 24 9100 [6]
&

FAPDBr3 toluene AM 1.5G o 40 - [7
CsPhbBrs CH2Cl2 white 20 - [8]
LED o)

PhO™ ~0
CsPbBrs toluene A >420 0 8 - [9]
m T

Turnover number (TON) is calculated as follows: TON= sum of the molar of

benzaldehyde in 23 cycles / the molar of perovskite catalyst

Table S3. Comparison of Selective Photocatalytic Oxidation of Benzyl Alcohol

(BA) to Benzaldehyde (BAD) over Various Photocatalysts.

Photocatalyst Reaction conditions BA Selectivity  Activity Measured Ref.
(mmol) (%) (mmol/g/h)  stability
time (h)
NiOx/CsPbBr 150 W Xe lamp, 0.5 99 783 92 This
3/TiO2 AM 1.5G, work
trifluorotoluene, 4 h
Cs3Bi2Bref 300 W Xe lamp, 48 >99 32.9 12 [1]
SBA-15 visible light (A >420
nm), 4 h
G@ULDH/ 300 W Xe lamp, 2 >99 30.0 - [10]
BiVO4 AM 1.5G, H20,

1.2VvsRHE, 4h
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TiO2/C

150 W Xe lamp,
H20, AM 1.5G, 1.25
VvsRHE, 4 h

9.6

99 28.8

[11]

CN-Si-WOs3

300 W Xe lamp,
full light,

acetonitrile, 3h

0.2

>99 2.82

15

[12]

WOs/TiO2

450 W high-
pressure mercury
lamp, A >350 nm,
H20, 3h

56 1.87

[13]

CdS/TiO2

300 W Xe lamp,
visible light (A = 420
nm),

trifluorotoluene,3 h

0.2

99 1.27

12

[14]

Au/BiOCI-Ov

300 W Xe lamp,
visible light (A >420

nm), acetonitrile, 8h

0.5

100 0.95

40

[15]

BiVOa4

30 W blue LED (A
max = 470 nm),

acetonitrile, 3 h

0.1

>09 0.78

12

[16]

IN2S3-Sv

300 W Xe lamp,
visible light (A >420
nm),trifluorotoluene
,5h

0.1

99 0.71

25

[17]

FAPDBra/
Bi2WOs

150 W Xe
lamp, AM 1.5G,

trifluorotoluene, 4 h

0.1

~100 0.25

20

[4]

yolk-shell
WOs

300 W Xe lamp, full
light, H20, 5h

0.1

>99 0.127

20

[18]
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Table S4. Comparison of the NiOx/CsPbBr3s/TiO2 Photocatalyst Cell with Thin
Film Based PEC/PEC-PV Systems.

Materials Medium Product Production Light Stability System Ref.

rate (umol source (h)

cm? h?)
NiOx/CsPbBr3 trifluorotoluene  BAD 21.7 AM 15G 92 PV This
ITiO2 work
TiO2 nanorod HI solution H2 ~24 25 mW >5h PEC [19]
| MAPbI3 at0.7Vvs. cm?

Ag/AgCI (white

LED)

TiO2 | Co-doped  HI solution H2 33.3 AM 15G >8h PEC [20]
hematite | at0.14 Vv
MAPDI3 VS.

Ag/AgCI
ICA-Mo:BiVO4/ H20 Hz, O2 H2: 95.6 AM 15G 6h PEC- [21]
Fe(Ni)OOH- 02:50.8 PV
FAo.83Cs0.17Pbl2
Br

Table S5. Results of the Selective Oxidation of Alcohols over
NiOx/CsPbBr3/TiO2 Solar Photocatalyst Cell2

Substrate Main product  Production rate  Selectivity TON
(mmol/g/h) (%)
@/VOH ©/V° 190.5 99.2% 442
OH 0 152.7 98.3% 352
o /@AO 182.6 98.7% 423
o,

aReaction conditions: NiOx/CsPbBrs/TiO2 photocatalyst cell, alcohols (0.5 mmol)
in 2.5 mL trifluorotoluene solution with saturated molecular oxygen, simulated
solar light illumination (AM 1.5G, 150 W Xe lamp), irradiation time (4 h). This
result proves the versatility of the NiOx/CsPbBrs/TiO2 solar photocatalyst cell

for organic synthesis.
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Table S6. The Effects of Various Radical Scavengers on the Photocatalytic
Performance of BA Oxidation over Photocatalyst Cell2

Photocatalytic activity

Scavenger added Reaction intermediate (umol cm2 h'1)
targeted Before After
none / 12.1 12.1
ammonium oxalate  holes (h") 12.1 1.1
potassium electrons (e") 12.1 4.7
persulfate
1,4-benzoquinone  superoxide radicals 12.1 2.3
(-:027)
t-butanol hydroxyl radicals 12.1 11.9
(:OHY)

aReaction conditions: NiOx/CsPbBrs/TiO2 photocatalyst cell (1.0x1.2 cm?), 0.5
mmol benzyl alcohol in 2.5 ml trifluorotoluene solution with saturated molecular
oxygen, various scavengers, AM 1.5 G simulated solar light irradiation (150 W

Xe lamp), reaction time (4 h).

Table S7. Detailed Parameters of XRD Structural Refinement Results for
CsPbBrs Film with Different Cycle Times (Normalization of the y-phase lattice

is made via rescaling the orthorhombic unit cell by (1/72, 172, 1/2)).

Cycle a b c U aNorm  bNorm cNorm  voINorm
tme) A A A (A) (A) (A) (A%)

0 8.255 8.740 11.699 16.278 5.837 6.180 5.849 211.012
1 8.210 8.749 11.689 12.046 5.805 6.187 5.845 209.895
5 8.216 8.684 11.689 8.302 5.810 6.140 5.844 208.496
11 8.147 8574 11576 8.024 5.761 6.063 5.788 202.134
14 8.161 8.717 11591 13.139 5.770 6.164 5.795 206.141
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Table S8. Detailed Lifetime Parameters of CsPbBrsz Film Before and After

Recycling.

Cycle (time) T1(NS) T2(NS) A1 (%) Az (%)
0 0.58 3.64 93.4 6.6

1 0.67 5.12 91.1 8.9

5 0.82 5.65 89.5 10.5
1 1.16 6.23 86.6 13.4
14 1.02 5.96 88.3 1.7

Table S9. Detailed Resistance Parameters of CsPbBr3 Film with Different Cycle
Times that Extracted from Nyquist plots

Cycle (time) Rs (ohm) Rt (ohm)

0 46.6 259.2

1 44.9 212.3

5 43.7 195.1

11 41.5 1721

14 42.4 175.0
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Chapter 5. Conclusion and outlook

Besides the traditional photovoltaic applications, MHPs semiconductors have
shown great potential in photocatalysis. The past few years have witnessed the
rapid development of MHPs for photocatalytic solar-to-chemical conversion, but
the inefficient charge separation of MHPs Ilimits their photocatalytic
performance. Besides, the poor stability of MHPs is considered the main
bottleneck for practical applications. Further development needs to address
these two issues.

In this thesis, we have developed some efficient strategies to improve both the
photocatalytic activity and stability of the MHP photocatalysts. Firstly, by the
design of a Pd/CsPbBrs Schottky junction, photocatalytic performance of
Suzuki couplings over Pd/CsPbBrs composite is improved by over 11 folds
compared to pure CsPbBrs. Besides, the photo- and thermal- catalysis
contribution to the overall performance was investigated, and the mechanism
of the photocatalytic Suzuki reaction was clarified. Secondly, following a similar
concept, a phase-engineered crystalline-amorphous Pd (APd) cocatalyst was
developed to further improve the photocatalytic performance of Cs3Bi2Bo for
simultaneous H:2 evolution and BAD production. The effect of the APd
cocatalyst on the photoactivity improvement, i.e., the charge separation
dynamics and surface reaction kinetics, were experimentally and theoretically
investigated. Finally, to simultaneously boost the photoactivity and stability of
the MHPs, a planar heterojunction photocatalyst cell, NiOx/CsPbBrs/TiOz2, was
constructed. The inorganic electron extracting layer (TiOz) and hole extracting
layer (NiOx) were employed to not only facilitate the charge separation but also
serves as MHP protecting layers.

In practical applications, the MHP photocatalyst not only requires high solar-to-
chemical conversion efficiency to maximize economic benefits, but also needs
to possess good stability to ensure long-term use. Overall, this PhD thesis has
developed some useful approaches to improve the photocatalytic performance
and stability of MHP-based photocatalysts. Based on and beyond this thesis,
more possible strategies that can be taken into consideration are summarized

as follows.
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First, to suppress the charge carrier recombination of MHPs and thus improving
the photocatalytic performance, the following proven or potential approaches
can be considered. (1) The formation of a Schottky junction by loading
cocatalysts. The decoration of cocatalysts on the surface of MHPs, such as Pd,
Au, and Pt, can facilitate the interfacial charge transfer and promote charge
separation of MHP photocatalysts, and ultimately boost the photocatalytic
performance. (2) Construction of a heterojunction. Constructing heterojunctions
by coupling other semiconductor materials with MHPs is another efficient
approach. So far, type-Il and Z-scheme heterojunctions are the most adopted
approaches. Efficient charge transfer and separation can be achieved, thus
contributing to higher catalytic activities. Many materials such as GO, rGO, TiOz,
g-CsNg4, Fe203 and Bi2WOs, have been employed to form type-Il or Z-scheme
system.

Besides, several proven or promising methods can be adopted to improve the
stability of MHPs. (1) Using low-polarity or nonpolar solvents such as toluene,
ethyl acetate, hexane, isopropanol and dichloromethane, to create a stable
photocatalytic reaction environment. (2) Suitable compositions and
reengineering of the MHPs. For instance, replacing the organic cations (MA*,
FA*) with inorganic Cs* ion has been widely adopted. Furthermore, surface
treatments with ligands are also reported to stabilize the MHPs photoactive
materials. (3) Surface passivation, such as the surface passivation of CsPbBrs
by g-CsNa4 through the interaction between the amino group on the edges of
heptazine in g-CsN4 and Br~ in CsPbBrs, or the interaction between functional
group (fluorophenyl, halide, etc.) in graphene oxide and Pb defects, has also
been demonstrated as feasible approaches. (4) The precipitation-solubility
approach was found to keep the MHP stable under photocatalytic environments.
(5) The addition of drying agents (anhydrous Na2SOa4) to absorb the water
existed in the photocatalytic reaction process is an effective method. (6) The
encapsulation of MHPs by forming a core-shell structure (core: MHP, shell: TiO2,
MOF, etc.) is a straightforward way to stabilize MHPs. Compared to surface
passivation with functionalized group semiconductors, the core-shell structure
has a better stability. This is attribute to the fact that the core-shell structure

with near-perfect coverage that helps to limit contact between the MHPs and
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polar products. (7) The construction of a planar heterojunction. Using inorganic
materials to cover the MHPs layer and protect the MHPs from decomposition.

In summary, although the number of remaining challenges, expanding the
applications of MHPs in photocatalytic reactions such as CO:2 reduction, H2
evolution, organic transformation, pollutant degradation and N2 fixation, is
promising. By applying the strategies acquired in this dissertation work together
with other reported approaches, taking the acceleration of charge separation
and improving the stability of the MHP photocatalyst into account, the use of
MHP for solar-to-chemical conversion is expected to contribute to solving the

energy crisis and environmental issues.
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Safety Aspects

All the experimental work presented in this dissertation was conducted
compliant with the Code of Practice for Safety in Lab! and Basic Rules For
Chemistry Practicals.? Before the experiments, risk assessments were taken
following the detailed information on the website of the Health, Safety, and
Environment (HSE) service.® More specifically, the chemicals used in this thesis
were handled with necessary care (lab coat, safety goggles, and gloves)
considering that they are harmful or fatal in case of skin irritation in contact with
skin, swallowing or if inhaled (H310, H312, H330, H331). Pb, Ni, and Pd salts
were manipulated correctly since they are most of them are toxic or teratogenic
(H361d, H360D, H361f, H360F, H361fd, H360FD, H360Df, H360Fd), and they
may cause organ damage or cancer if long-term exposure to these compounds
(H371, H372, H370, H350, H350i). When using high risk (E4) products and
some solvents (toluene, DMSO, acetonitrile), more caution was taken since
they are extremely flammable (H220, H222, H224, H225) and may cause organ
damage (H332, H373), skin irritation (H311) and eye damage (EUHO070).
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