
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

12
:4

8:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Adjusting the ban
aInstitut de Chimie Physique, UMR 8000

Orsay, France. E-mail: mohamed-nawfal.gha
bInstitut de Chimie Moléculaire et des Matéri

Paris-Saclay, F-91405 Orsay, France

† Electronic supplementary informa
https://doi.org/10.1039/d2ta09920a

Cite this: J. Mater. Chem. A, 2023, 11,
6226

Received 21st December 2022
Accepted 24th February 2023

DOI: 10.1039/d2ta09920a

rsc.li/materials-a

6226 | J. Mater. Chem. A, 2023, 11, 6
d gap of CsPbBr3−yXy (X= Cl, I) for
optimal interfacial charge transfer and enhanced
photocatalytic hydrogen generation†

Marija Knezevic, a Vien-Duong Quach, a Isabelle Lampre, a Marie Erard,a

Pascal Pernot,a David Berardan, b Christophe Colbeau-Justina

and Mohamed Nawfal Ghazzal *a

Metal halide perovskites (MHPs, CsPbX3: X = Cl, Br, I) demonstrate high photogenerated charge-carrier

production and mobility, which makes them promising candidates for photocatalysis. In this work, we

investigated how adjusting the band gap energy of MHPs at room temperature by anion exchange

(CsPbBr3−yXy: X = Cl, Br, I) leads to optimal interfacial electron transfer from CsPbBr3−yXy to TiO2 by

means of transient absorption spectroscopy (TAS), time-resolved photoluminescence (TRPL), and time-

resolved microwave conductivity (TRMC). We found that the formation of indirect excitons at the MHPs/

TiO2 interface results in slower charge-carrier relaxation, which is essential for photocatalysis. The

substitution of bromide with chloride reduces the trapping states (healing effect), which favors charge-

carrier relaxation to the ground state and leads to higher charge recombination and lower photocatalytic

activity. The iodine, on its side, acts as a hole trapper proposing an optimal band gap facilitating fast

charge injection in the TiO2. The charge-carrier injection from one material to another suppresses

recombination, leading to impressive H2 generation.
Introduction

The recent energy crisis and constant energy demand growth
have been prompting the need for new sustainable energy
sources. Metal-halide perovskites (MHPs, CsPbX3: X = Cl, Br, I),
known for their extraordinary light-harvesting capacity and
charge-carrier dynamics1 (i.e., high photogenerated charge-
carrier production and mobility), could play an important role
in resolving the current energy-matter. MHPs have been exten-
sively investigated in the eld of optoelectronic devices and
solar cells, reaching a record of energy conversion efficiency of
up to 32.5% for perovskite-silicon tandem solar cells, and 25.7%
for single-junction perovskite solar cells.2 Due to their impres-
sive photophysical properties, MHPs are a valid candidate for
photocatalysis. However, their inherent instability upon expo-
sure to moisture, polar solvents, and UV irradiation, enhances
their interactions with CO2, O2, and H2O, resulting in anodic
corrosion, i.e. PbO formation, decelerating their immediate
application in photocatalysis.3
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Therefore, signicant attention has been paid to MHPs
encapsulation with non-toxic and stable materials. MHPs
encapsulation has been benecial for CO2 photocatalytic
reduction when coupled to graphdiyne (GDY),4 graphene oxide,5

titanium dioxide,6 boron imidazolate frameworks (BIFs)7

zeolite,8 poly(3-hexylthiophene-2,5-diyl) (P3HT) polymer,9

fullerene,10 MXene nanosheets,11 and porous g-C3N4 (PCN),12

while hydrogen production was improved by encapsulation in
polymers such as polyaniline (PANI), and metal–organic-
frameworks derived Co3O4/N-doped C core/shell
composite.13,14 MHPs are also capable of singlet oxygen gener-
ation through energy transfer during methyl orange photo-
catalytic degradation when coated with stable and inert SiO2.15

Furthermore, coupling with metallic co-catalysts such as
Ni(tpy)16 and Re(CO)3Br(dcbpy) (dcbpy = 4,4′-dicarboxy-2,2′-
bipyridine)17 complex molecules improves photocatalytic effi-
ciency of CO2 reduction, e.g., Ni(tpy) can act as the electron sink,
preventing electron–hole recombination in CsPbBr3 nano-
crystals (NCs). In general, heterojunctions improve the effi-
ciency of the photogenerated charge carriers (i.e., electron–hole
separation) and the CO2 capture. It is worth noting that one
must consider the oxidation of carbon-based materials to CO2

and CO during the photocatalytic reaction since it could inu-
ence the yield of CO.18 Moreover, it is possible to maximize
MHPs efficiency by using non-polar solvents e.g., mixed metal
halide perovskite CsPb(Br0.5/Cl0.5)3 demonstrated the effective
reduction of CO2 from ethyl acetate saturated solution.19
This journal is © The Royal Society of Chemistry 2023
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The growing interest of the photocatalytic community for
MHPs has led to the development of different strategies to
promote the photoelectronic and photocatalytic performance of
MHPs, including selective control of MHP synthetic procedures,
offering great versatility in morphology control, and electronic
band gap engineering. Such an approach considers the
replacement of long-chain oleic acid with either short-chain
glycine or methyl acetate, directly ameliorating photocatalytic
activity in CO2 reduction, due to the large available surface-
active area.20,21 The latter could also be improved through
multifaceted morphology control, eventually resulting in
enhanced photocatalytic efficiency.22 In general, theMHPs band
gap modication has been typically introduced by anion
substitution reaction and metallic doping e.g. Fe(II), Co(II),
Mn(II), and Zn(II).23–26 Nevertheless, the relationship between
adjusting the band gap of MHP, interfacial charge lifetime, and
photocatalytic activity has been scarcely investigated.

In this work, we adjusted interfacial charge transfer and
lifetime by constructing tunable band gap energy of a hetero-
junction between MHP and TiO2. The band gap of MHP was
controlled by post-anion substitution at room temperature.
Then, we successfully encapsulated MHPs by sol–gel coating,
constructing stable MHPs covered by TiO2 overlayer. The life-
time of photogenerated charges was followed at a variable time
scale (from fs to ms) using transient absorption spectroscopy
(TAS, fs), time-resolved photoluminescence (TRPL, ns), and
time-resolved microwave conductivity (TRMC, ms). The optimal
band gap conguration exhibits highly efficient charge injec-
tion and demonstrates stable photocatalytic hydrogen produc-
tion in an aqueous solution, compared to solely MHPs. We
found that chloride substitution enhances photoluminescence
in the Br/Cl mixed halide perovskites, whereas iodide is the best
candidate to promote photocatalytic H2 generation.
Experimental section
Synthetic procedures

Synthesis of CsPbBr3 NCs. CsPbBr3 nanocrystals were
synthesized by the hot-injection method at 200 °C following the
previously reported procedures.27,28
Sol–gel synthesis of CsPbBr3 perovskites covered by TiO2

overlayer nanostructure (CsPbBr3@TiO2)

Titanium isopropoxide (TTiP, 20 mL) was dissolved in 1 mL of
hexane and added dropwise in 10 mL colloidal solution of
CsPbBr3 in hexane (1 mg mL−1) under vigorous stirring. The
solution was aged for 3 h under stirring at ambient tempera-
ture. Then, the obtained nanoparticles were recovered by
centrifugation and dried overnight at 80 °C. The nal
MHP@TiO2 nanomaterials were calcinated at 300 °C under air
for 2 h. The same procedure was employed for titanium diiso-
propoxide bis(acetylacetonate) (TAA), titanium(IV) butoxide
(TBOT), and titanium(IV) chloride (TiCl4).

PbCl2 (14 mM) stock solution. PbCl2, oleylamine (OAm, 1.2
mL), oleic acid (OAc, 0.8 mL), trioctylphosphine (TOP, 1 mL),
This journal is © The Royal Society of Chemistry 2023
and octadecene (ODE, 18 mL) were mixed and heated at 140 °C
until complete dissolution of PbCl2.

PbI2 (14 mM) stock solution. PbI2, OAm (0.6 mL), OAc (0.4
mL), and ODE (20 mL) were mixed and heated at 120 °C until
the complete dissolution of PbI2.

Anion exchange reactions. In previously prepared CsPbBr3 or
CsPbBr3@TiO2 nanocrystals (10 mL, 1 mg mL−1) different
amounts of PbX2 solution were added under vigorous stirring,
for 1 h, at room temperature. Subsequently, precipitates were
collected by centrifugation, washed with hexane to remove the
excess of the remaining PbX2, and dried at 80 °C.

Synthesis of TiO2 thin lms. TiO2 thin lms were synthe-
sized following the previously reported procedure for an acid-
catalyzed sol–gel process at room temperature.29 TTiP (10 mL)
was dissolved in absolute ethanol (50 mL) under stirring. The
hydrolysis of the precursor is catalyzed by adding 1.3 mL of HCl.
The sol is stirred for 30 min, and then a mixture of water (0.6
mL) and absolute ethanol (50 mL) was added dropwise, fol-
lowed by stirring for 2 h, under an ambient atmosphere. The
TiO2 lms were prepared by spin-coating 1 mL of the as
prepared sol solution at 2000 rpm. Subsequently, the substrates
were dried at 70 °C for 2 h, and then calcined at 500 °C with the
heating rate of 1 °C min−1 for 2 h.
Characterization

Diffusion reectance spectra (DRS) were recorded using UV-vis-
NIR Cary 5000 spectrophotometer (Agilent Technologies),
equipped with an integrating sphere for diffuse and total
reection measurements. The maximum reectance was set to
100% using BaSO4 as a reference in the 200 to 1100 nm wave-
length range.

The photoluminescence (PL) emission spectra of colloidal
MHPs in hexane were recorded using Fluorolog 3 HORIBA
uorimeter. All samples were excited at 400 nm (5 nm slit), and
emission was monitored in the 420 to 700 nm range (1 nm slit).

X-ray diffraction (XRD) measurements were carried out by
room temperature powder X-ray diffraction (P-XRD). Patterns
were recorded by a Panalytical X'Pert diffractometer with a Ge
(111) incident monochromator (Cu Ka radiation) and an
X'cellerator detector.

Transmission electron microscopy (TEM, JEOL JEM
2100Plus, operating at 200 kV) was used to study the
morphology of samples. The samples were ground, dispersed in
hexane, and then drop-casted on carbon-coated copper grids.
The grids were dried at ambient atmosphere before the
measurements. The size of synthesized nanostructures was
determined by ImageJ soware.

Scanning transmission electron microscopy (STEM) experi-
ments were performed on a Titan3 G2 80-300 microscope,
operating at 200 kV equipped with a high angle annular dark
eld (HAADF) detector and an extra-high-brightness eld
emission gun (XFEG) for energy-dispersive X-ray spectroscopy
(EDS) mapping.

Femtosecond transient-absorption spectroscopy TAS spectra
of CsPbBr3−yXy and CsPbBr3−yXy/TiO2 thin lms were recorded
with a homemade pump–probe set-up based on a commercial
J. Mater. Chem. A, 2023, 11, 6226–6236 | 6227
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amplied titanium sapphire laser (Amplitude Laser) that
delivered pulses (780 nm, 110 fs) at a repetition rate of 1 kHz.
The pump beam (390 nm) was generated using 90% of the
fundamental beam by second harmonic generation in a 2 mm
thick BBO crystal. The 10% le of the fundamental beam was
used to generate a white light continuum (WLC) (400–800 nm)
in a rotating fused silica plate. A broadband beam splitter was
then used to divide the WLC into probe and reference beams.
The probe and reference beams were transported and focused
aer attenuation on the entrance slit of a polychromator
equipped with a charge-coupled device (CCD) camera (Prince-
ton Instruments). The resolution of the system was about 200 fs.
The 390 nm pump pulses were focused on the samples to
a diameter of 780± 50 mm, and their energy was adjusted to vary
the uence (209 and 418 mJ cm−2). The time-resolved spectra
were recorded from 430 to 650 nm and corrected for the group
velocity dispersion. The spectro-kinetics data were then
analyzed by global target analysis with sequential models with
increasing lifetimes, using SK-Ana soware.30–32

Time-resolved laser scanning time-correlated single photon
counting (TCSPC) microscopy was performed with a homemade
setup based on a TE2000 Nikon microscope equipped with
a 60× 1.2 NA water immersion objective. The pulsed excitation
source was a LDH 440 nm pulsed diode (80 ps FWHM, 20 MHz
of repetition rate, PicoQuant). The emitted luminescence was
selected with the appropriate lter (480 +/− 30 nm or 535 +/− 20
nm) and detected by a MCP-PMT (Hamamatsu), which is con-
nected to the PicoHarp 300 TCSPC module (PicoQuant). Life-
time measurements were analyzed by the Pico-quant
SymPhoTime64 soware (v5.3.2).33

Time-resolved microwave conductivity (TRMC) signals were
recorded using a nanosecond laser system (EKSPLA) integrating
a Nd:YAG laser and an optical parametric oscillator (OPO)
which delivers 8 ns pulses at a tunable wavelength from 225 to
2000 nm and a repetition rate of 10 Hz.34,35 All TRMC
measurements were performed at the excitation wavelength of
360 and 440 nm, with a laser energy of 1.3 mJ and 2.6 mJ,
respectively. The incident microwave was generated using a 30
GHz Gunn diode.

Photoelectrochemical (PEC) measurements were carried out
in a quartz photoelectrochemical cell with a three-electrode
setup, involving a Pt disk counter electrode, a non-aqueous
reference electrode Agj(AgNO3 0.01 M, (Bu4N)(PF6) 0.1 M in
CH3CN), and a working electrode. The working electrodes were
prepared by depositing MHPs previously dispersed in hexane
on uorine-doped tin oxide-coated glass (FTO); the amount of
deposited MHPs and the surface area of the FTO slides
remained unchanged for all samples. Amperometric transient
photocurrent (TPC) was recorded at a bias voltage of 0.7 V (vs.
ref), under 20 seconds solar light illumination delivered by solar
light stimulator AM 1.5G, using (Bu4N)(PF6) 0.1 M in a mixture
of CH3OH : CH3CN (1 : 3 v/v) as a supporting electrolyte. The
electrolyte was replaced by (Bu4N)(PF6) 0.1 M in dichloro-
methane (DCM) for cyclic voltammetry (CV) measurements. The
formal potential of the non-aqueous reference electrode AgjAg+
was calibrated by adding 2 mM ferrocene/ferrocenium (Fc/Fc+)
as an internal standard at the end of measurements. All
6228 | J. Mater. Chem. A, 2023, 11, 6226–6236
measurements were performed on PGSTAT101 Metrohm Auto-
lab potentiostat.

Photocatalytic evolution of H2. In order to assess the pho-
tocatalytic activity of MHP@TiO2 nanostructures, in a quartz
reactor, 3 mg of the photocatalyst was dispersed in 3 mL of the
aqueous solution of 25 vol% glycerol and degassed under
a continuous ow of Ar gas (>99%, Air liquid) to remove dis-
solved oxygen. The samples were irradiated using an Oriel
300 W Xenon lamp with an infrared water lter for 3 h under
stirring, and the gas sample was analyzed every 30 min by gas
chromatography (GC) (Chemlys gas chromatographer).

Results and discussion
Synthesis and physicochemical characterization of
CsPbBr3−yXy and CsPbBr3−yXy@TiO2 nanopowders

Cesium-lead bromide (CsPbBr3) nanoparticles are synthesized
by a hot injection colloidal synthesis at 200 °C.27,28 The post-
anion exchange reactions are performed by adjusting the
amount of lead halide salts (PbX2) in CsPbBr3 colloidal solution
at room temperature, yielding CsPbBr1.65Cl1.35, CsPbBr1.95-
Cl1.05, CsPbBr1.95I1.05, and CsPbBr1.65I1.35, where Br/X repre-
sents their molar ratio in crude solution (Fig. 1a). The post-
anion substitution, which differs from the usually reported
one-pot hot injection synthesis process,36 took up to several
minutes (under stirring) to reach an equilibrium, and allow
efficient and non-reversible anion insertion into the crystalline
structure. The anion exchange enables a ne band gap tuning
all over the visible range, as demonstrated by the red and blue
shi observed in the UV-visible spectra (Fig. 1b). The PL spectra
of such exchanged nanocrystalline materials are adequately
shied with respect to the optical absorption spectra (Fig. 1c).
We estimated the optical band gap energy to vary from 2.95 eV
(CsPbCl3) to 2.06 eV (CsPbBr1.65I1.35) using Kubelka–Munk
modied function (Fig. 1c and Table S1†). Luminescent prop-
erties of colloidal MHPs in hexane were explored under UV light
excitation (360 nm), demonstrating the emission from blue
(CsPbBr1.65Cl1.35), green (CsPbBr3) to yellow (CsPbBr1.65I1.35)
(Fig. 1c, inset). The prevalence of iodide dramatically reduces
the PL intensity of colloidal NCs, which almost completely
vanished when samples were precipitated and dried (not
shown), demonstrating the crucial role of the ligand/solvent
environment for defect passivation.

Introducing chloride and iodide in the structure leads to
a shi in the valence band maximum (VBM) and conduction
band minimum (CBM), although halide contribution is more
signicant in the valence band, consisting of either 3p, 4p, or 5p
orbitals of chloride, bromide, and iodide, respectively.37 We
determined VBM and CBM of MHPs by cyclic voltammetry. The
charge transfer between CsPbBr3 and FTO conductive glass at
working electrodes was reected by anodic (A2) and cathodic
(C1) peaks, respectively. The potential gap between anodic and
cathodic peaks reveals the so-called quasi-particle band gap
(Eqpg ) and its value should be relatively close to the optical band
gap (Eoptg ) extracted from the Kubelka–Munk function.38 The
irreversible voltammogram of CsPbBr3 was observed as a nega-
tive-sweeping potential scan from 0.5 (V vs. SHE) up to −1.63
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic representation of CsPbBr3−yXy and CsPbBr3−yXy (X=Cl, I) synthesis; (b) absorption spectra of solid CsPbBr3−yXyMHPs, (c) PL
spectra of colloidal CsPbBr3−yXy MHPs, and (d) Kubelka–Munk optical band gap estimation of CsPbBr3−yXy MHPs, inset in (d) photographs of
CsPbBr1.65Cl1.35, CsPbBr1.35Cl1.05, CsPbBr3, CsPbBr1.35I1.05, and CsPbBr1.65I1.35 colloidal solution in hexane. (e) Cyclic voltammograms of
CsPbBr3−yXy recorded at 50 mV s−1 in a solution of 100 mM (Bu4N)(PF6) in DCM showing oxidation (A2) and reduction (C1) peaks, A1 peaks were
marked out for iodide perovskites. (f) Energy band edge diagram of MHPs deduced from (e). Electrochemical band gap values (Eqpg , black) were
compared to optical ones (Eoptg, pale pink).
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(C1) (V vs. SHE), with the continuous current increase due to
further reduction of NCs. Upon the reverse of the potential scan,
oxidation of MHPs occurred and produced an anodic wave; we
recorded an oxidation peak (A2) at 0.70 (V vs. SHE). The irre-
versibility could be ascribed to the partial degradation of MHPs
aer charge transfer (Fig. S1a†).38,39 Fig. 1e depicts cyclic vol-
tammograms of the mix-halide MHPs, including CsPb(Br1.65-
Cl1.35), CsPb(Br1.95Cl1.05), CsPb(Br1.95I1.05), CsPb(Br1.65I1.35) in
comparison with CsPbBr3. In addition to anodic (A2) and
cathodic (C1) peaks, we observed an additional peak A1 in the
case of iodide-substituted perovskites. This can be attributed to
trap-to-band transition.40 The potential gap between the peaks
was similar to the optical band gap estimation (Fig. 1f).

The hot-injection synthesis yields orthorhombic CsPbBr3
NCs with an average size of 18 nm (Fig. 2a and S2†). A room-
temperature anion substitution provides well-crystallized
metal-halide perovskites, where both Br/Cl and Br/I halogen
mixed perovskites keep the same orthorhombic crystal struc-
ture as pristine CsPbBr3 (Fig. 2b). The lattice parameters, space
group, and crystal symmetry of CsPbBr3−yXy (X = Cl, I) are given
in Table S2.† The evolution of the average unit cell spacing was
compatible with anion substitution, either iodide or chloride, in
which the partial substitution exhibits intermediate cell
parameters between those of the parent particles. The synthesis
of pure CsPbI3 results in the quick transformation from dark to
a yellow orthorhombic non-perovskite phase, while CsPbCl3
This journal is © The Royal Society of Chemistry 2023
crystallizes in a tetragonal phase (Fig. S3†). The anion substi-
tution rate was estimated by STEM-EDS mapping (Fig. 2c–e and
S4†), revealing easier chloride penetration e.g., CsPbBr1.95X1.05

substitution yields CsPbBr2.2Cl0.6, and CsPb1.2Br2I0.16, with an
average particle size of 25 and 22 nm, respectively, similar to the
size of CsPbBr3 NCs (Fig. 2c–e). An easier penetration of chlo-
ride is attributed to the smaller atomic size of chloride
compared to iodide, allowing facile diffusion in CsPbBr3
nanocubes. It is worth mentioning that during the STEM and
TEM analysis, the long beam exposure induces the degradation
of MHPs and leads to the formation of lead nanoparticles (dots
at the surface).41

Considering MHPs stability issues and interfacial charge
separation, we coated MHPs with a thin TiO2 overlayer (Fig. 3a).
We elaborated MHPs coating with different TiO2 precursors
(e.g., TAA, TTiP, TBOT, and TiCl4). We found that TTiP and
TBOT are homogeneously coated on the MHP surface (Fig. 3
and S5†), whereas TAA altered the cubic particle morphology.
We could not observe a distinctive overlayer when TiCl4 was
used as a precursor. Moreover, TiCl4 easily triggers Cl substi-
tution, which could be observed as a blue-shied absorption
spectral line (Fig. S6†). We performed all the experiments with
TTiP, due to its optimal hydrolysis reaction and better NCs
dispersion. The sol–gel process enables obtaining perovskite
nanoparticles covered by a thin TiOx layer. However, we have to
avoidMHPs dispersion in the solution by ultrasonication before
J. Mater. Chem. A, 2023, 11, 6226–6236 | 6229
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Fig. 2 (a) XRD patterns of CsPbBr3−yXy (X = Cl, I); (b) STEM image of CsPbBr3; STEM-EDS mapping of (c) CsPbBr3, (d) CsPbBr1.95I1.05, and (e)
CsPbBr1.95Cl1.05.
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the coating procedure. Indeed, ultrasonication should be avoi-
ded since the perovskites are easily dissociated in solution
(destroyed). Therefore, the obtained material is an agglomerate-
like perovskite fully covered by a TiOx layer (labeled
CsPbBr3@TiOx) (Fig. 3b, c and S7†).

As synthesized CsPbBr3@TiOx NCs were further calcined at
300 °C to obtain a crystalline TiO2 overlayer (CsPbBr3@TiO2)
(Fig. 3d). STEM-EDS mapping showed a homogenous distribu-
tion of the Ti and O signal all over the Cs, Pb, and Br, indicating
the successful deposition of TiO2 layer, which is in agreement
with the TEM images, and EDS mapping (Fig. 3e and S8†). The
obtained CsPbBr3@TiO2 nanostructures retained their optical
properties and orthorhombic crystal structure upon thermal
treatment, as evidenced by XRD (Fig. S9†). The optical proper-
ties of CsPbBr3 and CsPbBr3@TiO2 exhibit similar behavior as
shown in Fig. S10.† The composite nanostructure shows a shi
of its absorption edge to 533 nm, with an enlarged (shoulder-
like) absorption probably due to carbon residues.42 The
optical band gap of CsPbBr3 and CsPbBr3@TiO2 is estimated
using the Kubelka–Munk function to be similar to 2.34 eV and
2.35 eV, respectively. The TiO2 porous layer allows anion
6230 | J. Mater. Chem. A, 2023, 11, 6226–6236
diffusion resulting in a band gap tuning (Fig. 3a and S11†). The
UV-vis spectra show gradual redshi and blueshi when Br is
substituted by I and Cl, respectively (Fig. S11†). We have per-
formed gradual anion exchange substitution with an increasing
amount of the adequate precursor (PbI2 and PbCl2), and we
have observed uniform red and blue shis (Fig. S11†). At higher
concentrations of PbI2, no signicant change in the absorption
spectrum was observed aer CsPbBr1.44I1.56@TiO2, indicating
a maximum ion substitution is reached. The emission spectra
of CsPbBr3−yXy@TiO2 (X = Cl, I) demonstrate homogenous
blue- and redshis (Fig. S12†). However, photoluminescence
intensity is signicantly quenched compared to the non-coated
MHPs, having been completely diminished aer CsPbBr1.95-
I1.05@TiO2. STEM-EDS mapping of anion exchanged
CsPbBr1.95Cl1.05@TiO2 and CsPbBr1.95I1.05@TiO2 shows
a homogeneous distribution of bromide, iodide, and chloride,
and well-covered MHPs with TiO2 overlayer (Fig. S13–S16†). It is
worth noting that upon calcination, we observe a growth of the
TiO2 layer due to crystallization, resulting in a thicker overlayer
than the amorphous TiOx. As prepared MHPs@TiO2 were
investigated for photocatalytic activity.
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Schematic representation of the sol–gel synthesis of CsPbBr3 covered by TiOx (TTiP) overlayer (CsPbBr3@TiOx), (b and c) TEM images
of CsPbBr3@TiOx, (d) TEM and (e) EDS mapping images of CsPbBr3@TiO2 upon calcination at 300 °C. The scale bar corresponds to 300 nm.
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Femtosecond transient absorption spectra of CsPbBr3−yXy

and CsPbBr3−yXy/TiO2 (X = Cl, I) thin lms

CsPbBr3−yXy (X = Cl, I) thin lms.We studied charge-carrier
dynamics of MHPs at very short times using femtosecond
transient absorption spectroscopy (TAS). MHPs were deposited
using spin-coating on pre-cleaned glass slides, and then the
spectra were recorded in pump-probe excitation mode. TA
spectra of the CsPbBr3−yXy (X = Cl, I) lms were recorded upon
laser excitation at 390 nm (3.18 eV) at uences of 209 and 418 mJ
cm−2. TA spectra of CsPbBr3, excited in high energy states (ca.
1.36 Eoptg ), consist of the long-lived negative photoinduced
bleach (hereaer PB), attributed to the ground state depopula-
tion, matching with the excitonic absorption peak of MHP (520
nm), short-lived (Dt < 1 ps) positive photoinduced absorption
(hereaer PA1) below the band gap (530 nm), and long-lived
broad positive photoinduced absorption above the band gap
(hereaer PA2) in the 460–490 nm region (Fig. 4a). Interestingly,
no shoulder in the PB band was observed at early delay times
originating from the biexciton effect.43 Its absence is a charac-
teristic of MHP bulk lms,44,45 and it can be explained here by
the change in the dielectric constant of MHPs once deposited
on the lm, weakening coulombic forces and screening the
biexciton effect.44 We assigned the short-lived positive PA1 band
to unoccupied states, slightly below the band gap, caused by
band gap renormalization (BGR).45 Aer Dt > 1 ps, the PA1 band
vanishes simultaneously when the PA2 band arises from the
shied continuum due to BGR.43 The temporal evolution at
early delay times (up to 4 ps) for PA1, PA2, and PB band is given
This journal is © The Royal Society of Chemistry 2023
in Fig. 4b. The long-lived ground-state bleach is a signature of
band-to-band transitions and state-lling effect.45,46 The
broadening of the bleach seems to originate from band gap
renormalization (BGR), which is a consequence of the high
excitation density used in our experiments.

We investigated the complex temporal evolution of the
spectra at different uences (209 and 418 mJ cm−2) by a global
target analysis, using a sequential kinetic model with four
components (SAS) (eqn (1)).30

SAS0 !k0 SAS1 !k1 SAS2 !k2 SAS3 (1)

SAS0 is the instantaneous rising signal, which decays roughly
within the pulse duration (t0= 1/k0z 300 fs) (Tables 1 and S3†).
Since k0 cannot be estimated with a high degree of certainty, we
will focus on constants k1 and k2. SAS1 appears (almost
instantaneously) with the rate constant k0 and decays with k1.
SAS2 appears with k1 and disappears with k2 leading to SAS3,
which decays with k3 (t3 = 1/k3 [ 100 ps, i.e., out of the scan
range). The species-associated spectra (SAS) and the temporal
evolution obtained from the global analysis are presented in
Fig. S17.† The three distinctive lifetimes are attributed to the
intraband cooling (t0), state lling of the higher excitonic levels
(t1), and Auger recombination (t2). At higher excitation uence
(418 mJ cm−2) pristine CsPbBr3 shows a slower relaxation (t1 =
3.3 ps), than at the lower excitation uence (209 mJ cm−2) (t1 =
0.77 ps) (Tables 1 and S3†). This behavior corresponds to the
charge-carrier relaxation mediated through the hot-phonon
bottleneck.47 It is worth noting that such slow charge-carrier
J. Mater. Chem. A, 2023, 11, 6226–6236 | 6231
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Fig. 4 (a, c and e) TA spectra, and (b, d and f) kinetics traces of
CsPbBr3, CsPbBr1.95Cl1.05, and CsPbBr1.95I1.05 excited at 390 nm, with
a fluence of 209 mJ cm−2.
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relaxation could stem from polaron formation, which could also
screen and reduce charge-carrier mobility, resulting in slower
charge-carrier cooling dynamics.44 Furthermore, Auger recom-
bination lifetime, t2, was estimated to be 52 ps and 27 ps at 209
and 418 mJ cm−2 excitation uence, respectively, being in
accordance with the previous reports.48

Anion substitution. The samples CsPbBr1.65Cl1.35 and
CsPbBr1.95Cl1.05 were excited with the energy of 1.23 Eoptg and
1.27 Eoptg , respectively with a uence of 209 mJ cm−2 (Fig. 4c,
d and S19†). The presence of chloride (CsPbBr1.95Cl1.05) results
in a well-pronounced blue-shied PB band and a slower state-
lling (t1) and similar Auger recombination constant
compared to pristine MHP, while excessive amount of chloride
(CsPbBr1.65Cl1.35) does not contribute to the slower charge-
carrier relaxation (Table 1), at this point, we can reasonably
suggest that such small amounts of chloride, in CsPbBr1.95-
Cl1.05, reduce the density of the trapping states near the band
edge, benecial for charge-carrier relaxation. At higher
Table 1 Time-decay constants of CsPbBr3−yXy and CsPbBr3−yXy/TiO2 (X=

model for the spectro-kinetics data recorded upon excitation at 390 nm

Samples t0 (ps) t1 (ps) t2 (ps)

CsPbBr1.65Cl1.35 0.26 � 0.14 2.30 � 0.21 25.6 � 0.80
CsPbBr1.95Cl1.05 0.42 � 0.13 3.45 � 0.21 47.6 � 1.90
CsPbBr3 0.29 � 0.26 0.77 � 0.05 52.6 � 3.15
CsPbBr1.95I1.05 <0.1 1.0 � 0.02 26.3 � 2.01
CsPbBr1.65I1.35 0.20 � 0.02 0.67 � 0.05 21.7 � 1.58

6232 | J. Mater. Chem. A, 2023, 11, 6226–6236
excitation uence (418 mJ cm−2, Fig. S18a and b†), the presence
of chloride slows down state lling effect and increases Auger
recombination in both CsPbBr1.65Cl1.35 and CsPbBr1.95Cl1.05.

Our ndings contrast with previous reports that demon-
strate a negative effect of chloride due to the incorporation of
both shallow trap states and deep ones in the conduction
band.49,50 We credit this discrepancy to the room temperature
substitution method and the lower incorporated amount of
chloride. Substitution with iodide signicantly altered the
intensity of TA spectra (Fig. 4e and S20†). The samples
CsPbBr1.65I1.35 and CsPbBr1.95I1.05 were excited with the energy
of 1.54 Eoptg and 1.48 Eoptg , respectively. In general, hole dynamics
dominate iodide-based MHPs Fig. 4.51,52

One can observe redshi at early delay times, which is
a signature of hole trapping by iodide when excited above the
band gap.52 Moreover, the PB intensity, i.e., the state-lling
effect, is signicantly reduced due to hole trapping. In mixed
CsPbBr3−yIy, hole transfer from bromide to iodide-rich states is
energetically favored, resulting in redshied bleach (Fig. 4e and
S20a†). It was possible to monitor kinetics only at 560 nm (Fig.
4f), due to the very low intensity of PB band. At higher excitation
uence (418 mJ cm−2) iodide-based perovskite showed a slower
state-lling effect and enhanced Auger recombination.
(Fig. S18c and d†).

From our results, we can conclude that chloride substitution
reduces the density of trapping states (healing effect), especially
in CsPbBr1.95Cl1.05, which is benecial for charge-carrier relax-
ation to the ground state, whereas iodide act as a hole-trapping
center, subjecting electrons to Auger recombination.

CsPbBr3−yXy/TiO2 (X = Cl, I) thin lms. We further investi-
gated the charge-carrier dynamics of CsPbBr3−yXy/TiO2 (X = Cl,
I) thin lms upon excitation at 209 mJ cm−2. In order to limit the
inuence of Auger recombination, we focus only on a lower
excitation uence. Such a heterojunction demonstrated inter-
estingly slower charge-carrier relaxation in the presence of
a TiO2 thin layer (Table 1). At this stage, we could not observe
the electron transfer, but instead, in CsPbX3/TiO2 hetero-
junction, photogenerated excitons exhibited slightly slower
charge-carrier cooling (t1) upon anion exchange, and signi-
cantly pronounced state-lling effect (t2) for approximately 1.3
ps for CsPbBr3 and up to 3 ps for CsPbBr1.65I1.35 due to the
formation of spatially indirect excitons in perovskite and TiO2

layers (Fig. S21–S23†).53 Interestingly, iodide-based MHPs
(Fig. S23†) demonstrated a slight blue shi when coupled to
a thin layer of TiO2. The presence of TiO2 slowed down charge-
carrier cooling (t0) and enhanced PB intensity, indicating
Cl, I) thin films obtainedwith a global target analysis using a sequential
with a fluence of 209 mJ cm−2

Samples t0 (ps) t1 (ps) t2 (ps)

CsPbBr1.65Cl1.35/TiO2 0.53 � 0.04 5.0 � 0.40 29.4 � 1.6
CsPbBr1.95Cl1.05/TiO2 0.50 � 0.04 4.5 � 0.30 26.3 � 1.1
CsPbBr3/TiO2 0.20 � 0.02 2.1 � 0.08 33.3 � 1.3
CsPbBr1.95I1.05/TiO2 0.40 � 0.01 3.45 � 0.10 26.3 � 0.5
CsPbBr1.65I1.35/TiO2 0.48 � 0.01 3.7 � 0.15 22.7 � 0.5

This journal is © The Royal Society of Chemistry 2023
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a prolonged state-lling effect (t1), while Auger rates (t2)
remained similar to those of CsPbBr1.65I1.35 and CsPbBr1.95I1.05
(Table 1). Such behavior could be benecial for photocatalysis
since charge accumulation does not increase Auger recombi-
nation rates.
Charge-carrier dynamics in CsPbBr3−yXy and
CsPbBr3−yXy@TiO2 nanopowders: time-resolved
photoluminescence and time-resolved microwave
conductivity

To further study charge-carrier dynamics, we assessed the PL
lifetime of mixed halide solid samples hybridized or not with
TiO2 (Fig. 5a and d). We observed that the used room temper-
ature anion substitution improves PL lifetime once a small
amount of Br is substituted with Cl, while a large amount of Cl
induces a decrease (Fig. 5a). The average PL lifetime is esti-
mated to be z 2.42 ns for CsPbBr3, increasing to z 3.28 ns in
CsPbBr1.95Cl1.05 and decreasing to 1.53 ns for CsPbBr1.65Cl1.35
(Table S4†). The PL lifetimes were estimated using a multi-
exponential function, and it is worth noting that t4 is of the
same order of magnitude as the instrument response function.
Interestingly, chloride prevents hole trapping in lead vacancies
due to its high electronegativity by repulsing holes to the top of
the valence band.54 The healing effect of chloride contributes to
slower thermalization due to the accumulation of the positive
charges at the top valence band, in agreement with TAS
measurements. In the case of iodide substitution, PL is
quenched up to z 0.39 ns in CsPbBr1.95I1.05, pointing out that
iodide acts as a hole scavenger that translates as a non-radiative
process.54
Fig. 5 TRPL lifetime decay of (a) CsPbBr3−yXy and (d) CsPbBr3−yXy @TiO
and (c and f) visible (440) pulsed illumination and of CsPbBr3−yXy and Cs

This journal is © The Royal Society of Chemistry 2023
We further investigated charge-carrier dynamics by means of
TRMC, which enables the evaluation of the charge-carrier
dynamics of free electrons and holes.55 TRMC signals ob-
tained under UV and visible excitation (Fig. 5b and c) showed
long charge-carrier lifetimes of bromide and chloride-based
MHPs, exceeding ms timescale, whereas iodide-based MHPs
charge-carrier lifetime does not exceed nanoscale, being in
accordance with PL measurements. We complemented this
study with transient photocurrent (TPC) response (to simulate
natural photoactivation condition) of MHPs upon anion
substitution (Fig. S24†). We observed that iodide-substituted
perovskite experienced higher photocurrent response, indi-
cating superior charge-carrier separation. We attribute this
phenomenon to the holes trapped by iodide, resulting in sup-
pressed recombination of electron–hole pairs. The photocur-
rent response of iodide-based perovskites exhibits a slow rise
demonstrating low charge carrier mobility. This could be
explained by the fast trapping of charges that is likely to screen
an inner electric eld and thus hinder charge transport. In
contrast, CsPbBr3 and chloride-based perovskites demonstrate
relatively steady photocurrent responses due to shallow trap-
ping in which electrons are captured and then slowly re-
emitted.

Coating MHPs with a thin TiO2 overlayer leads to a drastic
decrease in the PL lifetime, with the average PL lifetime being
below the resolution of the system (Fig. 5d), indicating electron
transfer from MHP to TiO2. TRMC signals also conrmed the
electron accumulation in TiO2 at a longer time scale (Fig. 5e and
f). In the MHPs@TiO2 nanostructures, charge-carrier dynamics
is quite similar, however, the number of created charge-carrier
is lower (DP/P); we attribute this behavior to the electron
2 (X = Cl, I) nanostructures; TRMC signals under (b and e) UV (360 nm)
PbBr3−yXy @TiO2 (X = Cl, I) nanostructures, respectively.

J. Mater. Chem. A, 2023, 11, 6226–6236 | 6233
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screening upon the electron transfer. Interestingly, iodide-
based perovskites covered by TiO2 overlayer provide only
a sharp signal (not shown), and charge-carrier lifetime decay
was not observed, which is in agreement with PL lifetime
analysis indicating rapid quenching at the picosecond scale. A
schematic representation of the charge-carrier transfer mecha-
nism is presented in Fig. S25† under UV (a) and visible (b) light
excitation.
Photocatalytic generation of H2 by CsPbBr3−yXy@TiO2

The photocatalytic activity of the MHP@TiO2 nanostructures
was evaluated for H2 generation in glycerol/water solution (1 : 3
v/v) under xenon lamp illumination for 3 h, and the results are
shown in Fig. 6. The photocatalytic reaction of glycerol and H2O
under UV-vis illumination in the presence of a photocatalyst
generates hydrogen (eqn (2) and (3)):56

C3H8O3 þ 3H2O ��!
14hþðVBÞ

intermediates/3CO2 þ 14Hþ (2)

14Hþ
��!
14e�ðCBÞ

H2ðgÞ (3)

MHPs alone showed fast deactivation (low stability) in
aqueous solution and under light excitation compared to the
composite nanostructure, observed as rapid dissolution once
Fig. 6 (a) Photocatalytic activity and (b) H2 evolution rate of the
MHP@TiO2 nanostructures.

6234 | J. Mater. Chem. A, 2023, 11, 6226–6236
introduced in the glycerol/water mixture. For instance,
MHPs@TiO2 nanostructure demonstrated a stable appearance
up to 3 h of photocatalytic reaction (Fig. S26†), while uncoated
MHPs are dissolved aer 10 min in the solution. The photo-
catalytic activity of pristine CsPbBr3@TiO2 demonstrated low
H2 production (Fig. 6a and b). The chloride substitution resul-
ted in an overall decrease in the hydrogen production rate
(Fig. 6b). As previously mentioned, chloride contributes to the
healing defect in the valence band (VB), enhancing hole
migration toward the valence band. Consequently, chloride
enhances charge-carrier recombination, thus such a low H2

production is expected. CsPbBr1.95I1.05@TiO2 exhibit impressive
hydrogen production, reaching up to 250 mmol g−1 aer 3 h
irradiation (Fig. 6b). Since iodide acts as a hole trapper, it
inhibits charge carrier recombination, allowing more electrons
in the conduction band (CB) to be available for proton reduc-
tion. Moreover, the fast electron transfer to TiO2 and hole
injection from TiO2 to VB of perovskites contributes to the
enhancement of interfacial charge separation, which is bene-
cial for the H2 generation. However, larger iodide amount in
CsPbBr1.65I1.35@TiO2 does not lead to a further enhancement of
H2 evolution, probably due to increased hole trapping centers
that cannot be compensated with hole injection from TiO2

(Fig. 6b). The optimal photocatalytic H2 evolution reaction is
obtained with CsPbBr1.95I1.05@TiO2, showing an optimal
interfacial charge-carrier separation.

Conclusions

In this work, we demonstrated room temperature anion
substitution in CsPbBr3 nanocrystals, that yields stable highly
emissive mixed halide Cl/Br perovskites and low emissive
orthorhombic mixed halide I/Br perovskites. A room tempera-
ture method offers a possibility of defect healing through the
addition of small amounts of chloride, directly inuencing the
enhancement of photoluminescence lifetime. However, the
addition of iodide results in the formation of hole-trapping
centers that prevent radiative charge-carrier recombination.
We further investigated the electron transfer from metal-halide
perovskite to TiO2. Ultrafast charge carrier dynamics (TAS)
proved slower charge carrier relaxation due to the formation of
indirect excitons between MHPs and the TiO2 layer, which is
signicantly pronounced in CsPbBr1.95I1.05/TiO2 and
CsPbBr1.65I1.35/TiO2 thin lms. CsPbBr1.95I1.05@TiO2 demon-
strated the highest photocatalytic hydrogen production, owing
to electron transfer to TiO2 and hole injection from TiO2 to
CsPbBr1.95I1.05, essential for water splitting. These results
represent a step forward in hydrogen generation from aqueous
solutions.
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