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We have developed an environmentally friendly mixed-halide perovskite MA3Bi,Clg I, with a band-
gap funnel structure. However, the dynamic interfacial interactions of band-gap funneling in
MAG;BI,Clg 41, perovskites in the photoelectrochemical (PEC) system remain ambiguous. In light of
this; we prepared single- and mixed-halide lead-free bismuth-based hybrid perovskitess—MA3Bi,Clg I,
and” MAzBi,lg (named MBCI-I and MBI)—in the presence and absence of the band-gap funnel
structure, respectively. Using temperature-dependent transient photoluminescence and electrochemical
voltammetric techniques, we therefore confirmed the photophysical and (photo)electrochemical
phenomena of solid-solid and solid-liquid interfaces for MBCI-I and MBI halide perovskites.
Concerning the mixed-halide hybrid perovskites MBCI-I with a band-gap funnel structure, stronger
electronic coupling arising from an enhanced overlap of electronic wavefunctions results in more
efficient exciton transport. Besides, MBCI-I’s effective diffusion coefficient and electron transfer rate
demonstrate\efficient heterogeneous charge transfer at the solid—liquid interface, generating improved
photeelectrochemical hydrogen production. Consequently, this combination of photophysical and
electrochemical techniques opens up an avenue to explore the intrinsic and interfacial properties of
semiconductor materials for elucidating the correlation between material characterisation and device
performance.
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1. Introduction

The light-driven conversion of solar energy into hydrogen energy or other value-added chemicals
represents @& promising technique to overcome energy shortage and environmental issues.™ The
photoelectrochemicals (PEC) technique, which elaborately integrates a light harvester and an
electrochemical catalyst into an independent system, has been recognised as an effective approach
in producidg hydregen fuels.”) However, most representative metal oxide photoelectrodes have
unfavourable PEC properties—limited light-harvesting capability, high exciton recombination rates,
complex manufacturing process, and poor solar-to-product efficiencyla]—that may restrict their
practicable applications. In the past few years, halide perovskite materials with the typical structures
of ABX; or AgBg2Xg have been broadly applied in solar energy conversion because of their intrinsic
properties=broadsolar absorption, long exciton diffusion length, high charge-carrier mobility, facile
fabrication process, and effective energy-conversion efficiency—that are advantageous to PEC
hydrogenstHz)spreduction.”” Though progress has been made by using Pb-based hybrid perovskites
for solar-to-energy conversion, halide perovskites are highly sensitive to moisture, which leads to
their degradation in water—a deficiency considerably challenges H, evolution with halide perovskite

photocatalysts in an aqueous solution.

To tackle this| stability problem, methylammonium lead iodide (MAPbl;) photocatalysts with a
Pt co-catalystghave been adopted in dynamic equilibrium with a saturated hydrogen iodide (Hl)

.1 prepared a MAPbI; perovskite coupled

aqueousssolutionsfor HI splitting.”' Subsequently, Wu et a
with reduced graphene oxide for visible-light-driven H, evolution in an aqueous HI solution. To

improve the performance of the aforementioned systems, halide perovskite photocatalysts—

MAPbBr;, | .and FAPbBr;—were prepared.[6'7] Although Pb-based halide perovskites with improved
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conversion efficiency have been reported, the toxicity of Pb to human life, due to their high solubility
in water, limits their potential for widespread applications. On the other hand, bismuth (Bi)-based
perovskites have been confirmed to provide a non-toxic and chemically stable alternative for solar-
fuel applications.r Among them, methylammonium bismuth iodide (MA;3Bi,l; or MBI) possesses a
hexagonal structure, with isolated Bi,ly> ions forming the face-sharing Bi-I octahedra.” Besides, it
has been proved that Bi-based perovskites possess satisfactory stability and that their
photolumineseence quantum yield is less than that of their Pb-based analogues—in other words, Bi-
based perovskites with low charge-carrier recombination benefits hydrogen production

performaneeri®

Despitessthey innovation of halide perovskite photocatalysts for H, generation, their
photocatalyticwefficiency must be further improved to meet basic requirements for practical

| [ performed a PEC H, evolution

applications. Instead of using the photocatalytic system, Luo et a
using they,MAPbI3/TiO, photoelectrode, in which the amount of H, evolution was found to be
considerably increased due to the enhanced charge separation rate induced by the external bias
potential. We were thus motivated to design an efficient and stable photo-electrocatalyst. Recently,
we successfully developed a mixed-halide perovskite MBCI-I (i.e., MA3Bi,Clg yly), in which the
distribution@@f 1™in, MBCI-I gradually decreased from the surface to the interior, forming a band-gap
funnel structtré’® However, the dynamic interactions of the halide perovskite itself and at the
interface between the photoelectrode and the electrolyte remain unknown. In light of this, we
designedsMB@l=lsand MBI (i.e., MA3BI>lg) halide perovskites with and without the band-gap funnel

structure, respectively, to study the exciton transport and electrochemical dynamics of band-gap

funneling in halidel perovskites between the interfaces. Using a combination of photophysical and
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electrochemical techniques, we report the fundamental properties (e.g., exciton transfer dynamics,
electrochemical redox activity, and charge transfer features). Regarding the electron-hole pair
diffusion of MBI and MBCI-I perovskites by temperature-dependent transient photoluminescence
(TRPL), MBCI-I's electronic coupling was found to show a substantial increase compared to its MBI
counterpart. In addition, we used cyclic voltammetry (CV) at various scan rates and found that MBCI-
I’s diffusion coefficient and electron transfer rate constant with the band-gap funnel structure at the
electrode/electrolyte interface is substantially enhanced, therefore leading to high-performance PEC

hydrogen generation as a result of efficient heterogeneous charge transfer.
2. Results and discussions
2.1. Material design and DFT calculation

To determihe the interfacial photophysical dynamics and electrochemical kinetics of the solid—solid
and solid—liquid interfaces for band-gap funneling in halide perovskites, we synthesised the MBCI-I
and MBI halidé*perovskites based on our recent publication.™ For the iodide/chloride-mixed MBCI-
I, we haverconfirmed that the iodide element concentration decreases from the surface to the
interior across the MBCI-I perovskite.™ To fabricate the MBCI-I (or MBI)/FTO photoelectrodes, the
as-synthesised MBCI-I (or MBI) powders were dissolved into ethanol and continuously stirred until
the uniformydistribution was achieved. The MBCI-I (or MBI) solution was then deposited onto the
FTO by drop-casting. Specifically, scotch tape was used to control the thickness of the semiconductor
films on the FTOgsubstrate. Finally, to complete the fabrication of the MBCI-I (or MBI) /FTO
photoelectrodesifor PEC hydrogen evolution, the MBCI-I (or MBI)/FTO samples were transferred to a

hot plate at'90°C for 1h.
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As Figure 1a shows, the XRD pattern of the MBCI-I powder samples is similar to that of MBI,
indicating no obvious difference between the frames of MBCI-I and MBI. However, there exists an
approximately 0.2-degree shift of MBCI-I in the XRD pattern compared with MBI, illustrating that,
when Hl is addeddo the reaction system, chloride ions are replaced by iodide elements without any
changes to_the perovskite crystal structure. Figure S1, Supporting Information, shows the XRD
patterns of the MBCI-I and MBI thin films. Apparently, there is no evident difference between the
powder samplessand thin films—the ethanol and heat treatment did not change the structure of
MBCI-I and MBI. The SEM images, as shown in Figure 1b and 1c, confirm that the MBCI-I and MBI
perovskite Kilmsudeposited on the FTO glass are compact and uniform. Moreover, as the high-
magnification'SEM images (Figure S2, Supporting Information) reveal, the MBCI-I and MBI perovskite
films exhibit a morphology similar to that of their perovskite powder samples, which indicates that
ethanol and®heat™treatment do not change the perovskite structure. In Figure 1d, the crystal
structure of'the™IBI is hexagonal with the space group of P63/mmc, which is consistent with the
previous report>’ Moreover, the unit cell of MBI (i.e., MA3Bizlg) consists of two isolated face-

sharing Bislsmoctahedra surrounded by methylammonium cations.
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Figure 1. aSowder X-ray diffraction (XRD) patterns of MBI and MBCI-I. SEM image of b) MBCI-I and

c) MBI pthdes. d) Crystal-structural model of the MBI. Band structure of e) MBCI-I and f)

MBI. g) UV se reflectance spectra of MBCI-l and MBI. Density of states (DOS) of h) MBCI-I and

i) MBI. s

For d*sity functional theory (DFT) calculations, the crystal structure characterised by Eckhardt

et al.™ was ado;d to model the MBCI-I and MBI systems. The bulk structure was optimised with

seIf—con@ulations by expanding and compressing the crystal (Figure S 3, Supporting

This article is protected by copyright. All rights reserved.

8

85U8017 SUOLULLIOD BA IR, 3|qeol(dde auy Aq pausencb ae soppie YO ‘8sn JO Sa|nJ o} Ak 8UlUQ AB]1/ UO (SO IPUOD-PUR-SLUB)LI0D" A8 |1 ARe.q 1 [pU1|UO//SdNL) SUORIPUOD PUe SWIs 1 8y} 89S *[¥202/70/80] U Akeiqiauliuo A8|IM ‘Ariqi] AisieAun uind Aq SE8/02202 Bwipe/z00T 0T/I0p/Wod A3 1M Aeid1jpuluoy//:sdiy wouy pepeojumod ‘2 ‘€202 ‘S600T2ST



WILEY-VCH

Information), and the calculated lattice constants are listed in Table S1, Supporting Information.
Based on the band structures (Figure 1e and 1f) and the density of states (DOS) (Figure 1h and 1i),
the band-gap_of iodide/chloride-mixed MBCI-I is larger than MBI single-halides perovskites.
Accordingly)these'results disclose the presence of a band-gap funnel structure in MBCI-I perovskites,
a finding cansistent with previous reports.!*?! Additionally, the projected DOS shows that the valence
and conduction bands are dominated by | and Bi bands in both MBCI-I and MBI systems (Figure 1h

and 1i).

Moreover, te'quantify the effect of mixed-halide perovskites, MBCI-I, in the charge distribution,
Bader charge calculations were performed. As indicated in Table S2, Supporting Information, Cl
atoms attractsmere electrons than | from the connecting Bi atoms. In comparison, the introduction
of Cl was foundrtorhave little impact on the charge of the C, N, and H elements. Further, the partial
charge density of'the valence band maximum (VBM) and conduction band minimum (CBM) was
calculateds;AsFigure S5, Supporting Information, shows, the VBM and CBM are mainly occupied by
electrons from land Bi, respectively. The Cl atoms show a lower charge density than | near the Fermi

level, agreeing well with the DOS analysis.

To investigate the optical properties of MBCI-I and MBI, ultraviolet-visible (UV-vis) diffuse
reflectance spectroscopy and steady-state photoluminescence (PL) spectra were conducted (Figure
1g and Figure S6;:Supporting Information). Between the 400 and 800 nm wavelength region, the
FTO-coated glassmwas found to have no absorption.[m After coating the perovskite on FTO, an
evident absorption in the range from 350 nm to 650 nm was observed, indicating that this bismuth-
based perovskite can be an efficient visible-light harvester. In addition, there is a steep absorption

edge at about650 nm, which matches well with the reported literature."”® To gain more information

This article is protected by copyright. All rights reserved.
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about the factors that can affect the PEC performance of MBCI-I/FTO and MBI/FTO photoelectrode,
steady-state photoluminescence (PL) measurements were performed. The PL spectra of the halide
perovskites present a single emission peak centred at about 625 nm (Figure S6, Supporting
Information),.which is consistent with the reported publication.!””! Noticeably, we compared the PL
spectra of the MBCI-I/FTO and MBI/FTO photoelectrodes, and the MBCI-I/FTO displayed a lower PL
intensity, suggesting the lower recombination of photogenerated electron-hole pairs, which benefits

the PEC performaice.

To evaluategthe emission properties of the as-prepared MBCI-I and MBI, PL decays under an
excitation wavelength of 450 nm were monitored at 625 nm using a transient photoluminescence
(TRPL) spectremeter. Figures 2a and 2c show the PL decay curves modelled by a bi-exponential
function containing a short-lived (t;) and a long-lived lifetime (t,) component. The short component
(t1) is ascribed to non-radiative recombination related to interface defect, and the long component
(t,) is attributed.to, radiative recombination related to bulk properties.™® The PL intensity of MBCI-I
mixed-halide perovskites at room temperature (20°C) is dominated by the fast decay component
with the time constant of t; (9.1 ns), followed by a slower decay (t, = 307 ns), as listed in Table S3
and S4, Supporting Information. The MBCI-I/FTO photoelectrode shows an average lifetime (t,.) of ~
45.2 ns at re@mtemperature. The PL lifetime of the MBI single-halide perovskites is 17.1 ns, which is
faster than that'of the MBCI-I analogues, indicating that the band-gap funneling in bismuth-based
halide perovskite MBCI-I can prolong the lifetime of the photo-induced charge carriers. This

phenomen0nyaligns with the PL result and previous literature.™
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Figure 2. Temperature-dependent TRPL decay curves of a) MBCI-l and c) MBI. Arrhenius plots of b)

MBCI-I andsd)'MBI=The red curves correspond to equation 1/t = a X /1/Texp[—E,/kgT] + b. e)

Schematic diagram of the exciton transport of photogenerated electron-hole pairs.

2.2. Temperature-dependent exciton dynamics

The efficient'electron-hole separation and electron transport of photogenerated electron-hole pairs
can theoretically result in enhanced PEC hydrogen production. It has been proved that the
temperature-dependent TRPL can be adopted to explain the transportation of electron-hole pairs.?
To investigate the influence factor of the motion of electron-hole pairs of the participate
perovskites, temperature-dependent TRPL was conducted under an excitation wavelength at 450 nm

with temperature ranging from — 30 C to 30 ‘C. As shown in Figure 2a and 2c, the lifetime of the

participatedbismuth-based perovskites was found to decrease with an increase in temperature.
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The energy and electron transfer mechanisms of electron-hole pairs have been explained by
Forster theory, Dexter theory, and Marcus theory.® 2% 2 According to the Forster resonance
energy transfer (FRET) theory, the energy migration is driven by the resonant coupling of the
electrical dipolesdetween an excited donor and an acceptor. Dexter’s theory supposes that the
energy transfer is the exchange of electrons in the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) between the donor and the acceptor molecules.!??!
Marcus theonyshas also been broadly used to explain the electron transfer in distinct molecular
systems.“gd' 22l/Some previous reports have proved that the Marcus theory can also be adopted to

explain thestransfer of electron-hole pairs.2** %!

Here, wesapply the Marcus theory to illustrate the electron-hole pair’s behaviour of the
participated $amples in the PEC reaction process. Generally, the classical Marcus theory?**¥ can be

used to express the rate constant of electron transfer, k,;, as shown in Equation (1):

27
ker = ?lHABlz

= (1)

1
exp|—
4-7TkBTA p [ kBT

where |H,g| is the electronic coupling between the initial state A and the final state B;; his the
reduced Planck’s.constant; kg is the Boltzmann constant; T is the temperature (K); and E, is the

activation energy.

Furthermore,

> = k =vkppetb (2)

T
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where T is the recombination lifetime (i.e., T,and 1,) of the slow and fast decay components of the
measured sample; k is the exponential decay constant or rate constant, and the constant b

represents the sum of the temperature-independent non-radiative and radiative decay rates.

1_ _ 2w zf 1 _ fa
r_k€t+b_ h {451 4nkBT,1eXp[ kBT]+b (3)

A simplifiedfequation is then expressed as follows:
1/t = a X4{1/Texp[—E,/kgT] + b (4)

1
4TtkgA

. 2
with a= ?n |HAB|2

When the donor molecules are identical to the acceptor ones, the electron transfer reaction is
in an isoenergetictsituation. The activation energy is thus dependent only on the reorganisation

energy A forthe@quilibrium thermodynamic free energy of the donor and acceptor:

Ea=7 (5)

On the basis of the temperature-dependent TRPL spectral response of the MBCI-I (Figure 2a),
the activation energies of the fast and slow decay components are about 198 meV and 167 meV,
which were obtained by fitting the PL decay curves using the equation 1/t = a X \/1/Texp[—E,/
kgT] + b (Figure 2b, Table S3, Supporting Information and Table S5, Supporting Information). By
comparison, the temperature-dependent TRPL spectra of the MBI were also collected (Figure 2c,

Figure 2d, and;Table S4, Supporting Information). The activation energies (i.e., 203 meV and 174

meV) for thesfast and slow decay components of MBI perovskite are higher than those of MBCI-I
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(198 meV and 167 meV), revealing that the electron migration of MBCI-l is much easier than that of
MBI, which contributes to PEC performance. Moreover, it is known that the electronic coupling
elements |H,p| are related to the overlap of the excited-state wave functions of the initial and final
sites, which'play.a‘crucial role in the rate of the electron transfer reaction. From the pre-exponential
factor of Equation (4), the temperature-independent coupling matrix elements |H,z| were evaluated
for the fast.and slow decay components of MBCI-I perovskites (0.427 cm™ and 0.234 cm-1), which
are strongerithan those of MBI (0.339 cm-1 and 0.191 cm-1), as the wave functions of MBCI-I are
more delocalised along with the perovskite materials (Table S5, Supporting Information). In contrast,
such an overlap“within MBI perovskites has to occur between neighbouring molecules. In Table 3
and Table 54, Supporting Information, o, and a, are the amplitudes of exciton recombination for
individual photophysical processes. The fast components (o;) of MBCI-I show large amplitudes (~
0.86 — 0.88) at all temperatures. On the other hand, similar amplitudes o, (~ 0.90 — 0.91) were
observed in the fast decay components of MBI, demonstrating that the non-radiative recombination
resulting from thejinterface defects for both participated perovskite materials (i.e., MBCI-I and MBI)
is the dominant“photophysical process at all temperatures, which indicates that a faster decay
channel isy preferred for most of the excited electrons and holes of both Bi-based halide
perovskites.'”>._Consequently, stronger electronic coupling and lower activation energy result in
enhanced excitondransfer, corroborating the finding that the mixed-halide MBCI-I with the band-gap

funnel structure is a more promising PEC material than the MBI perovskite.”®
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Figure 3. CyclieWeltammogram of a) MBCI-l and d) MBI in CH,Cl, with 1 mM TBAPFg at various scan

rates. Reduction peak current versus v*”2 of b) MBCI-l and e) MBI. Oxidation peak current versus v

of ¢) MBCl-lland f MBI.

2.3. Heterogeneous electron transfer kinetics

To investigate,the electrochemical characteristics of the solid—liquid interfaces between the
electrode and the electrolyte—reversibility, stability, diffusion coefficient, number of electrons
transferred, electron transfer efficiency—the cyclic voltammetry (CV) of MBCI-I and MBI at different
scan ratessfremm2V/s to 0.1V/s were conducted in CH,Cl, (0.1M TBAPFs) electrolyte at room
temperature. During the cyclic voltammetry process, the Bi-based perovskite will undergo oxidation
and reduction reaction. In terms of the reduction reaction in Figure 3a and 3d, the cathodic peaks of

MBCI-I and MBIfperovskites at — 1.22 and - 1.24 V at a scan rate of 100 mV/s shifted towards a more
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negative potential as the scan rate increased and then reached - 1.34V and -1.37V at 2 V/s scan
rate. Additionally, the peak-to-peak separation (AEp) of MBCI-I and MBI perovskites increased from
0.29 V to 0.53 V and from 0.27V to 0.55 mV with an increasing scan rate from 0.1 V/s to 2 V/s,
respectivelys, Thed larger AEp values in the reduction reaction with increasing the scan rate
demonstrate that the quasi-reversible process occurs at the electrode surface.””” For the irreversible
oxidation reaction, the anodic peaks for MBCI-I and MBI in the reverse scan appeared at - 0.52 and -
0.56V and shifted towards more positive potential with an increasing scan rate up to 2.0 V/s. The
plots presented in Figure 3b-c and 3e-f illustrate the linear relationship between the quasi-reversible
reduction peakscurrents and the irreversible oxidation currents with the square root of scan rate
values. All the'inear regression coefficients (R?) reached the 0.994 and 0.998 range, suggesting that
the electrochemical process is a diffusion-controlled electron transfer reaction.”® The quasi-
reversibilitysof thiselectrochemical process was also verified through the linear plot of the logarithm
of peak poténtial against the logarithm of scan rate (Figure S7, Supporting Information).” This
logarithmic ‘plot,with the R® value of 0.998 shows a slope of 0.43, which is quite close to the
theoreticalslopegtize., 0.5) for the diffusion-controlled reaction. Accordingly, these estimated results
further prove that this oxidation—reduction reactions under our investigation is the diffusion-
controlled electron-transfer process. The electrochemical characteristics of MBCI-I and MBI halide

perovskites were then determined by utilising the Randles—Sevcik equation (6):

lrey = (2.69 X 10°)n*/2ACD/?v!/? (6)

For quasi-reversible and/or irreversible systems, a general equation is given by Equation (7):[3(’]

liprer = (2.99 X 10%)n(an” )Y/2ACDY2p1/2 (7)
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In terms of equations 6 and 7, the lis peak current (A); n is the number of the exchanged
electron; n' is the total number of electrons transferred before the rate-determining step; a is the
transfer coefficient; A is the active surface area of the working electrode (cm?); D is the diffusion

coefficient em?/s); C is the concentration (mol cm™); and v is the voltage scan rate (V/s).

The diffusion coefficient (D) of the redox (electroactive) species was then characterised with the
calculated €oncentration (C = ~ 4 mM) using the Randles—Sevcik equation in Equation (7) to evaluate
the heterogeneous electron-transfer rate constant (k°). The Tafel plot in Figure S8, Supporting
Informationpwasgobtained from the descending parts of the cathodic and anodic peaks of the cyclic
voltammogram. We then determined a using the slope of the plot of log(i) versus potential, as

shown in Equations(8).%""!

(8)

aF —aF
Slope = ——0ks=—
2.3RT . 2.3RT

The_heterogeneous electron-transfer rate constant (k°) was then obtained using the Gileadi
method, which_is-based on the determination of the critical scan rate at which the reaction changes
from reversible to irreversible or from quasi-reversible to irreversible.® The critical scan rate (V)
was graphi€ally evaluated by plotting E, against the log of scan rate at low and high scan rates. Two
different slopésiwere obtained from the two lines fitted for low and high scan rates. The intersection

of the two liRessprovided the critical scan rate, and k® was determined by Equation (9).2?

1
nFaV.D )E

2.303RT

logk® = —0.48a + 0.52 + log ( (9)

As listed in Table 1, the diffusion coefficients for the reduction and oxidation reactions of MBCI-

| perovskites are®B84x107° cm” s and 5.98x107° cm” s with high rate constants of 0.0075 cm s™
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and 0.0114 cm s, respectively. For comparison, the diffusion coefficients and rate constants of MBI
halide perovskites are also listed in Table 1. Based on electrochemical characterisations and
systematic discussions of electron transfer at the solid—liquid interfaces, band-gap funneling in the
MBCI-I mixed-halide perovskite leads to a higher diffusion coefficient and a more rapid rate constant
compared ,to the MBI single-halide perovskite. As a result, MBCI-l, owing to the efficient
heterogeneaus electron transfer in the reaction system, is definitely a promising candidate for PEC

hydrogen production applications.

Table 1. The kinetic parameters of MBCI-I and MBI, including E°, D, k°, and a for MBCI-I and MBI in

CH,Cl,/0.1 M .IBAPF. at room temperature

MBI MBCI-I
Reduction Oxidation Reduction Oxidation
E° (V) -0.914 0.821 -0.896 0.883
10° D (em?s") 3.55 453 8.34 5.98
a 0.13 0.64 0.24 0.33
K° (cms™) 0.0033 0.0046 0.0075 0.0114

2.4. Electrochemical and photoelectrocatalytic characterisations

To manifest.the efficient charge separation at the interface of the MBCI-I and MBI halide perovskites,
electrochemical impedance spectroscopy (EIS) was conducted by applying open-circuit potential

under visible-light_irradiation. Figure 4a shows the Nyquist plots of the electrochemical impedance

This article is protected by copyright. All rights reserved.

18

a5UB217 SUOWILLIOD aA[IR1D) 3|deal(dde auy Ag pautenob ale sap e YO ‘3sn Jo S3|nJ 10} Akeld T auluQ A3]IA UO (SUOIHIPUOD-pUR-SWLB)IOD AS [IM" Afeuq 1 pU1UO//:SA1Y) SUORIPUOD pue SWB L 3Y} 89S *[7202/0/80] U0 Akelqiaulluo AB|IM ‘ARiql] AisBAIUN UILND A SE8/02202 eWpe/Z00T 0T/I0p/Wwod A3 1m Afelq 1 jpuluo//:sdny wouy papeojumoq 'z ‘€202 ‘S60vTZST



WILEY-VCH

of the MBCI-I and MBI systems. The arc radiuses of MBCI-I mixed-halide perovskites are smaller than
that of the MBI|FTO single-halide perovskites, indicating that the MBCI-I perovskite with a band-gap
funnel structure possesses a lower charge separation resistance. Thus, the charge separation and
transfer process.are improved between the interface of the electrode and electrolyte.®® Notably,
the space charge layer/Helmholtz layer interface can be formed by immersing a semiconductor
electrode in an electrolyte. As Figure 4b shows, the charge-carrier (holes or electrons) transportation
across the ‘intersface can be modelled using macroscopic impedance: resistors and capacitors in
parallel and series.® The EIS Nyquist plots of the measured samples were then simulated to the
equivalenteleetrical circuit, with the circuit elements comprising the charge transfer resistance (R1)
at the electrode-electrolyte interface, the series resistance (Rs), the constant phase element (CPE),
as well as the Warburg impedance (W1).[33] In the high-frequency range, the EIS spectrum can be
fitted to anddealiparallel resistor and capacitor circuit. This corresponds to the space charge layer of
the perovskite film.*" At lower frequencies, the Nyquist plot shows a transition to a linear region,
illustrating “amm,additional diffusion component to the recorded overall capacitance.®” To
demonstrategthisgelement clearly, a comparison of the fitting parameters is listed in Table S6,
Supporting Information. Furthermore, Figure S9, Supporting Information, shows the Mott—Schottky
(MS) plots of the MBCI-I and MBI halide perovskites taken at a frequency equal to 500 Hz. The slopes
of the MS plots for MBCI-I and MBI perovskites are negative, suggesting that these perovskites are p-

type charge carriers and are well-qualified for hydrogen production reaction.
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Figure 4. a)gNyquist plots of MBCI-I and MBI measured at 0.14 V versus Ag/Ag* electrode under

visible-light irradiation in dichloromethane (CH,Cl,) solution containing 0.1 m tetrabutylammonium
hexafluorophosphate (TBAPFs) as an electrolyte solution. b) Equivalent electrical circuits of the

electrochemical cell. c) Chopped photocurrent-voltage (J-V) curves recorded under visible-light

illumination. d) Chopped photocurrent responses recorded at — 0.3 V vs. Ag/Ag* under visible-light

illumination, e) Schematic illustration of the MBCI-I|FTO (or MBI|FTO) photoelectrode with the

working principle,of the photoelectrochemical Hl splitting cell.

Figure 4c shows the chopped linear sweep voltammetry (LSV) collected from the MBCI-I|FTO
and MBI|FTO_perovskite-based photoelectrodes in HI solution under visible-light illumination in the
three-electrode'system (Figure 4e). Compared with the MBI|FTO films, the MBCI-I|FTO films show a
pronounced photocurrent response for PEC hydrogen production in HI solution. For example, at an

applied potential®f — 0.3 V vs. Ag/Ag’, the photocurrent density for the MBCI-I|FTO film was about
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0.8 mA/cm?, which at least increased by approximately 1.4 times that of MBI/FTO. Figure 4d shows
the chopped photocurrent profiles of the MBCI-I|FTO and MBI|FTO photoelectrodes recorded at -
0.3 V vs. Ag/Ag’. The photocurrent responses of the MBCI-I|FTO photoelectrodes are fairly
repeatablehin_ndmerous illumination on-off cycles, revealing superior photostability of the
photoelectrode. Additionally, the optimised MBCI-1|FTO photoelectrode can produce a photocurrent
density of about,0.80 mA/cm? at — 0.3 V vs. Ag/Ag’, which is higher than that (only 0.4 mA/cm?) of
the MBI |FTOyphetoelectrode after 500s of exposure. These results confirm that band-gap funneling
in MBCI-I halide perovskites benefits the PEC performance of hydrogen production in HI solution.
Consequentlyrthe®MBCl-1 mixed-halide perovskite with the band-gap funnel structure is a relatively

excellent alternative to MBI in the PEC hydrogen production reaction.

3. Conclusion

This study®demonstrated an efficient bismuth-based halide perovskite-based PEC system for
hydrogen®production. When using temperature-dependent transient photoluminescence, MBCI-I
showed increased electronic coupling and diminished activation energy than MBI. At the solid-liquid
interface between the electrode and the electrolyte, the diffusion coefficient and heterogeneous
electron transferof MBCI-I were found to be more efficient than that of MBI. Consequently, the
MBCI-I halide perovskites equipped with the band-gap funnel structure in the PEC device exhibited a
high photoeurrent.density of ~ 0.80 mA cm™ at - 0.3 V vs. Ag/Ag" under visible light (430 nm cutoff)
illuminationmAsmairesult, the enhanced performance of MBCI-I with the band-gap funnel structure by

utilising ion“exchange was achieved—this offers new insights into the advancement of next-
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generation PEC materials for commercial applications in the emerging field of energy-saving and

energy-conversion technologies.

4. Experimental Section/Methods
Chemical and'reagent.

The precursarssfor the synthesis of halide perovskites including methylammonium chloride (MACI,
>98%) from Dickman, bismuth chloride (BiCl;, >98%), and hydroiodic acid (HI) (57 wt% in water)
were purchasedfrom Energy Chemical Isopropanol (IPA, >99%) was purchased from VWR chemical.
Dichloromethane (CH,Cl,, HPLC grade) was provided by Duksan reagents. Tetrabutylammonium

hexafluorophosphate (TBAPF;), were purchased from Sigma Aldrich (USA).
Synthesis of Bi halide perovskites.

The bismuth:-based samples were prepared by a simple solvothermal route based on our previous
work."3Lshertly, we then added MACI and BiCl; into IPA under vigorous stirring. After the mixture
became uniform, 0.2 mL HI solution was added into the above solution for an additional 30 minutes
stirring. Subsequently, the mixture was transferred and sealed into a 50 mL Teflon-lined stainless-
steel autoclave. The autoclave reactor was heated at 130°C for 6 hours in an oven and then cooled
down to roemmtemperature. The resulting samples were collected by centrifugation and dried at
60°C fof"8"holrsThe as-synthesized mixed-halide perovskite, MA3Bi>Clg yly, is labeled as MBCI-I.
The M, B, Cl, and | represent methylammonium iodide (MAI), bismuth, chlorine, and iodine,

respectively..ln.terms of the synthesis of MBI, we used almost the same preparation procedure. For
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the difference between MBCI-I and MBI, MACI and BiCl; were replaced by MAI and Bil; without the

addition of HI to obtain single-halide perovskite MA3BI>lg (label as MBI)
Preparation of perovskite-based working electrodes.

0.1mg as-preparedisample (MBCI-I or MBI) was added into 1ml ethanol and kept vigorous stirring for
30 min, and“then"sealed with a Teflon cap and transferred to the ultrasonic agitation overnight to

make it uniform. After that, we kept vigorous stirring until the ink became a slurry.

The fluorine-doped SnO, (FTO) glasses were cut into 1 cm x 1.5 cm rectangles and sonicated in
detergent for 30'min, followed by washing in deionized (Dl) water, acetone, and ethanol and stored
in ethanol. Subsequently, the 10uL as-prepared ink slurry was dropped onto the clean and dry FTO
substrate (before using, they were dried by blowing Ar gas) and then we used a blading coating to
make the slurry spread evenly on the FTO surface. Finally, they were heated at 90°C for 60 min and

then cooled naturally to room temperature.
Characterizations.

Scanning electron microscopy (SEM) images were recorded using a high-resolution scanning electron
microscope (EVO'MA10, Carl Zeiss, Germany). X-ray diffraction (XRD) spectra were collected at room
temperature over a 20 at a certain range on PANalytical X-ray diffractometer (X'Pert3 Powder) using
Cu-Ka radiation"ef40 kV. The ultraviolet-visible (UV-VIS) absorption spectra were obtained by using
a UV-Vis spectrophotometer (SHIMADZU, UV-2600, Kioto, Japan). The photoluminescence (PL)
spectra were recorded by a spectrofluorometer (SHIMADZU, RF-5301PC, Kioto, Japan).
Photolumineseence decay was conducted by transient photoluminescence (TRPL) spectrometer

(PicoQuantgFluo Time 200). The data was recorded by a time-correlated single-photon counting
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(TCSPC) system to explore the PL decay dynamics. The specification of the laser was given as <200 ps
pulses with a fluence of ~ 30 nJ/cm2. The PL lifetime, tp, was extracted by the software Fluofit
(Picoquant). For the temperature-dependent TRPL, a cold circulating system (mrc scientific
instrument WBL-100) was connected to the sample holder inside the sample chamber of TRPL with a
slow Ar stream introduced during the experiment to avoid any water vapor condensing on the

surface of the material.
DFT calculations.

Density functional calculations were carried out with Vienna Ab initio Simulation Package (VASP)"..
The energy.cutoff is 600 eV, which is high enough to converge the energy fluctuations within 1
meV/atom(. Global breaking conditions for electronic SC-loop and ionic relaxation loop are defined as
10° eV and 0.01 eV/A, respectively. The conjugate gradient algorithm was deployed to relax ions.
The partial occupancies are calculated by tetrahedron method with Bléchl corrections. Spin
polarization was included for all calculations. A gamma-centered k-point mesh was considered with

a grid density of 3x3x1. PAW potentials were employed with PBE functional.
Electrochemistry.

For the cyclic voltammogram (CV) experiment, the three-electrode conventional electrochemical cell
consisted of three electrodes, a MBCI-I (or MBI)/FTO as the working electrode, a platinum wire as
the counter electrode, and an Ag/Ag" electrode as the reference. The measurement was tested
under ambient®conditions (purged by Ar gas) in CH,Cl, with 0.1M TBAPFs as the supporting
electrolyte. All of these data were obtained on a CH Instruments electrochemical workstation (CHI

760E, Austin, TX)
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Photoelectrochemistry.

The PEC measurements were performed on an electrochemical workstation (CHI 760E, Austin, TX). A
three-electrode setup, with MBCI-I (MBI)/FTO as the working electrode, a platinum wire as the
counter electrode, and an Ag/Ag’ electrode as the reference, was used to study the photocurrent-
voltage (J-V) behaviors. The active area of the working electrode was defined by a 3mm diameter
hole. The électrolyte comprises 57 wt % HI aqueous solution saturated with MBCI-I (MBI) powder.
The solar light with the power intensity of 100mW cm™ was simulated by a 300 W Xenon lamp

mounted with a 430nm filter.
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