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Abstract

Organic-inorganic hybrid perovskites have gained great attention as promising
photocatalysts for hydrogen generation. However, due to their poor stability in
water, the use of aqueous hydrohalic acid solutions is specifically required for an
efficient hydrogen evolution. Herein, three novel photoactive lead-free hybrid
perovskites based on bismuth and triazolium cations (denoted as IEF-15, IEF-16,
and IEF-17) were synthesized and fully characterized (structural, compositional,
optical, etc.). Further, these solids were proposed as photocatalysts for the
challenging gas phase overall water splitting reaction (OWS). Accordingly, IEF-
16 thin films exhibited a remarkable photocatalytic activity in both Hz and O:2
evolution, as a consequence of its appropriate bandgap and energy-band
alignment, achieving hydrogen evolution rates of 846 and 360 pumol H2-g* after
24 h under UV-vis irradiation or simulated solar irradiation, respectively. This
study additionally highlights the remarkable structural and photochemical stability
of IEF-16 under different operational conditions (i.e. water volume, irradiation and
temperature), paving the way for green hydrogen production from OWS using
perovskite-based photocatalysts.

Keywords: Bismuth-based hybrid perovskites, thin films, photocatalysis, overall
water splitting, green hydrogen.



1. Introduction

The search for alternative energy resources to the conventional fossil fuels has
become a relevant challenge in the last decade. The main reasons reside in the
scarcity of fossil fuels, recent extreme weather and global energy crisis, with the
urgent need to reduce greenhouse emissions in order to achieve carbon
neutrality by 2050 [1]. As an emerging alternative, hydrogen is considered as a
clean and efficient energy vector, since it provides a high energy content (122
KJ-g1), which is 2.75 times superior to that obtained with conventional fuels [2].
Nonetheless, the current industrial hydrogen production routes are still
controversial: from the ~60 million tons of Hz annually produced, 96% is
generated from fossil fuels (e.g. steam methane reforming, pyrolytic processes
of natural gas, liquid hydrocarbons or coal) [3]. Recently, the hydrogen production
from water using renewable sources (i.e. solar power) has gained a rising
significance, developing cost-effective routes and reducing CO2 emissions [4].
Thus, solar-driven hydrogen production technologies[5], such as photocatalysis,
photoelectrocatalysis, photovoltaic-electrocatalysis, solar thermocatalysis, or
photothermal catalysis, are considered effective approaches to produce green
hydrogen.

In particular, photocatalytic overall water splitting (OWS) is a promising and
growing technology which is desirable due to its low cost and simplified process
in comparison with other technologies, such as electrocatalysis or
thermocatalysis [6]. The photocatalytic mechanism starts when the solar light
irradiation generates excited electrons in the conduction band of a
semiconductor, followed by the separation of electrons and holes with the non-
stop migration through the surface of the material. Then, the photoexcited
electrons react with the protons to produce hydrogen (HER) and, parallelly, the
holes oxidize water to generate oxygen (OER) [7].

In this sense, organic-inorganic hybrid halide perovskites represent a wide family
of semiconductors derived from the general formula ABXs (A = organic cation, B
= metal cation, and X = halide anion). Specially, lead-based perovskites have
been widely explored for the development of solar cells owing to their outstanding
optoelectronic properties, tunable bandgap, high absorption coefficient and
exceptional carrier mobility [8], reaching 25.8% of power conversion efficiency
(PCE) [9]. In recent years, their scope of application has been extended to other
fields such as photonics [10], optoelectronic devices (e.g. LEDs) [11], sensing
[12] and photocatalysis [13], among others. Nevertheless, the main limitations of
lead-based perovskites reside in their low stability under atmospheric and humid
conditions and the associated lead-toxicity, severely impacting on the
environment and human health [14]. Thereby, a potential suitable alternative
could be the Pb?* replacement by a greener metal, such as the Bi®*, with similar
electronic configuration, electronegativity and ionic radius [15].

Bismuth halide perovskites englobe a wide variety of general formulas (including
ABila, ABIls, ABizle, ABiz2l7, AsBizle, A4Bislis), and different dimensionalities from
isolated octahedra in OD to 2D layered structures and 3D networks [16-18].



Despite the excellent visible-light absorption of these Bi-based perovskites, their
use as photocatalysts for OWS is strongly limited by their intrinsic aqueous
instability. To prevent degradation, most of the efforts have been focused on: i)
using sacrificial agents as aqueous hydrohalic acid (HBr or HI) solutions and ii)
adding HsPO:2 to reduce Brs~ or I3~ ions generated during the reaction. For
example, DMA3Bile (DMA = (CHs)2NH2) [19] and MAsBilzls (MA = CHsNHs) [20]
materials have been investigated for HER by HI splitting photocatalytic reaction,
exhibiting a catalytic activity of 15 and 12.2 umol-g*-h-1, respectively. Using Pt as
cocatalyst in the case of MAsBilzle, H2 photogeneration was enhanced up to 169.2
umol gt-ht More recently, Zhao et al. [21] have proven that DAsBils (DA =
(CH3)2NHz2) is able to oxidize I ions from DAI solution, reaching a Hz evolution
rate of 5.7 ymol-h™ in the presence of HI in DAI solution and PtCls co-catalyst.
Moreover, other systems based on perovskite materials have showed an
enhanced photocatalytic Hz evolution activity such as Cs-Cu-Cl perovskite
quantum dots [22], MoSe2/MAPDbBrs-xIx [23] and Pt/FAPbBrs-xIx [24]. Despite
being HER high-efficient systems, the use of corrosive chemical agents brings
major drawbacks, hindering their commercial application. In this regard, Garcia
et al. [25] have succeeded in obtaining 6 umol Hz2-g* applying a copper-based
perovskite (MA2CuCl2Br2) photocatalyst, in the absence of any sacrificial agent
and co-catalyst, which is the only reported example on hybrid halide perovskites
applied for OWS photocatalysis. Even further, to the best of our knowledge, there
are no bismuth-based hybrid halide perovskites proposed yet for OWS.

With this in mind, we present for the first-time novel organic-inorganic hybrid
bismuth perovskites as photocatalysts for gas phase OWS. Thus, three original
perovskites based on different Bi(lll) inorganic frameworks (i.e. [Bil]s or [Bils]) and
azolium cations (i.e. triazolium-TrzH and dimethylpyrazolium-DmpzH) were
synthesized and denoted as (TrzH)z[Bil]s or IEF-15, TrzH[Bils] or IEF-16, and
DmpzHI[Bil]a or IEF-17 (IEF stands for IMDEA Energy Frameworks). Structural
and spectroscopic characterizations of the prepared perovskites were performed
in order to provide new insights and a better understanding of their photocatalytic
properties.

The synthesized perovskites showed an optimal bandgap to perform solar-driven
reactions, highlighting the IEF-16 solid as the most active photocatalyst for HER
(2.86 pmol g*-h1). This material, deposited forming 450 nm-thickness thin films,
was able to produce 34.5 pmol of Hz:g*-h't. This, together with its robustness
under humid environments (70% relative humidity-RH) and long-term ambient
conditions (> 1 year), makes IEF-16 an efficient and non-toxic OWS photocatalyst
for O2 and H:z evolution reactions.



2. Experimental section

2.1. Materials

All reagents and solvents were purchased from commercial sources and used
without further purification: bismuth(lll) oxide 99.9% (Acros Organics),
bismuth(lll) nitrate pentahydrate 98% (Acros Organics), hydroiodic acid 57% w/w
(Acros Organics), 1H-1,24-triazole-3,5-diamine >98% (Sigma Aldrich), 3,5-
dimethylpyrazole 99% (Alfa Aesar), absolute ethanol (VWR), N-N’-
dimethylformamide (Acros Organics) and diethyl ether (Fisher Scientific).

2.2. Synthesis of IEF-15

Bi2O3 (0.47 g, 1 mmol) was added to a round-bottom flask with 10 mL of absolute
ethanol. The dispersion was stirred for 10 min and then, HI (57% wt. solution, 1.3
mL, 9.8 mmol) was added. The resulting solution was stirred for 30 min and then,
3,5-diamino-1,2,4-triazole (0.20 g, 4 mmol) was added to the solution. The
mixture was stirred for 10 min and then, heated at 80 °C for 30 min. Single crystals
of (TrzH)z[Bil]s (denoted as IEF-15) were growth by the evaporation of ethanol at
room temperature and washed with diethyl ether. Yield: 82.0%. (C2HeNs)2Bils
calc. (%): C, 4.52; N, 13.22; H, 1.18; found (%): C, 4.60; N, 13.42; H: 1.16.

2.3. Synthesis of IEF-16

The synthesis of TrzH[Bil4]-H20 (named as IEF-16) was carried out following the
same synthetic protocol to that described for IEF-15 but using a molar ratio 1:2
of Bi2Os and 3,5-diamino-1,2,4-triazole. Single crystals were obtained by slow
evaporation of the solution at room temperature. Yield: 51.0%. (C2HsNs)Bilsa-H20
calc. (%): C, 2.88; N, 8.39; H, 0.97; found (%): C, 2.88; N, 8.64; H: 0.96.

A new phase of IEF-16, denoted dehydrated IEF-16 phase, was obtained when
IEF-16 was heated at 100 °C for 90 min under vacuum. The color of the material
changed from red to reddish black, as consequence of the formation of the
dehydrated phase (TrzH[Bil4]).

2.4. Synthesis of IEF-17

Bi(NOs3)3-5H20 (0.68 g, 1.4 mmol) was dispersed in 10 mL of absolute ethanol
and HI (57% wt. solution, 1.2 mL, 8.4 mmol) was added under stirring at room
temperature. The resulting solution was stirred for 30 min and then, 3,5-
dimethylpyrazole (0.13 g, 1.4 mmol) was added. The suspension was heated at
80°C for 30 min, getting a clear solution. Red crystals of DmpzH[Bil]4 (denoted
IEF-17) were obtained by the cooling of the solution, washed with diethyl ether



and dried under nitrogen flow at room temperature. Yield: 72.8%. (CsHoN2)Bil4
calc. (%): C, 7.38; N, 3.44; H, 1.11; found (%): C, 7.48; N, 3.13; H: 1.12.

2.5. Preparation of thin films

IEF-16 was dissolved in N-N’-dimethylformamide (DMF; 1 M) and then, 40 uL of
this perovskite solution was deposited in a pre-cleaned glass substrate (1.5 x 1.5
cm) by using a simple and fast spin-coating method (3000 rpm for 30 s) under
ambient conditions. Finally, the deposited material was annealed at 110°C for 15
min to form a homogenous film.

2.6. General Instrumentation

Powder X-ray diffraction (PXRD) patterns were collected from 5 to 55° (20) using
an Empyrean (PANALYTICAL) diffractometer, equipped with a P1Xce3D detector
with a radiation source of CuKq (Nig-filter, A = 1.5406 A) and operating at 45 kV
and 40 mA. Temperature-dependent X-ray diffraction (TDXRD) patterns were
recorded using D8 Advance (Bruker AXS) 8-26 diffractometer with CuK, radiation
source (A = 1.5406 A) and equipped with an LYNXEYE XE detector. Samples
were placed in a circular alumina boat, with a heating rate of 5° min-* from 30 to
270 °C inside an Anton Paar XRK 900 chamber under Ar at 50 mL-min-t. The
diffraction angles aperture was 5-55°. Thermogravimetric analyses (TGA) were
carried out using a Q600 analyzer (TA Instruments) with a heating rate of 5
°C-mint under Ar from 25 to 400 °C. Fourier transform infrared (FTIR) spectra
were collected in a Thermo Scientific Nicolet 6700 spectrophotometer in
attenuated total reflectance (ATR) mode from 1000 to 4000 cm™ with 64
accumulations per scan. RAMAN spectra from 0 to 200 cm™* were collected in a
JASCO NRS-5100 spectrophotometer working at x100 magnification. Diffuse
reflectance ultraviolet-visible (DRUV-VIS) spectra were recorded on a Varian
Cary 5000 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) with
an integrating sphere and using BaSO4 as a reference. Bandgap values (Eg) were
calculated by applying the Kubelka-Munk equation. Photoluminescence spectra
were acquired using a Perkin-Elmer LS 55 fluorescence spectrometer with a Xe
lamp at 405 nm excitation wavelength (cut wavelength 430 nm). Photocurrent
response measurements were carried out using a Hamamatsu lamp equipped
with a 150 W Xe/Hg bulb and an AM 1.5 G filter and using a 5 mM solution of
NaBF4 in dichloromethane as an electrolyte. Scanning electron microscopy
(SEM) images were collected on a Hitachi TM-100 microscope and High-
Resolution Transmission Electron Microscopy (HRTEM) were obtained on a
JEOL JEM2100F instrument. Atomic force microscopy (AFM) measures were
acquired using a Park XE-100 atomic force microscope with NTMDT NSG30 non-
contact tip with a force constant of 40 N-m, a resonant frequency of 320 kHz
and a tip radius less than 10 nm.



2.7. Single-crystal X-ray diffraction (SCXRD)

Red crystals for IEF-15, IEF-16 and IEF17 were mounted on a glass fiber and
used for data collection on a Bruker D8 Venture with a photon detector equipped
with graphite monochromated MoKq radiation (A=0.71073 A). The data reduction
were performed with the APEX2 software [26] and corrected for absorption using
SADABS [27]. Crystal structures were solved by direct methods using the SIR97
program [28] and refined by full-matrix least-squares on F2 including all reflections
using anisotropic displacement parameters by means of the WINGX
crystallographic package [29,30] The OLEX2 software [31] was used for the final
refinement. Generally, anisotropic temperature factors were assigned to all atoms
except for hydrogen atoms, which are riding their parent atoms with an isotropic
temperature factor arbitrarily chosen as 1.2 times that of the respective parent.
Final R(F), wR(F2) and goodness of fit agreement factors, details on the data
collection and analysis can be found in Table S1. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary publication
n. CCDC 1891467, 1891468 and 1891469. Copies of the data can be obtained
free of charge on application to the Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail: deposit@ccdc.cam.ac.uk).

2.8. Ultraviolet photoelectron spectroscopy (UPS)

UPS measurements were carried out in a SPECS GmbH photoelectron
spectrometer equipped with an ultra-high vacuum (UHV) system and an energy
analyzer PHOIBOS 150 9MCD. He | (21.2 eV) was employed as photon source
with an energy pass of 2 eV. The UPS instrument was calibrated by referencing
the Fermi level of Ag at 0 eV.

2.9. X-ray photoelectron spectra (XPS)

XPS measurements were performed using a SPECS spectrometer equipped with
an MCD-9 detector and a monochromatic Al (Ka= 1486.6 eV) X-ray source.
Spectra deconvolution was performed with the CASA software and using the C
1s peak at 284.4 eV as binding energy reference [32].

2.10. Gas phase photocatalytic water splitting

Photocatalytic overall water splitting experiments were carried out in a glass
reactor (30 mL) and employing a gas water phase. The photocatalyst (50 mg for
the powder or 0.5 mg for the thin film) was carefully placed in the center of the
reactor, suspended above liquid water. Then, the reactor was purged with argon
gas prior to the reaction and pressurized to 1 bar. The photocatalysts were
irradiated by a Hamamatsu light system equipped with a Hg-Xe 150 W valve and
optic fiber (Hamamatsu spotlight source L9566-04 and light guide A10014-50-
0110). In the experiments with simulated sunlight irradiation, an AM 1.5G light
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filter (Lasing ref. 81094) was placed between the optic fiber and the photoreactor.
After the desired reaction time, gas samples were analyzed using an Agilent 490
MicroGC equipped with two channels and thermal conductivity detectors. The
first channel, equipped with a MolSieve 5A° column, allowed the quantification of
H2, O2, N2, and CO, while the other channel, equipped with a Pore Plot Q column,
allowed the determination of CO2, CHs, and short-chain hydrocarbons.
Quantification was performed using calibration plots.

3. Results and discussion
3.1. Synthesis, structural and morphological characterization

It is well-known that the organic cation of hybrid organic-inorganic perovskites
plays a relevant role shaping the orientation of the inorganic chains and,
consequently, the dimensionality and the optical properties of the final material
[33]. In this regard, three novel semiconducting perovskite materials were
synthesized by a simple and fast procedure (ethanol, 80°C, 30 min; see
experimental section for further details) from either Bi-O3 and 3,5-diamino-1,2,4-
triazole (Trz; molar ratio bismuth precursor : organic compound = 1:4 and 1:2 for
IEF-15 and IEF-16, respectively) or from Bi(NO3)3-5H20 and 3,5-
dimethylpyrazole (Dmpz) with stoichiometric molar ratio (IEF-17). Single crystals
were isolated and their crystalline structure unveiled by single crystal X-ray
diffraction (SCXRD), confirming the purity of the phases by powder X-ray
diffraction (PXRD; Fig. S1).

SCXRD analysis revealed that all structures are built of one-dimensional (1D)
chains of edge- or corner-sharing Bils octahedra chains. IEF-15 ((TrzH)z[Bil]s)
crystallizes in a triclinic system whose unit cell parameters are a = 8.8581(5), b=
10.9751(6), ¢ = 11.6999(7) (Table S1). Bismuth atoms are coordinated with six
iodine atoms in an octahedral disposition building up polymeric ribbon anions
[Bilsss]». The structure of corner-sharing octahedra adopts a one-dimensional (1D)
zig-zag ribbon orientation (Fig. 1), where two bismuth atoms from adjacent
octahedrons are separated from each other by 6.4756(8) A. The [Bils]> moieties
are charge-balanced along the a-axis by two triazolium cations. Thus, the position
adopted by the cations, facing each other over and down between the inorganic
chains, plays a comprising effect over octahedral units by the formation of short
N-H---1 interactions (in the range of 2.7922(9)-2.9951(11) A) with the non-shared
corners of the octahedra. Bi-l distances are enclosed between 2.9444(9) and
3.2384(4) A, the shortest distances correspond to bismuth and terminal iodine
atoms and the longest ones to bismuth and bridging iodine atoms. Additionally,
iodine atoms in cis orientation form I-Bi-I angles from 84.074(18) to 96.23(3)°,
while in trans configuration the angles vary from 173.12(2) to 178.65(3)° (Table
S2). These parameters indicate a significant distortion in the Bils octahedra,
which has already been observed in other iodobismuthate derivatives containing
[Bils]?" chains (see Table S3). It is important to note that in the structure of IEF-
15, the Bi-I-Bi angles formed by two bismuth atoms from adjacent octahedra are



180(0)°, which is rarely found in structures based on iodobismuthates (Table S3)
[34].

On the other hand, SCXRD analysis of IEF-16 (TrzH[Bils]-H20) points out that
this perovskite material also crystallizes in the triclinic system with unit cell
parameters a = 7.4157(6), b = 9.9375(7), and ¢ = 10.4862(7) (Table S1).
However, in this case, the structure contains one-dimensional (1D) ribbon anions
[Bilass]~ with Bile octahedra sharing edges, where two iodine atoms (one axial and
one equatorial) are linked with an adjacent Bils octahedra (Fig. 2). The Bi-I
distances range is wider than that observed in the IEF-15, with Bi-I bond lengths
ranging from 2.9182(11) to 3.3019(10) A, being more marked in Bi-l (bridging)
distances. The cis I-Bi-I angles are comprised between 83.61(4)-95.48(3)°, while
in trans position they oscillate between 172.81(3)-176.61(3)° (Table S2).
Accordingly, the structure displays distorted octahedra, possibly due to the
repulsion of bismuth atoms from the adjacent Bils octahedron [35] and, the
position adopted by the triazolium cations. The structure of (AmV)3(Bile)2 (AmV =
4.4'-amino-bipyridinium) [36], which serves as a fitting example of an undistorted
octahedral geometry, comprises Bi-1 distances ranging between 3.06-3.09 A and
I-Bi-lI bond angles close to 90°. In addition, the organic cations form
interconnected parallel chains by the formation of hydrogen bonds with water
molecules (N-H---O-H interactions of 1.949(11) A). HRTEM images of IEF-16 was
performed as a representative sample (Fig. S2), showing a d-spacing of 0.227
nm. Besides, the SAED pattern evidences the crystalline nature of the bismuth-
based perovskite.

Similarly to the IEF-16 structure, IEF-17 (DmpzH[Bil]4) is also composed of [Bila]
chains of edge-sharing Bils units (Fig. 3), but IEF-17 belongs to the monoclinic
system with unit cell parameters a = 14.4660(7), b = 13.4478(7), and ¢ =
7.8692(3) (Table S1). Again, bond angles and distances in IEF-17 show a
substantial deviation from an octahedral geometry. In this case, the Bi-I distances
range is slightly shorter than that found in the structure of IEF-16, ranging from
2.9040(6) to 3.3281(6) A, while the Bi-I-Bi bond angle increases to 96.758(14)°,
rising the octahedra distortion (Table S2). Pyrazolium cations in IEF-17 adopt a
different position compared to triazolium ones, which are linked to each other by
a water molecule. In contrast, pyrazolium cations form short interactions between
the protonated amino group and the bridging iodine of the Bils octahedra in both,
axial and equatorial positions, by a N-H---I distance of 2.7448(5) and forming
angles of 165.9(6)°.



Fig. 1 Structure of IEF-15 (Bi, I, N, C and H atoms are represented by orange, purple,
blue, brown and pink ellipsoids, respectively).

Fig. 2 Structure of IEF-16 (Bi, I, N, C and H atoms are represented by orange, purple,
blue, brown and pink ellipsoids, respectively).

Fig. 3 Structure of IEF-17 (Bi, I, N, C and H atoms are represented by orange, purple,
blue, brown and pink ellipsoids, respectively).



3.2. Spectroscopic characterization

The three perovskite materials were further characterized by different
spectroscopic techniques (FT-IR, Raman, XPS, UV-Vis and photoluminescence).
First, in the FT-IR spectra (Fig. S3), the N-H stretching vibrations are slightly
shifted (3430—3300 cm? for IEF-15 and IEF-16, and 3300-3100 cm for IEF-17)
in comparison with those observed in the spectra of the free organic ligands.
Besides, the spectrum of IEF-16 displays additional bands at 3560 and 1608 cm"
1 which are ascribed to the O-H stretching and deformation vibrations of the water
molecules, respectively. Second, Raman spectra were collected to identify the
vibrational modes of the iodobismuthate solids, appearing usually the scissoring
(I-Bi-I and Bi-I-Bi) and stretching (Bi-I) modes below 200 cm [37]. Hence, in the
Raman spectra of the bismuth-based hybrid materials (Fig. S4), the Bi-l
stretching mode of the terminal iodide atoms is observed as an intense band at
152, 151 and 154 cm for IEF-15, IEF-16 and IEF-17, respectively.

Further, high resolution XPS characterization was performed (Fig. S5-S7),
revealing the presence of the expected elements (Bi, C, N, and I), as well as
oxygen atoms on the surface. Deconvolution of the Bi 4fsi2, Bi 4f72, | 3dsr2, and |
3ds2 signals for the three materials showed a single peak, corresponding to Bi®*
and | oxidation states, respectively. There are no additional peaks at 157 eV (Bi
4f712) corresponding to the presence of metallic bismuth, revealing an outstanding
chemical stability of the prepared bismuth-based perovskites under XPS
conditions [38]. The C 1s signal of the three perovskites can be deconvoluted in
two peaks at binding energies of 284.5 and 288 eV, attributed to C=N and C-N of
the triazolium and pyrazolium cations, respectively. Similarly, in the
deconvolution of the N 1s signal, two peaks are observed for IEF-15 and IEF-16,
corresponding to the N-C (399.5 eV) and the N=N (401 eV) of the triazole ring. In
agreement with the structure, the N 1s signal for IEF-17 appears as a single peak
at around 401.5 eV, reflecting the pyrazole structure of the ligand. As previously
mentioned, the O 1s band at 5.32 eV for the three bismuth-based perovskites
could be attributed to adsorbed water on the surface.

In addition, the solids were characterized by UV-Vis spectroscopy in order to
estimate their optical bandgap (Eg) [39] and energy bands (i.e. valence band
maximum and conduction band minimum) [32]. These properties will determine
the light-harvesting ability and the thermodynamic feasibility of semiconducting
materials for the water oxidation and reduction, respectively. In perovskite
materials, Eg strongly depends on the composition (halogen, metal or organic
cation) [40] and the structure (dimensionality or lattice constant) [41]. Therefore,
some factors, such as the electronegativity difference between Bi and | ions, the
Bi-1-Bi angle or the Bi-1 distance, can affect the Eg value [42] (Table S3) and then,
their catalytic performances (see below). It is known that lead-based perovskites
containing bulky cations (i.e. organic cations) are expected to expand the crystal
lattice and decrease the Eg, while smaller cations (i.e. inorganic cations) are
assumed to contract it, increasing the Eg [43]. In this regard, Eg values of the
bismuth-based perovskite materials were estimated by Tauc plots using the
absorption spectra (Fig. 4a) and considering them as direct semiconductors [39].



The estimated optical bandgap (Fig. S8) of IEF-15 was lower than that obtained
for IEF-16, evidencing the influence of the inorganic chain on the Eq value (i.e.
1.77 eV with [Bils]" vs. 2.09 eV with [Bil4], respectively. Other perovskites based
on [Bils]” with comparable geometric parameters (Bi-I-Bi angle ~ 163° and Bi-I
distance ~ 2.9-3.2 A) showed similar bandgap values (e.g. hexane-1,6-
diammonium pentaiodobismuth (HDABIls) 1.89 eV [44]; N-methyl-1,3-
diaminopropanium pentaiodobismuth (H2MDAPBIls) 1.83 eV [45]) (see Table S3).
However, no significant variation of Eq was detected by only replacing the organic
cation (2.09 for the triazolium in IEF-16 vs. 2.13 eV for the dimethylpyrazolium in
IEF-17), which may be due to the similar size of both cations (~6.3 A).

Finally, to gain a better understanding of their optical properties,
photoluminescence (PL) spectroscopic studies were performed at room
temperature (Fig. 4b). As can be seen, IEF-15 emits in the red spectral region
(emission band at 660 nm) upon excitation at 405 nm, while the PL bands
observed for IEF-16 and IEF-17 are blue-shifted at around 600 nm. The
assumption of direct bandgaps for the bismuth-based perovskites is in
accordance with PL emission bands which are close to the optical absorption

edge.
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Fig. 4 a) UV-Vis diffuse spectra and b) photoluminescence plots for IEF-15, IEF 16 and
IEF-17 samples

3.3. Stability studies

The thermal and chemical stability of perovskite materials are key parameters to
consider in (photo)catalysis. It is known the often poor stability of lead iodide-
based perovskite, leading to the formation of toxic species and limiting their
application (e.g. decomposition of methylammonium lead iodide-based
perovskite (MAPDI3) at 85 °C forming Pbl2) [46]. In contrast, bismuth-based hybrid
perovskites exhibit a better thermal stability, keeping their structure at higher
temperatures [47-49]. Hence, the thermal stability of the prepared perovskites
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was investigated by means of thermogravimetric analysis (TGA; Fig. S9) and
temperature-dependent x-ray diffraction (TDXRD; Fig S10). TGA reveals that
IEF-16 has a greater thermal stability (until 250°C), whereas IEF-17 and IEF-15
start to decompose at 215 and 240 °C, respectively. Besides, the TGA of IEF-16
shows a weight loss of 2.13% from 50 to 100°C, which is associated with the
departure of the water molecules of this structure (TrzH[Bil4]-H20; calc. 2.16%;
(see inset Fig. S9). This fact is confirmed by TDXRD (Fig. S10b), where a phase
transition is observed in the temperature range from 50 to 100°C, as a
consequence of the IEF-16 dehydration, to finally obtain Bils product at 220 °C.
The dehydrated IEF-16 phase might be the result of the triazolium reorganization
into the structure, which instead of being connected by the formation of hydrogen
bonds with adjacent water molecules, triazolium cations are found, in the newly
adopted orientation, facing each other up and down and setting up by
interactions. A similar phase transformation upon water removal by heating has
been previously observed by some of us in a different perovskite [39].
Additionally, IEF-15 and IEF-17 structures are maintained unaltered until 140 and
120 °C, respectively.

On the other hand, lead-based perovskites are known also to exhibit a low
stability under ambient environments, making necessary to prepare them under
inert atmosphere. For example, when MAPbIs was exposed to ambient air, visual
color changes were observed in only 5 days due to its degradation [50]. Thus,
the stability of lead-based perovskites remains a challenge despite the large
number of strategies proposed to improve it [51]. In contrast, bismuth-based
perovskites show an enhanced stability in ambient air (e.g. (CeHsNH3)Bils is
stable for 334 days [52], (CeHs(CHs)NH2)3Bizls for 300 days [53] and Cs2AgBiBrs
for 240 days [54]). In this sense, the prepared bismuth-based materials
demonstrated an exceptional long-term stability, being stored under ambient
conditions for 1 year (see XRD, Fig. S11), and demonstrating their superior
stability in the presence of oxygen and humidity from the atmosphere.

3.4. Gas phase photocatalytic overall water splitting.

Considering the excellent chemical stability and the appropriate band gap of the
synthesized perovskite materials, their photocatalytic activity was first screened
for OWS using the bulk powder in deionized water (both in the liquid or gas phase)
under simulated solar light irradiation at room temperature. As can be seen in Fig.
6a, the three materials show photocatalytic activity for both oxygen and hydrogen
production in the absence of sacrificial agents, being IEF-16 the most efficient
photocatalyst.

In an attempt to understand the best performance of IEF-16, the valence band
maximum (VBM, E.f) versus the Fermi level in each material was determined
from UPS (see Fig. S12) [32]. The VBM position versus NHE (E,NHE) was
estimated from the following equation: E,NHE = Euf + ¢sp + EoNHE where ¢sp is the
work function of the spectrometer (4.37 eV) and Eo\"E is the energy of the SHE
with respect to vacuum level of the electron (-4.44 eV). From this E,N"E value



and the optical band gap, the conduction band energy minimum (EcN"E) of the
perovskites can be also determined. Referenced to the NHE, the VBM potentials
were 1.95, 1.97 and 2.06 V for IEF-15, IEF-16 and IEF-17, respectively (Fig. 5a).
Using the estimated band gap values, the position of conduction band minimum
(CBM) can be assessed, obtaining the energy band diagrams of the perovskite
materials (Fig. 5a). Thus, the better performance of IEF-16 could be explained by
its more negative conduction band potential (-0.12 V) compared to IEF-15 (0.18
V) or IEF-17 (-0.07 V) along with a lower percentage of electron-hole
recombination (the PL quenching of IEF-16 is more significant than that IEF-17,
Figure 4b) and a higher photocurrent response (Fig. 5b). Finally, compared with
other reported bismuth-based perovskites, the VBM of IEF-16 is more positive
than that of [(CH3)2NH2]3[Bile] (1.97 V vs 1.29 V), explaining why IEF-16 is a more
efficient photocatalyst for OWS than [(CHz)2NHz]s[Bils] [21].
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Figure 5. a) Energy level diagram for IEF-15, IEF 16 and IEF-17 samples and the
standard reduction potential for O2/H,O and the standard oxidation potential for H*/H,
and b) Photocurrent responses of IEF-15, IEF 16 and IEF-17 samples during the on—off
cycling and using an AM 1.5G light filter

In view of the superior performance of IEF-16, additional experiments were
performed to optimize the experimental conditions (temperature, water volume,
film preparation). Increasing the temperature at 80 and 150 °C, the H2 production
rates of IEF-16 were 2.67 and 4.73 times higher than those obtained at 35 °C
(Fig. S13), which could be explained by an increase in the vapor pressure inside
the reactor by the temperature. XRD analysis of IEF-16 after the reaction proved
the good thermal stability of IEF-16 (Fig. S14). Concerning the influence of water
volume on the Hz activity (Fig. S15), a 6.8-fold increase of the activity was
observed by decreasing the water content (5 vs. 0.1 mL), also maintaining its
stability (Fig. S16). Note that the enhancement of H2 production confirms the
direct relationship between the increase in the water vapor pressure inside the
reactor and the H2 activity.
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Fig. 6 a) Photocatalytic water splitting of powdered IEF-15 (o), IEF-16 (A) and IEF-17 (o)
under simulated solar light irradiation. b) Photocatalytic hydrogen (blue) and oxygen (red)
production from water using an IEF-16 thin film. ¢) Comparison of the photocatalytic
OWS of IEF-16 film under simulated light (AM 1.5 G light filter) or UV-vis irradiation
(without AM 1.5 G filter).

To further optimize the performance of IEF-16, we investigated its photocatalytic
activity in the OWS by fabricating a thin film working under vapor conditions (Fig.
6b). Thin films are beneficial from the photocatalytic point of view by at least three
features: i) favoring the water-photocatalyst contact surface, ii) increasing the
number of photocatalytic active sites by better exposure of the material to the
light, and iii) optimizing the amount of photocatalyst. Thus, IEF-16 was deposited
on a glass substrate by a simple and efficient spin-coating method. As can be
seen in Fig. 7a, the crystallization of the perovskite material over the substrate
takes place with the formation of a homogeneous film with a thickness of 450 nm
(see AFM measurements; Fig. S17). It is important to note that the IEF-16 film
absorbs in the visible range with a maximum absorption band at 520 nm,
promoting its use as an efficient visible-light photocatalyst (Fig. S18). Also, the
moisture resistance of the IEF-16 thin film was monitored by XRD exposing the
film to a high relative humidity (RH = 70%; Fig. 7b). The IEF-16 structure remains
unaltered after 5 days, proving to be a moisture-stable perovskite compatible with
the OWS reaction.
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Fig. 7 a) SEM images of IEF-16 film and b) XRD patterns of the IEF-16 thin film under
70% RH over time.

Remarkably, IEF-16 film exhibited a significant photocatalytic hydrogen
production via OWS, achieving 840 umol Hz-g* under UV-Vis irradiation and 360
umol Hz-g* under simulated solar light at 24 h (Fig. 6¢). To verify the occurrence
of an overall water-splitting mechanism, the oxygen evolution from H20 was
confirmed by using the labelled H2!80 and monitoring oxygen evolution during
the experiment via mass spectrometry. In the resulting mass spectrum, a peak at
m/z = 36 appears, corresponding to 202 and confirming the H2'®0 as a source
of this photoproduct (Fig. S19). In addition, the OWS reaction was repeated on
two more additional 24-h cycles, observing only a slight decrease in the Hz
activity, from 360 to 338 pmol-H2.g! (Fig. S20). The H2 activity of IEF-16 (34.5
umol g*-h') in OWS is better than that reported for other perovskite-based
photocatalysts as [(CH3)2NH2]z[Bile] (30 pmol g*-h1) by HI-splitting [19], RbsBizlo
(31.7 pmol g?t)-and FAsBi2ls (20.09 pmol g?) in MeOH electrolyte [55], and
DMASNIz (0.64 umol g1) in deionized water [56]. Interestingly, only DMASnIs has
reported photocatalytic activity in deionized water, forming Snls due to the action
of O2 evolved in the process.

Further, the structure of the IEF-16 film is maintained after the 3 cycles (Fig. S21),
despite the appearance of two small diffraction peaks at 72 h (26 = 29.6 and
31.6°) corresponding to the partial hydrolysis and formation of a small fraction of
BiOl, as previously reported by Hoye et al. who concluded that methylammonium
bismuth iodide under air tends to be degraded into BiOl or Bi2Os, and not Bils
[50].



4. Conclusions

Three novel robust Bi(lll)-hybrid perovskites have been synthesized based on 1D
iodobismuthate chains (i.e. [Bil]s or [Bils]) and hydrophobic triazolium-TrzH or
dimethylpyrazolium-DmpzH cations). Their full (structural, compositional, optical)
characterization evidenced a high chemical stability together with appropriated
valence and conduction bands position for both oxidation and reduction water
reactions and reduced rate of charge recombination, proving to be active
photocatalysts for Hz production by the overall water splitting in absence of
sacrificial agents. Outstandingly, upon thin film shaping of one of the solids, the
TrzH[Bil4] or IEF-16, revealed an enhanced activity for OWS in comparison with
other perovskite-based photocatalysts and an excellent stability under working
conditions. Our findings provide valuable insights into the potential of bismuth-
based hybrid perovskites as photocatalysts for environmental and energy
applications.
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