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A B S T R A C T   

In this study, we successfully prepared Bi-based single perovskites of the A3Bi2I9 type (A = Cs, Rb, MA, FA), and, 
for the first time, attempted to experimentally obtain double perovskites Cs2B’BiI6 type (B′ = Ag, Au, In, Cu). 
Despite the premises available in theoretical studies, our research has proven the impossibility of the existence of 
double perovskites of this type. Nevertheless, both types of obtained materials were subjected to detailed analysis 
of their physicochemical features and photocatalytic abilities in the hydrogen evolution reaction. This study 
proved the stability of the Cs3Bi2I9 in HI electrolyte compared to the methanolic solution, with this phenomenon 
resulting in almost 36 times higher photoactivity.   

1. Introduction 

Heterogeneous photocatalysis is a reaction that has potential appli-
cations in reducing atmospheric CO2 emissions, water and air treatment, 
and producing hydrogen gas, which is a clean energy source alternative 
to fossil fuels [1,2]. The key to realizing these benefits is to determine 
and optimize the parameters for photocatalytic performance to increase 
the efficiency of the reaction, especially in the field of visible light, 
which constitutes the majority of the spectrum of widely available cheap 
solar irradiation [1–3]. One of the most important factors that scientists 
worldwide are working on is the type of photocatalyst used during the 
reaction [1,2]. To date, the most well-known and widely used photo-
catalyst, along with a number of structural and surface modifications, is 
TiO2; however, its wide bandgap (⁓3.2 eV [1,4]) and conduction band 
potential significantly limit its effective application in photocatalytic 
reactions aimed at generating hydrogen [3–5]. Nevertheless, TiO2 has 
been applied in the photoreaction of H2 evolution following the hy-
drolysis of ammonia borane [6], glycerol or methanol photoreforming 
[7,8], or by using typical sacrificial agents such as lactic acid [9], sul-
fide/sulfite electrolyte [10,11], triethanolamine [11,12], and formic 
acid [13]. 

However, the potential of a group of halide perovskite semi-
conductors for photoinduced hydrogen evolution has recently been 

explored because of their strong light absorption coefficient and fast 
charge mobility. In addition, their iodo-derivatives have the appropriate 
potential of the conduction band for reduction process with the release 
of gaseous hydrogen [14,15]. Most are narrow-band semiconductors; 
thus, it is possible to excite them in the presence of low-energy visible 
irradiation [15]. Moreover, the best-known in this group are perovskites 
containing lead in their structure, which strongly increases the toxicity 
of the whole compound and thus significantly limits their use in pho-
tocatalytic processes [16]. Therefore, because the Bi trivalent isoelec-
tronic ions and divalent Pb ions have a similar valence shell with a 6s2 

electron pair and exhibit similar ionic radii, Bi-based halide perovskites 
seem to be excellent substitutes for lead-derived perovskites, as much 
more stable and eco-friendly analogs [14,16,17]. The greatest limitation 
for the use of halide perovskites in photocatalytic reactions is their lack 
of resistance to contact with aqueous electrolytes [18]. Ignoring that 
fact, some studies have been conducted on the application of perovskites 
in aqueous reactions of hydrogen photogeneration [19]: DMASnI3 
(DMA: dimethylammonium cation), a perovskite stable in water, was 
tested in pure water as the electrolyte [20]; composite g-C3N4 with a 
CsPbI3 structure was photoapplied in aqueous TEOA electrolyte [21]; 
CsPbBr3 stabilized by doping with Zn2+ cations was tested in aqueous 
sulfide/sulfite solution [22], and CsPbBr3 stabilized by encapsulation 
with polyaniline was also tested in water media [23]. 
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Nevertheless, milestones in the application of halide perovskites in 
photocatalytic reactions include the use of an appropriate halide acid 
(HBr, HI, HCl, or a mixture) as an electrolyte to generate hydrogen in the 
presence of halide perovskites [15]. This finding allowed for the effec-
tive use of such photocatalysts and the termination of their decompo-
sition in contact with water [15]. To date, a number of halide 
perovskites (including MAPbBr3-xIx [24], MAPbI3 [25,26], TiO2/MAPbI3 
composite [27], MAPbI3/MoS2 composite [28], black phosphorus/ 
MAPbI3 composite [29], MAPbI3/CoP composite [30], Ni3C decorated 
MAPbI3 [31], TiO2/MAPbI3 composite [32], Ti3C2 MXene/MAPbI3 
composite [33], Mo2C/MAPbI3 composite [34], MoC/MAPbI3 compos-
ite [35], MA3Bi2I9 [36], Cs3Bi2xSb2–2xI9 [37], Cs3Bi2I9 [38], Cs2AgBiBr6 
[39], NiCoP/Cs2AgBiBr6 composite [40], DMA3BiI6 [41] and Cs2Ag-
BiBr6/rGO composite [42]) have been used in reactions with halogen 
acids. Most of them belong to Pb-based single perovskites, and not many 
other variants have been developed, for example, bi-analogs. Our 
motivation to obtain novel Pb-free, Bi-based double perovskites was 
based on theoretical studies that proved the possibility of the existence 
of such structures [43–47]. 

According to our previous work [48] and based on knowledge about 
the highest conduction band potential (CB) for iodide analogs over the 
same group of perovskites [49], here, we devised the synthesis of single 
Bi-based iodo-perovskites with different A cations (A3Bi2I9 where A in-
dicates Cs, Rb, methylammonium (MA), and formamidinium (FA) 
cation) and determined their photocatalytic properties in the hydrogen 
evolution reaction. Furthermore, for the first time, the photoactivity to 
hydrogen evolution was examined for Rb3Bi2I9 and FA3Bi2I9. For the 
most active sample (Cs3Bi2I9), we introduced additional cations during 
the synthesis procedure to form a double perovskite structure. Thus, for 
the first time, an attempt to obtain double Cs2B’BiI6 type perovskites 
(where B′ means Ag, Au, In, or Cu) was made, and their photocatalytic 
ability in the hydrogen evolution reaction was studied. Furthermore, all 
the obtained photocatalysts were comprehensively characterized in 
terms of morphological, structural, and surface properties, combined 
with their photoactivity. In addition, the mechanism of the photo-
catalytic reaction in two different electrolytes (aqueous 10% MeOH and 
HI/H3PO2) was thoroughly investigated. The increased activity of halide 
perovskites in the HI electrolyte was directly related to the stability of 
these compounds in this environment. 

2. Experimental 

2.1. Materials and instruments 

For the preparation of single and double perovskites, chalcogenide 
salts as precursors were used: bismuth iodide (BiI3, 99%, Sigma- 
Aldrich), cesium iodide (CsI, 99.999%, Alfa Aesar GmbH & Co KG, 
Kandel, Germany), methylammonium iodide (MAI, ≥99%, anhydrous, 
Sigma-Aldrich), formamidinium iodide (FAI, ≥98%, Sigma-Aldrich), 
rubidium iodide (RbI, 99.8%, Alfa Aesar GmbH & Co KG, Kandel, Ger-
many), copper iodide (CuI, 99.998%, Alfa Aesar GmbH & Co KG, Kan-
del, Germany), gold iodide (AuI, >99%, Alfa Aesar GmbH & Co KG, 
Kandel, Germany), silver iodide (AgI, 99.999%, Alfa Aesar GmbH & Co 
KG, Kandel, Germany), indium iodide (InI, 99.998%, Alfa Aesar GmbH 
& Co KG, Kandel, Germany), and other reagents: dimethyl sulfoxide 
(DMSO, analytical grade, ChemPur, Piekary Slaskie, Poland), dime-
thylformamide (DMF, analytical grade, POCH S.A., Gliwice, Poland), 
ethyl acetate (ACS reagent, ≥99.5%, Sigma-Aldrich) oleic acid (OA, 
technical grade 90%, Sigma-Aldrich), oleylamine (OLAm, ≥98%, Sigma- 
Aldrich), and toluene (analytical grade, EUROCHEM BGD, Tarnow, 
Poland). OLAm and OA were dried in a Schlenk line (2 h, 100 ◦C) before 
each perovskite synthesis. Toluene was also used to purify perovskites. 
To prepare the electrolytes used for photocatalytic research, double- 
deionized water, methanol (CH3OH, analytical grade, STANLAB, 
Lublin, Poland), and hydroiodic acid (HI, 57 wt% aqueous solution, 
distilled, stabilized by 0.75% H3PO2, Acros Organics, Geel, Belgium), 

and hypophosphorus acid (H3PO2, 50 wt% aqueous solution, Alfa Aesar 
GmbH & Co KG, Kandel, Germany) were used. For the photoreduction of 
platinum onto Cs2AuBiI6 sample potassium tetrachloroplatinate 
(K2PtCl4, 99.99%, Alfa Aesar GmbH & Co KG, Kandel, Germany) as a 
platinum precursor and anhydrous ethanol (C2H5OH, 99.8 vol%, POCH 
S.A., Gliwice, Poland) as reaction medium were used. 

The morphologies of the obtained materials were examined using 
field-emission scanning electron microscopy (FE-SEM, JEOL JSM- 
7610F). Powder X-ray diffraction experiments were conducted at 
20 ◦C on powdered samples using a Bruker D8 Focus diffractometer with 
Cu Kα (λ = 1.54 Å) radiation and a LynxEye XE-T detector. Data were 
collected from 10◦ to 60◦ over a scan time of 30 min. LeBail refinement 
of the powder X-ray diffraction (pXRD) pattern was performed to 
determine the crystal structure type and lattice parameters of the tested 
samples, using HighScore Plus ver. 3.0e software. Diffuse reflectance 
spectra were recorded using a UV–Vis spectrophotometer (UV 2600, 
Shimadzu) equipped with four integrating sphere in the range of 
300–700 nm using BaSO4 as a non-absorbing reference. Photo-
luminescence (PL) measurements were performed at 20 ◦C using an LS- 
50B luminescence spectrophotometer equipped with a Xe discharge 
lamp as the excitation source and an R928 photomultiplier as the de-
tector. Excitation radiation (λex = 330 nm) was directed at the sample 
surface at an angle of 90◦. The surface elemental composition of the 
photocatalysts was evaluated via X-ray photoelectron spectroscopy 
(XPS) using a PHl 5000 VersaProbe™ Scanning ESCA Microprobe 
(ULVAC-PHI, Chigasaki Japan) instrument. High-resolution (HR) XPS 
spectra were recorded using monochromatic Al Kα radiation (hν =
1486.6 eV) from an X-ray source operating at 100 μm spot size, 25 W, 
and 15 kV. The analyzer pass energy was 23.5 eV and the energy step 
size 0.1 eV. The binding energy scale was referenced to the C 1 s peak, 
with BE = 284.8 eV. The transmission function of the spectrometer was 
determined to quantify the PHI MultiPak sensitivity factors. The Bru-
nauer–Emmett–Teller (BET) surface areas of the obtained samples were 
determined using a 3P Instrument Micro 200 sorption analyzer. Each 
sample was degassed for 5 h at 200 ◦C before measurement. 

2.2. Preparation of A3Bi2I9 and Cs2B’BiI6 samples 

Both types of materials, single halide perovskites A3Bi2I9 and 
Cs2B’BiI6, were synthesized using the ligand-assisted reprecipitation 
technique (LARP) and the synthesis scheme is shown in Fig. 1. 

Briefly, an appropriate amount of AI salts (where A = Cs, Rb, MA, or 
FA) was dissolved in a DMSO/DMF (1 mL/9 mL) solvent mixture and an 
appropriate amount of BiI3 was dissolved in 10 mL of ethyl acetate at 
room temperature under an ambient atmosphere. Then, the two solu-
tions were mixed and 125 μL of OLAm was added. Meanwhile, an 
antisolvent was prepared by mixing 200 mL toluene with 25 mL OA 
under an ambient atmosphere. After 10 min of vigorous magnetic stir-
ring of the precursor solution and antisolvent, the precursor solution was 
slowly dropped into the antisolvent under continuous stirring for 10 
min. Then, the solid product was separated by centrifugation (10 min, 
10,000 rpm) and the obtained powder was sequentially washed with 
toluene four times and centrifuged (10,000 rpm). Finally, the pure 
product was vacuum dried at 100 ◦C for 24 h. To form Cs2B’BiI6, an 
additional precursor, B’I type (where B′ = Ag, Au, In, Cu), was intro-
duced into the BiI3 solution in ethyl acetate. 

The following perovskite types were obtained in the same manner: 
A3Bi2I9 (where A = Cs, Rb, MA, FA) and Cs2B’BiI6 (where B′ = Ag, Au, 
In, Cu). Additionally, OLAm and OA were dried at 100 ◦C for 2 h in the 
Schlenk line before use in the aforementioned synthesis of single and 
double perovskite crystals. Table 1 lists the qualitative and quantitative 
compositions of the perovskite precursor solutions. 

2.3. Cs2AuBiI6 modified with Pt 

The photodeposition method was used to prepare Cs2AuBiI6 
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modified with platinum nanoparticles on the surface (0.5 mol%). An 
appropriate amount of Cs2AuBiI6 powder and a metal precursor aqueous 
solution were mixed with 20 mL of anhydrous ethanol. The suspension 
was then transferred to a quartz glass photoreactor with a total volume 
of 25 mL. The as obtained suspension was stirred in the dark for 0.5 h 
and the headspace of the reactor was degasified with nitrogen for 1 h. 
Finally, the reactor was irradiated at 10 ◦C for 1 h and then, the modified 
powder was centrifuged (6000 rpm, 10 min) and dried at 60 ◦C over-
night under atmospheric pressure. 

2.4. Photocatalytic performance 

A cylindrical quartz reactor was charged with the photocatalyst 
(dose 1.25 g/L) and one type of aqueous electrolyte simultaneously and 
then tightly closed with a silicone septum. The suspension was stirred at 
700 rpm and a constant temperature of 10 ◦C. For the first 0.5 h, the 
process was run without irradiation to establish an adsorption- 
desorption equilibrium between the photocatalyst and the solution, 

and the headspace was purged with nitrogen. Then, a reference gaseous 
sample was collected using a syringe and analyzed. The system was 
subsequently irradiated by a 1000-W Xe lamp (Oriel), and control 
samples were collected every hour. The total irradiation time was 4 h 
and the hydrogen content of the collected air samples was determined 
using a gas chromatograph equipped with a Thermal Conductivity De-
tector. To compare the stability of the perovskites during photocatalytic 
performance, two different electrolytes were used. The first electrolyte, 
which was established using 10 vol% MeOH aqueous solution and the 
second electrolyte was formed by creating a HI/H3PO2 (v/v; 4/1) satu-
rated solution of an individual perovskite and then filtrated thought 
syringe filter. Both electrolytes were used as reaction media to check the 
photoactivity and stability of single perovskite Cs3Bi2I9 under UV–Vis 
light. Because of the weak stability of the halide perovskite structure in 
aqueous methanolic solution, the most active single perovskite Cs3Bi2I9 
was also tested under visible light (a long-pass filter with a cut-off of 420 
nm was employed) in the HI/H3PO2 electrolyte. To achieve even higher 
photoactivity under visible light, we attempted to experimentally create 
double perovskites with A–cations as Cs (Cs2AgBiI6, Cs2AuBiI6, Cs2In-
BiI6, Cs2CuBiI6) and determine their activity under visible light irradi-
ation in a HI/H3PO2 electrolyte in the same manner as above. 

The most active sample, Cs2AuBiI6/0.5% Pt, was also tested in a 
long-term stability test under visible light (>420 nm) in HI/H3PO2 
electrolyte for 16 h, with gaseous samples collected every 1 h and 
immediately analyzed using GC/TCD. 

3. Results and discussion 

3.1. Morphology 

Comprehensive SEM microscopic analysis of the obtained photo-
catalysts was performed to reveal the characteristic morphological fea-
tures and differences between the samples. Fig. 2 shows the SEM images 
of all synthesized single perovskites A3Bi2I9 type, where A – Cs (Fig. 2 a- 
c), Rb (Fig. 2 d-f), MA (Fig. 2 g), and FA (Fig. 2 h). In the case of 
morphology, the most regular shape of the particles was formed by the 
Cs3Bi2I9 perovskite. Fig. 2 a-c shows flattened hexagonal prisms of 
different sizes, characteristic of this compound [50,51]. However, 
Rb3Bi2I9 particles (Fig. 2 d-f) formed irregular aggregated shapes with 
characteristic sharp elements. The SEM images of MA3BI2I9 and FA3Bi2I9 
(Fig. 1 g and h, respectively) show irregular structures of aggregated 

Fig. 1. Scheme of single halide perovskites A3Bi2I9 type and Cs2B’BiI6 sample preparation route via the LARP technique.  

Table 1 
Obtained Cs3Bi2X9 and the type and concentration of precursors used in the 
synthesis.  

Sample label Type of precursor Amounts of precursor (mmol) 

Cs3Bi2I9 
CsI 2.00 
BiI3 1.34 

Rb3Bi2I9 
RbI 2.00 
BiI3 1.34 

MA3Bi2I9 
MAI 2.00 
BiI3 1.34 

FA3Bi2I9 
FAI 2.00 
BiI3 1.34 

Cs2AgBiI6 

CsI 2.00 
AgI 1.00 
BiI3 1.00 

Cs2AuBiI6 

CsI 2.00 
AuI 1.00 
BiI3 1.00 

Cs2InBiI6 

CsI 2.00 
InI 1.00 
BiI3 1.00 

Cs2CuBiI6 

CsI 2.00 
CuI 1.00 
BiI3 1.00  
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particles. Thus, the SEM images of single perovskites revealed differ-
ences in morphology according to the change in the A-cation in the 
A3Bi2I9 general formula. 

Fig. 3 shows the SEM images of Cs2AgBiI6 (a, b), Cs2AuBiI6 (c, d), 
Cs2InBiI6 (e), and Cs2CuBiI6 (f). The introduction of an additional cation 
source (B′ = Ag+, Au+, In+ or Cu+) into the synthesis of Cs3Bi2I9 caused 
significant changes in morphology. No samples showed visible hexag-
onal particles; however, for modification by Ag cations (Cs2AgBiI6), 
microrods with sticky fine particles formed (Fig. 3 a, b). No character-
istic morphological features were identified for the remaining samples: 
Cs2AuBiI6, Cs2InBiI6, and Cs2CuBiI6. The structures shown in Fig. 3 (c-f) 
are similar; the observed particles are different in size, irregular in 
shape, and aggregated. The observed aggregation of particles also 
resulted in a decrease in the specific surface area (Table S1 in Supporting 

Information). 

3.2. XRD 

Fig. 4 presents the powder X-ray diffraction (pXRD) patterns of the 
A3Bi2I9 type samples, where A = Cs, Rb, MA, and FA. The red solid line 
in Fig. 4 is the profile fit (LeBail) and the green vertical marks show the 
expected Bragg reflections for each model. The refined lattice parame-
ters are listed in Table 2 and are in agreement with those reported in the 
literature for Cs3Bi2I9 [48], Rb3Bi2I9 [52], MA3Bi2I9 [53], and FA3Bi2I9 
[54], confirming successful synthesis. 

Notably, Cs3Bi2I9, MA3Bi2I9, and FA3Bi2I9 samples formed in the 
same hexagonal crystal structure (P63/mmc), except for Rb3Bi2I9 which 
formed in monoclinic (P21/c). 

Fig. 2. SEM images of single perovskites: (a-c) Cs3Bi2I9, (d-f) Rb3Bi2I9, g) MA3Bi2I9 and h) FA3Bi2I9.  
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For the most photoactive sample, Cs3Bi2I9, for the first time, we 
attempted to introduce metallic cations (Ag, Au, In, Cu) into the struc-
ture to form a double perovskite. The series of patterns shown in Fig. 5 
presents the pXRD data for the samples labeled Cs2AgBiI6, Cs2AuBiI6, 
Cs2InBiI6, and Cs2CuBiI6. 

In the case of the above four samples, we recognized reflections 
characterized by the Cs3Bi2I9 hexagonal phase as the dominant phase, 
and an additional crystal phase for each. None of these indicated the 
presence of a double iodo-perovskite structure. The samples labeled 
Cs2AgBiI6 and Cs2CuBiI6 additional crystalline phases indicate the 
presence of CsAg2I3 [55] and CsCu2I3, respectively. The XRD pattern of 
Cs2AuBiI6 confirmed the presence of an Cs3IO additional phase and the 
pattern of Cs2InBiI6 revealed reflections corresponding to the presence 
of a small quantity of CsI crystals as the synthesis residue. Unfortunately, 
the results obtained for Cs2AuBiI6 and Cs2InBiI6 did not confirm the 
presence of Au-and In-based compounds. This phenomenon can be 
observed in the appearance of metallic species of gold and indium over 
these photocatalysts (see XPS results, Fig. 7). 

Additionally, for the most photoactive single perovskite under both 
UV–Vis and Vis light in 10% MeOH and HI/H3PO2 electrolytes, XRD and 
SEM analyses were performed for the powder after photocatalytic per-
formance to determine the influence of each type of electrolyte on the 
stability of the perovskites. The results are detailed in SI (see Fig. S1). 

3.3. Optical properties 

To analyze the optical properties of the obtained materials, the ab-
sorption and emission spectra were measured in the ranges of 300–700 
and 300–800 nm, respectively. All recorded absorption and emission 
spectra are presented in Figs. 6 a and b. Each of the prepared photo-
catalysts exhibited absorption bands nearly in the same region up to 
approximately 600 nm and each had a characteristic peak corresponding 
to the n = 1 excitonic transition (at around 483–486 nm; with one 
exception at 467 nm for the weak transition peak belonging to the 
Rb3Bi2I9 absorption band). This phenomenon is characteristic of 
bismuth-based iodo-perovskite structures [48,56,57]. Based on the 
measured absorption spectra, the energy BGs of all pristine in-phase 
samples were calculated according to Eq. (1): 

[F(R)hν ]n = A(hν–Eg) (1)  

where hν is the photon energy, A is the proportionality constant, Eg is 
the width of the BG, n = 2 for a direct transition or 1/2 for an indirect 
transition, and F(R) is the Kubelka–Munk function. The obtained results 
are presented in Fig. 6 c–d. The BGs widths were estimated by extrap-
olating the linear region. Such an analysis was performed only for 
pristine semiconductors [38]; thus, according to the XRD results (Figs. 4 
and 5), the Kubelka–Munk function was designated only for Cs3Bi2I9, 

Fig. 3. SEM images of (a, b) Cs2AgBiI6, (c, d) Cs2AuBiI6, e) Cs2InBiI6 and f) Cs2CuBiI6.  
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Rb3Bi2I9, MA3Bi2I9, and FA3Bi2I9. Moreover, the geometric mean total 
Mulliken’s absolute electronegativity for each pristine perovskite was 
calculated and then it was possible to determine the edge potentials of 
the valence and conduction bands (using Butler and Ginley’s relation-
ship). The calculations of the CB and VB using this method are presented 
in detail in the SI and the data obtained are presented in Table 3. All the 
samples exhibited narrowband characteristics and the widths of their 
BGs were similar. This finding means that the band gap width of the 
same group of Bi-based halide perovskites strictly depends on the type of 
halogen, less than cation A. Moreover, the calculated direct BGs for each 

pristine perovskite were slightly higher than those of the indirect analog. 
The literature indicates that Bi-based halide perovskites are mainly 

endowed with an indirect BG because of the gap in proving the existence 
of a direct BG [56,57] but it is possible to identify the specific direct 
nature of electronic transitions in Cs3Bi2X9 perovskites [48,58]. In this 
work, to improve the double-fold nature of Bi-based perovskite BGs and 
to characterize their luminescence features, PL spectra were recorded 
and are shown in Fig. 6 b. It is clear that the PL profiles for each sample 
exhibit two different maxima of luminescence, which are affected by the 
recombination process. The slightly higher PL band at approximately 
380 nm corresponds to the intermediate electron transition and the 
second band at approximately 660 nm and lower intensity (affected by 
longer relaxation time) indicated a direct excitonic transition. There-
fore, we proved that the BG values of the obtained samples were two- 
fold. In addition, in the recorded spectra, the highest luminescence 
ability was observed for MA3Bi2I9, in contrast to Cs2InBiI6, whose 
luminescence intensity was negligible. 

3.4. XPS 

The elemental composition in the surface region of both types of 
materials, A3Bi2I9 (A = Cs, Rb, MA, FA) and Cs2B’BiI6 (B′ = Ag, Au, In, 
Cu), was evaluated via XPS (see Table 4). 

Fig. 7 shows the high-resolution (HR) XPS spectra of the elements 
detected in the single perovskites. The chemical characteristics of the 
elements are shown in Fig. 7. The Cs 3d [48,59], Rb3d [59,60], Bi 4f 

Fig. 4. Powder x-ray diffraction patterns for A3Bi2I9 (where A = Cs, Rb, MA, 
and FA) samples. Experimental data are shown by blue x’s symbols. The 
calculated profile and expected Bragg reflections are represented by a red line 
and green vertical ticks. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 2 
Refined lattice parameters for Cs3Bi2Cl9, Rb3Bi2Br9, MA3Bi2I9, and FA3Bi2I9 
samples.  

Sample 
label 

a (Å) b (Å) c (Å) β (◦) Crystal structure 

Cs3Bi2I9 
8.4169 
(2) – 

21.205 
(1) – 

Hex. s.g. P63/mmc 
(#194) 

Rb3Bi2I9 
14.611 
(1) 

8.1720 
(6) 

20.917 
(2) 

91.6 
Mono. s.g. P21/c 
(#14) 

MA3Bi2I9 
8.5770 
(2) 

– 
21.744 
(1) 

– 
Hex. s.g. P63/mmc 
(#194) 

FA3Bi2I9 
8.7631 
(2) 

– 
22.113 
(1) 

– 
Hex. s.g. P63/mmc 
(#194)  

Fig. 5. Powder X-ray diffraction patterns for Cs2AgBiI6, Cs2AuBiI6, Cs2InBiI6, 
and Cs2CuBiI6 samples. Experimental data are shown by blue x’s symbols. The 
calculated profile and expected Bragg reflections of all identified phases are 
represented by a red line and different colour vertical ticks depends on phase. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 6. a) UV–Vis/diffuse reflectance spectra; b) PL spectra (λex = 330 nm) of all obtained photocatalysts; c,d) transformed Kubelka–Munk (from diffuse reflectance 
spectra) function vs. photon energy determining the direct (c) and indirect (d) band gap width of pristine perovskites (Cs3Bi2I9, Rb3Bi2I9, MA3Bi2I9 and FA3Bi2I9). 

Table 3 
Calculated values of direct and indirect band gap widths and edges potentials of conduction and valence bands of the prepared semiconductors.  

Semiconductor Width of indirect 
band gap (eV) 

Width of direct 
band gap (eV) 

Edge of a CB based on the 
indirect band gap (V) 

Edge of a VB based on the 
indirect band gap (V) 

Edge of a CB based on the 
direct band gap (V) 

Edge of a VB based on the 
direct band gap (V) 

Cs3Bi2I9 2.04 2.20 − 0.58 1.46 − 0.66 1.54 
Rb3Bi2I9 2.12 2.25 − 0.55 1.57 − 0.61 1.64 
MA3Bi2I9 2.06 2.19 1.24 3.30 1.17 3.36 
FA3Bi2I9 2.03 2.17 1.26 3.29 1.19 3.36  

Table 4 
Elemental contents in the surface layer of A3Bi2I9 (A = Cs, Rb, MA, FA) and Cs2MBiI6 (M = Ag, Au, In, Cu) samples evaluated by XPS.   

Elemental composition (atomic%.) Atomic ratios 

Sample label Cs Bi I C O Rb N Ag Au In Cu Pt A/Bi M/Bi I/Bi 

Cs3Bi2I9 3.27 3.36 7.78 80.41 5.18 0 0 0 0 0 0 0 0.97 – 2.32 
Rb3Bi2I9 0 18.24 17.56 44.59 7.42 12.19 0 0 0 0 0 0 0.67 – 0.96 
MA3Bi2I9 * 0 17.45 18.67 50.69 5.50 0 7.69 0 0 0 0 0 0.44 – 1.07 
FA3Bi2I9 ** 0 11.40 17.41 52.91 7.13 0 11.15 0 0 0 0 0 0.98 – 1.53 
Cs2AgBiI6 5.88 6.22 15.81 66.04 4.93 0 0 1.12 0 0 0 0 – 0.180 2.54 
Cs2AuBiI6 5.03 6.50 13.05 70.69 4.42 0 0 0 0.31 0 0 0 – 0.048 2.01 
Cs2InBiI6 5.52 11.53 14.35 62.83 5.48 0 0 0 0 0.30 0 0 – 0.026 1.24 
Cs2CuBiI6 1.16 1.41 3.14 91.14 2.44 0 0 0 0 0 0.71 0 – 0.504 2.23 
Cs2AuBiI6 / 0.5% Pt 8.84 19.16 23.30 40.53 7.62 0 0 0 0.34 0 0 0.22 – 0.018 1.22  

* MA = methylammonium cation. 
** FA = formamidinium cation. 
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[48,59], and I 3d [48,59] spectra identified Cs, Rb, Bi, and I in the 
Cs3Bi2I9 and Rb3Bi2I9 samples. The C 1 s and N 1 s spectra confirmed the 
successful synthesis of MA3Bi2I9 and FA3Bi2I9 perovskites using MA and 
FA cations. The C1s and N 1 s signals located at BE of 286.1 and 402.1 
eV, respectively, agree well with the corresponding data reported for 
other perovskites with methylamine [61,62]. In contrast, the relatively 
large contribution of the C–N fraction in the C 1 s spectrum (BE of 
288.4 eV) and the position of the N 1 s peak (BE of 400.6 eV) attest to the 
synthesis of the FA3Bi2I9 sample involving the formamidinium cation 
[63]. 

Fig. 8 presents the HR spectra of the metallic cations (Ag, Au, In, Cu, 
and Pt) used to form Cs2B’BiI6 samples and for the modification of 
Cs2AuBiI6 by Pt. The Ag 3d spectrum (a) confirms the presence of Ag+1 

[59] in the surface area of Cs2AgBiI6. The Au 4f spectrum of Cs2AgBiI6 
(b) reveals two chemical states of Au, formed by 4f7/2 and 4f5/2 spin- 
orbit splitting components, with an intensity ratio of 4:3 and sepa-
rated by 3.67 eV. The first state, at the BE of Au4f7/2 close to 83.7 eV, is 
attributed to Au+1 and the second state (Au4f7/2 at 85.8 eV) to Au+3 

components [64]. The In 3d spectrum of Cs2InBiI6 (c) overlaps with the 
Bi 4d5/2 signal, but after deconvolution, it indicates the presence of In3+

surface species [59]. The Cu 2p spectrum of the Cs2CuBiI6 (d) coincides 
with Bi 4 s, In 3p1/2, and Cs MNN signals. After deconvolution, we 
identified the Cu 2p spectral features characteristic of the Cu1+ species 
[65]. To identify the Pt in the most active sample, Cs2AuBiI6/0.5% Pt, 
we analyzed the Pt 4d spectrum (e). The Pt 4d5/2 signal positioned at 
317.0 eV confirmed the presence of Pt2+ surface species [59]. 

The inspection of the XPS data in Table 4 clearly shows that the 

atomic ratios A/Bi and B′/Bi, which are related to the obtained materials 
A3Bi2I9 (A = Cs, Rb, MA, FA) and Cs2B’BiI6 (B′ = Ag, Au, In, Cu), 
respectively, are much lower than the corresponding stoichiometric 
ratios for A3Bi2I9 and Cs2B’BiI6 (A/Bi = 1.5 and B′/Bi = 1). Moreover, 
the I/Bi atomic ratios for all samples were much lower than the corre-
sponding stoichiometric ratios for A3Bi2I9 and Cs2B’BiI6 (I/Bi = 4.5 and 
6, respectively). This indicates a higher surface concentration of other Bi 
species, probably BiOx or In(OH)x. 

3.5. Photocatalytic activity 

The photoactivity of all the obtained samples was estimated ac-
cording to the photocatalytic generation of hydrogen molecules under 
UV–Vis and Vis irradiation. In the first step, single perovskites A3Bi2I9 
type (where A = Cs, Rb, MA, FA) were tested under UV–Vis light in two 
different electrolytes, aqueous methanolic solution and HI/H3PO2 
electrolyte. The obtained results are shown in Fig. 9 a, b, respectively. In 
both cases, we observed the same relationship in activity, independent 
of the electrolyte, in the following order: Cs3Bi2I9 > Rb3Bi2I9 >

MA3Bi2I9 > FA3Bi2I9. Thus, in both cases the highest activity was 
exhibited by Cs3Bi2I9 perovskite. After 4 h of irradiation, around 35.5 
μmol/gcat. and 2304 μmol/gcat. was obtained in the reaction over the 
Cs3Bi2I9 photocatalyst under UV–Vis light in 10% MeOH and HI/H3PO2 
electrolytes, respectively. There was also higher photolysis to form H2 
molecules in the absence of a photocatalyst for the acidic electrolyte 
(0.6 μmol/gcat.) compared with the methanolic solution (0.008 μmol/ 
gcat.) after 4 h of irradiation. In addition, each of the single perovskites 

Fig. 7. High resolution Cs 3d, Bi4f, I 3d, C 1 s and N 1 s spectra recorded on the single perovskites A3Bi2I9 (A = Cs, Rb, MA, FA).  
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was tested in the same reaction in both electrolytes under visible light 
using a cut-off optical filter (>420 nm). None of the samples showed 
photoactivity under visible-light irradiation in the 10% MeOH electro-
lyte, and the process with only Cs3Bi2I9 perovskite in the HI/H3PO2 
electrolyte achieved 10.5 μmol/gcat. Furthermore, no photolysis of 
either electrolyte was observed in the visible light field. 

Thus, to estimate the stability of the Cs3Bi2I9 sample during the 
process in each electrolyte, the powder after reaction under UV–Vis in 
two different electrolytes was centrifuged, dried, and re-examined by 
XRD and SEM analyses. The results are presented in SI (see Fig. S1) and 
demonstrated that the almost 36 times higher activity of the Cs3Bi2I9 
sample in the HI/H3PO2 electrolyte compared to the methanolic solution 
was affected, among other things, by its increased stability in this 
environment. 

To achieve even higher activity under visible light over the Cs3Bi2I9 
sample, an attempt was made to obtain novel double perovskite struc-
tures by introducing an admixture of a foreign cation (Ag, Au, In, or Cu) 

at the synthesis stage. These chemical elements were chosen based on 
literature reports, which were mainly theoretical studies on the possi-
bility of the existence of perovskite connections and their thermody-
namic stability [44–47]. Thus, the introduction of foreign ions should 
create additional electron states, thereby increasing the light absorption 
capacity and mobility of photoinduced charges while promoting the 
inhibition of the recombination process. Furthermore, noble metals such 
as gold or silver can create a surface plasmon resonance (SPR) effect 
[66–68], collecting electrons on the surface of the photocatalyst which 
are responsible for reducing the release of hydrogen during the photo-
catalytic process. The choice of indium can also be justified by its rela-
tively low price, multiple oxidation states (In0, In+1, In+3), low toxicity, 
and higher trapping and mobility of electrons [69,70]. Copper, similar 
to indium, can occur during the photocatalytic reaction in three 
different oxidation states (Cu0, Cu+1, Cu+2). However, past reports have 
shown that Cu1+ and mixed Cu1+/Cu0 cause defects, such as oxygen 
vacancies, which promote reduction reactions. Moreover, these pairs 

Fig. 8. XPS High resolution Ag 3d (a), Au 4f (b), In 2d (c) and Cu 2p spectra recorded on the double perovskites A3Bi2I9 (A = Cs, Rb, MA, FA). Below the Pt 4d (e) 
spectrum recorded on the Cs2AuBiI6/0.5% Pt sample is presented. 
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facilitate the capture and trapping of electrons and holes in various lo-
cations [71,72]. 

Thus, according to our procedure, the as-obtained samples were 
examined under visible light in a HI/H3PO2 electrolyte and the results of 
photoactivity are shown in Fig. 10 a. The highest activity was achieved 
by Cs2AuBiI6 (84.5 μmol/gcat.) and the lowest by Cs2InBiI6, which 
exhibited negligible activity (4.3 μmol/gcat.). Then, Cs2AuBiI6 photo-
catalysts were modified with 0.5% Pt and tested again in a prolonged 
process from 4 to 16 h of irradiation. The obtained results are shown in 
Fig. 10 b. Modification of Cs2AuBiI6 by platinum caused an increase in 
activity from 84.5 to 105.4 μmol/gcat. after 4 h and 222.3 μmol/gcat. after 
16 h of visible light irradiation. 

According to the XRD results (Fig. 5), the increase in the photo-
activity of the Cs2AuBiI6 sample was probably related to the formation of 
a composite consisting of Cs3Bi2I9 and Cs3IO. 

3.6. Mechanism of photocatalytic reaction 

None of the double perovskite structures were successfully obtained; 
therefore, the mechanism of photocatalytic reaction for Cs3Bi2I9 single 
perovskite (in two different electrolytes) was proposed and shown in 

Fig. 11. During photocatalytic experiments over Cs3Bi2I9 perovskite, as a 
narrowband semiconductor (BG ⁓ 2.04 eV), it can be photoexcited in 
the field of visible light and generate e− -h+ pairs. The photogenerated 
electrons were transported to the CB of this semiconductor about redox 
potential value around − 0.58 V, and thus the reduction reactions were 
possible to generate hydrogen molecules. In the first case, a methanolic 
aqueous solution was used as the reaction medium and the proposed 
mechanism of the process is illustrated in Fig. 11 a. Methanol plays a key 
role in preventing the oxidation of holes in the VB of Cs3Bi2I9, which 
normally leads to the oxidation of water molecules to produce oxygen. 
However, oxygen molecules can react with hydrogen, thereby reversing 
this reaction. MeOH in the reaction medium reacts with the holes to 
form oxidized products such as formic acid, formaldehyde, carbon ox-
ides, and even hydrogen gas [73,74]. This reaction is called methanol 
photoreforming [73]. By examining the powder after the reaction, we 
proved that the oxidation of the iodo-based perovskite photocatalyst to 
form the BiOI structure also takes place in this environment (see Fig. S1). 

In the second case, hydroiodic acid with hypophosphorus acid (as the 
stabilizer) was used as the medium for the photocatalytic process (see 
Fig. 11 b). The oxidizing effect of the holes was used to oxidize iodide 
(I‾) to triiodide anions (I3‾), which can be consumed by H3PO2 

Fig. 9. Photocatalytic hydrogen evolution a) under UV–Vis light with the presence of A3Bi2I9 perovskites in 10% MeOH electrolyte; b) under UV–Vis light with the 
presence of A3Bi2I9 perovskites in HI/H3PO2 electrolyte and c) efficiency of the process under Vis light (>420 nm) with the presence of Cs3Bi2I9 in HI/H3PO2 
electrolyte. 

M. Miodyńska et al.                                                                                                                                                                                                                            

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Catalysis Communications 177 (2023) 106656

11

[25,29,75]. The application of this approach allows for the effective 
separation of photogenerated charges and thus the achievement of 
higher process efficiency with the use of the same photocatalyst. 
Moreover, the electrolyte used increased the stability of the Cs3Bi2I9 
photocatalyst (Fig. S1). 

However, the photocatalytic mechanism in two different electrolytes 
was presented for a single halide perovskite Cs3Bi2I9 because the sample 
that showed the highest activity was difficult to identify (sample label 
Cs2AuBiI6). Based on the results of the XRD analysis, two crystalline 
phases were identified: the dominant phase from the Cs3Bi2I9 single 
perovskite and a small contribution from the Cs3IO phase. In contrast, 
XPS identified the cations of gold in the +1 and + 3 states of oxidation. 
Thus, the phenomenon of the highest activity is probably due to the 
combination of two crystalline phases, Cs3Bi2I9 and Cs3IO, as well as the 
presence of gold ions on the surface, which in the course of irradiation 
can be reduced to metallic gold, showing SPR [66–68]. Moreover, the 
connection of the two semiconductors enables the transport of photo-
generated charges between them, thus inhibiting the recombination 
process. However, the mechanism for the sample Cs2AuBiI6 has not been 
presented in this scheme because the potential of the valence and con-
duction bands for one of the components, Cs3IO, is not known. Hence, it 
is conjectured that Cs3IO (similar to other compounds in this group: 

alkali-metal halide oxides M3XO (M = K, Rb, Cs; X = Cl, Br, I) [76]) 
belongs to narrow-band semiconductors and, combined with Cs3Bi2I9, 
both can be excited by the energy of the visible region. 

4. Conclusion 

In this work, we successfully obtained four single Bi-based iodo-pe-
rovskites with different A cations (A3Bi2I9 where A means Cs, Rb, MA 
and FA) and, after a comprehensive study of their properties, deter-
mined their photocatalytic properties in reaction of hydrogen evolution 
in two different electrolytes: aqueous methanolic solution and HI/ 
H3PO2 electrolyte. For two of these perovskites, Rb3Bi2I9 and FA3Bi2I9, 
the photocatalytic ability was estimated for the first time and were 
found to be active under UV–Vis light. After 4 h of reaction with the 
presence of these two perovskites, the efficiency of hydrogen evolution 
was 31.7 and 20.09 μmol/gcat. in MeOH electrolyte and 481.55 and 
161.81 μmol/gcat. in HI/H3PO2 electrolyte. Nevertheless, none of the 
obtained single perovskites were active under visible light, except for 
Cs3Bi2I9. The efficiency of hydrogen evolution over this photocatalyst 
under UV–Vis irradiation was determined as 35.47 and 2304.12 μmol/ 
gcat. in the methanolic solution and HI/H3PO2 electrolyte, respectively, 
and, under visible light, 10.46 μmol/gcat. in HI/H3PO2 solution. 

Fig. 10. Photocatalytic hydrogen evolution a) under Vis light (>420 nm) with the presence of Cs2B’BiI6 photocatalysts (where B′ = Ag, Au, In or Cu) in HI/H3PO2 
electrolyte, and b) under Vis light (>420 nm) with the presence of Cs2AuBiI6 modified with 0.5% Pt in HI/H3PO2 electrolyte in prolonging up to 16 h process. 

Fig. 11. Schematic illustration of the photocatalytic performance to hydrogen evolution over Cs3Bi2I9 photocatalyst under visible light (λ > 420 nm) irradiation in 
two different electrolytes a) 10% MeOH and b) HI/H3PO2 solution. 
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Furthermore, our in-depth analysis of the sample after the photoactivity 
performance proved the destructive effect of the aqueous environment 
on the perovskite and the high stability in contact with the HI solution. 
These results provide a better understanding of the reactions and hope 
for the effective application of such materials in real-world conditions 
using natural solar irradiation sources. 

Because the structure of a single perovskite with Cs cations (in 
A3Bi2I9 type) proved to be the most promising photocatalyst, for the first 
time and inspired by theoretical research [43–47], we attempted to 
experimentally obtain double Cs2B’BiI6 type perovskites (where B′

means Ag, Au, In, or Cu). Unfortunately, it was not possible to obtain 
double perovskites of this type; instead, a single perovskite, Cs3Bi2I9, 
and an additional crystal phase were obtained. Within this group, the 
sample with the highest photoactivity was Cs2AuBiI6, which was a 
composite of Cs3Bi2I9 and Cs3IO. In addition to the identification of 
phases with XRD analysis, XPS also showed the presence of gold in the 
+3 and + 1 states in that sample. Thus, our results clearly demonstrate 
that the proposed double perovskite structure of the Cs2B’BiI6 type 
(where B′ indicates Ag, Au, In, or Cu) cannot exist under normal con-
ditions because of their decompositive nature [55,77]. However, the as- 
fabricated composite (Cs3Bi2I9/Cs3IO) proved to be the most active 
among all the photocatalysts tested in this work, achieving approxi-
mately 84.52 and 105.38 μmol/gcat. efficiencies of H2 production after 4 
h of reaction with and without Pt modification in the HI/H3PO2 elec-
trolyte, respectively. 
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