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Extending lead-free hybrid photovoltaic materials
to new structures: thiazolium, aminothiazolium
and imidazolium iodobismuthates†

Tianyue Li, ‡a Qifei Wang,‡b Gary S. Nichol, a Carole A. Morrison, a

Hongwei Han, b Yue Hu *b and Neil Robertson *a

We report on the synthesis, crystal structures, optoelectronic properties and solar cell device studies of

three novel organic–inorganic iodobismuthates – [C3H4NS]3[Bi2I9] ([TH]3[Bi2I9]), [C3H4N2]3[Bi2I9]

([IM]3[Bi2I9]) and [C3H5N2S][BiI4] ([AT][BiI4]) as lead-free light harvesters. [TH]3[Bi2I9] and [IM]3[Bi2I9] show

zero-dimensional structures, whereas a one-dimensional edge-sharing chain structure of BiI6-octahedra

was observed in [AT][BiI4], with interchain short I⋯I contacts also giving rise to the possibility of three-

dimensional charge transport ability. Accordingly, greater energy dispersion in the band structure of

[AT][BiI4] can be observed, and less contribution from the organic moities at the conduction band

minimum in [AT][BiI4] than [TH]3[Bi2I9] have been confirmed by density functional theory calculations.

Moreover, bandgap values are redshifted from 2.08 eV for [TH]3[Bi2I9] and 2.00 eV for [IM]3[Bi2I9] to 1.78

eV for [AT][BiI4], determined by UV-Vis reflectance spectroscopy. Power conversion efficiency of 0.47%

has been achieved by using ([AT][BiI4]) as the light absorber in a hole-conductor-free, fully printable solar

cell, with relatively good reproducibility. We also note the observation of a capacitance effect for the first

time in a photovoltaic device with bismuth-based solar absorber, which may be related to the meso-

porous carbon counter-electrode.

Introduction

Photovoltaic (PV) devices based on hybrid lead halide perovs-
kite materials have been extensively studied with merits
including low cost,1 high absorption coefficient,2 small exciton
binding energy,3,4 long charge carrier diffusion length,5,6 and
commercial scalability.7,8 In the last few years, the power con-
version efficiency (PCE) of lead perovskite solar cells soared
from 3.9% (ref. 9) in 2013 to over 22% today,10 as well as much
increased stability under humidity and oxygen.11–14 In
addition, lead-halide perovskites have also been studied in

other devices including capacitors,15 batteries16 and the inte-
gration of a solar cell and supercapacitor.17 However, one
intrinsic limitation of these perovskite materials is the toxicity
of lead, which raises environmental and health concerns and
thus hinders future large-scale implementation.18,19 Recently,
studies on lead-free metal–halide PV materials have attracted
lots of attention. Moving upwards from Pb in the periodic
table, tin-perovskites including CH3NH3SnX3 (X = Cl, Br, I) and
Cs3SnX3 (X = Br, I) have been studied, with more than 6% PCE
achieved in a solar cell.20–24 However, their future applications
are limited because of their extreme sensitivity to air, owing to
the fast oxidation from Sn2+ to the more stable Sn4+. Shifting
to the right of Pb is the element bismuth, which is the least
toxic heavy metal and also adopts a 6S2 electronic configur-
ation in the common Bi(III) state, analogous to Pb(II).
Photovoltaic effects of bismuth-halide materials as light har-
vesters have been confirmed, with much increased stability
compared to lead-based absorbers.25–27 Great diversity among
the anionic structures of iodobismuthates can be found.
Among them, zero-dimensional (0D) [Bi2I9]

3− complexes have
been extensively studied as potential PV materials,28–30 with
organic [CH3NH3]

+ and inorganic cations Cs+. However, with
the notable exceptions of Cs3Bi2I9 (which exceeds 1.09%
PCE30) and high-vacuum deposition of [CH3NH3][Bi2I9] (with
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1.64% PCE31), PCEs are normally reported around 0.2–0.3%
for such 0D materials.32,33 One possible reason for this is that
the iodobismuthates are built from discrete Bi/I binuclear
anions with low structural and electronic dimensionality,
which leads to limited charge carrier transport.34 Attempts to
increase the dimensionality have been made by investigating
A2MBiX6 (M = Ag, K, Na, etc.) bismuth-based double perovskite
materials.35–40 Devices based on this structural type have
reached efficiencies of more than 2% so far.35 However, theore-
tical studies prove that the Ag(I) and Bi(III) combination leads
to indirect wide bandgap materials, suggesting the double-per-
ovskite motif may be limited for PV applications.37 An
extended inorganic iodobismuthate network can be achieved
by adopting 1D chain structures, including [BiI4

−]n and
[BiI5

2−]n.
41,42 In our own work, solar cells with 1D iodobis-

muthates as light absorbers have achieved 0.90% using
organic–inorganic [C5H6N][BiI4].

43 Recently, inorganic silver
bismuth iodide materials have shown promise as solar absor-
bers, with PCE of 4.3% achieved by Ag3BiI6, which belongs to
the rudorffite family.44 In addition, low dimensional
[CH3NH3][Bi2I9] shows promise as a capacitor material,45 with
much higher capacitance achieved compared with the capaci-
tor employing 3D lead-halide perovskite.15

In this work, 0D organic–inorganic bismuth-halide
materials thiazolium bismuth iodide [TH]3[Bi2I9], imidazolium
bismuth iodide [IM]3[Bi2I9] and 1D 2-aminothiazolium
bismuth iodide [AT][BiI4] have been synthesised and studied
as crystalline materials, as thin-films, and in solar cell devices.
Involvement of bismuth 6p orbitals and iodide 5p orbitals of
[AT][BiI4] in the conduction band minimum has been compu-
tationally proven, with higher dispersions at the band edges.
More interestingly, the bandgap value of [AT][BiI4] has red-
shifted to 1.78 eV compared to [TH]3[Bi2I9], and we also
observe increased thermostability of the materials when pre-
sented as thin-films. Cost effective solar cells with a carbon
counter electrode and fabricated with [AT][BiI4] as the light
absorber have led to PCE of 0.47%, with good reproducibility.
Interestingly, an unexpected capacitance effect has also been
observed in the device, which opens up the possibility to con-
sider [AT][BiI4] as a lead-free candidate in solar energy conver-
sion/storage integration devices. In this study, we demonstrate
the crucial role of the cationic entity in determining the
characteristics of these new materials.

Results and discussion
Crystal structures and intermolecular interactions

[TH]3[Bi2I9] and [AT][BiI4] were both crystalized in the ortho-
rhombic crystal system with space group Pbcm and Pbca. The
main crystallographic data of both compounds are shown in
Table 1, with more detailed information on bond angles and
bond distances available in Tables S1–S4.† The crystal struc-
ture of [IM]3[Bi2I9] has been previously reported by Węcławik
et al.,46 and adopts an isomorphous structure to [TH]3[Bi2I9].
As indicated earlier, hybrid iodobismuthate compounds fea-

turing [Bi2I9]
3− and [BiI4]

− motifs can be commonly found in
the literature. For both [TH]3[Bi2I9] and [AT][BiI4], The Bi–I dis-
tances observed here show no significant difference to other
studies.47,48

In [TH]3[Bi2I9], one of the thiazolium cations and the
[Bi2I9]

3− unit lie on a crystallographic mirror plane. In the case
of the disordered thiazolium ring, the nitrogen and sulfur
atoms are interchangeable by substitutional disorder. Fig. 1a
shows the schematic picture of the major part (occupancy
factors > 0.66) of the disordered crystal. Similarly, highly dis-
ordered imidazolium cations were found in both high tem-
perature and low temperature crystal phases of [IM]3[Bi2I9],
with a high temperature phase of hexagonalP63/mmc and low
temperature space group of orthorhombic Cmcm space group.
In the unit cell of [TH]3[Bi2I9], two BiI3 fragments are linked by
three iodine atoms to form the binuclear anionic units, with
hydrogen bonding interactions to the neighbouring thiazolium
rings (Fig. S1†). The Bi–I (bridging) distances range from
3.2354(12) Å to 3.2758(12) Å, which are longer than that of
terminal Bi–I, ranging from 2.9585(12) Å to 2.9624(12) Å. This
slight distortion probably originates from the repulsion of
bismuth atoms in the binuclear species. The packing of the
thiazolium rings is shown in Fig. S2,† where the ring plane
forms layers parallel to (1 2 0) and (−1 2 0) lattice planes. In
both [TH]3[Bi2I9] and [IM]3[Bi2I9], only hydrogen bonding

Table 1 Crystallographic data for [TH]3[Bi2I9] (C9H12Bi2I9N3S3) and
[AT][BiI4] (C3H5BiI4N2S)

Formula C9H12Bi2I9N3S3 C3H5BiI4N2S
Dcalc/g cm−3 3.598 4.064
μ/mm−1 18.937 22.546
Formula weight 1818.46 819.77
Crystal system Orthorhombic Orthorhombic
Space group Pbcm Pbca
a/Å 9.8257(2) 18.5429(4)
b/Å 14.6666(3) 7.53048(19)
c/Å 23.2957(4) 19.1421(6)
V/Å3 3357.13(11) 2672.94
Wavelength/Å 0.71073 0.71073
wR2 (all data) 0.1159 0.0803
wR2 0.1151 0.0770
R1 (all data) 0.0609 0.0499
R1 0.0590 0.0412

Fig. 1 Schematic diagram of the major part of the disordered
[TH]3[Bi2I9] (a) and [AT][BiI4] (b) unit cell. The unit cell boundary is
marked with dark lines, and bismuth iodide octahedra are shown in
magenta. Hydrogen atoms are omitted for clarity.
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interactions of (H)–C⋯I and (H)–N⋯I can be seen between the
organic and inorganic entities, with no I⋯I contacts between
the anionic units, which implies little intermolecular inter-
actions exist that might lead to extended electronic delocalisa-
tion in the crystal lattice.

One-dimensional [BiI]4
− anionic chains propagate along

the b-axis in [AT][BiI4], with aminothiazolium cationic rings
arranged in between the edge-sharing BiI6 chains (Fig. 1b).
The Bi–I bond lengths range from 2.9219(5) Å to 3.2648(5) Å,
with shorter bond lengths for terminal Bi–I than bridging
ones. The angles for Bi–I(bridging)–Bi range from 92.314(14)°
to 93.046(14)°, while I(terminal)–Bi–I(bridging) range from
85.297(15)° to 97.347(17)°. Such structural distortion of [BiI6]

3−

octahedra originates from the repulsion between the heavy
bismuth atoms in two adjacent [BiI6]

3− building blocks.
Intermolecular interactions can be observed when viewing
along different axis in the crystal lattice of [AT][BiI4], where the
atomic distance is less than the sum of their van der Waals
radii (Fig. 2). Short I⋯I contacts between two adjacent [BiI]4

−

anionic chains can been seen along the a-axis, which enables
the possibility of interchain charge delocalisation. In addition,
short S⋯I and (H)N⋯I contacts between organic entities and
inorganic frameworks are also seen in the b- and c-axis direc-
tions. Weak π–π stacking interactions brought by aminothiazo-
lium rings can be found in the crystal structure, with the cen-
troid distance of 3.839 Å and the vector-normal angle less than
20°.50 Therefore, the one-dimensional [BiI]4

− anionic chains in
the crystal structure of [AT][BiI4] facilitate the charge transport
ability along that direction, and other short contacts built up
by van der Waals interactions help to promote higher dimen-
sionality charge carrier mobility. This is similar to what we
observed in our previous work on [pyridinium][BiI4].

43

However, by introducing S and –NH3
+ in the cation, more

involvement for the intermolecular interactions from the
organic moieties can be seen, specifically short S⋯I and (H)
N⋯I contacts. Thus the cationic thiazolium ring in
[TH]3[Bi2I9], increases the dimensionality of the crystal struc-
ture, which together with the increased intermolecular inter-
actions potentially leads to higher dimensionality of the
charge carrier transport network.

Electronic band structure and density of states

Density functional theory (DFT) calculations were carried out
for both [TH]3[Bi2I9] and [AT][BiI4] using CASTEP 16.11 51 to
investigate the electronic band structure along the high sym-
metry k-points in the first Brillion zone, utilising the PBE func-
tional and the Tkatchenko and Scheffler (TS) method to
account for van der Waals (dispersion) interactions. The
atomic coordinates for both compounds were taken from the
crystal structure, while only the major part (occupancy factors >
0.6) of the disordered [TH]3[Bi2I9] crystal structure was con-
sidered for the calculation. For each crystal structure, full
optimisation of atomic positions and unit cell parameters
were undertaken prior to obtaining density of states (DOS)
plots which were subsequently broken down to partial DOS
plots, to permit observation of contributions from different
elements to the electronic bands (Fig. 3).

Direct bandgaps for both materials were calculated, with
the value of 1.80 eV at the middle of K-points Y (−0.5, 0.0, 0.0)

Fig. 2 Left: b-Axis view of [AT][BiI4] unit cell with interchain inter-
actions highlighted in blue (I⋯I), yellow (I⋯S) and green (I⋯N(H)). Right:
List of short contacts in [AT][BiI4] unit cell below the sum of the van der
Waals radii (3.96 Å for I⋯I, 3.78 Å for I⋯S, and 3.18 Å for I⋯N(H)).49

Fig. 3 Electronic band structures and projected density of states
(bismuth 6p orbital: purple; iodine 5p orbital: cyan; sulfur 3p orbital:
yellow; carbon 2p orbital: black; nitrogen 2p orbital: navy) for
[TH]3[Bi2I9] (a) and [AT][BiI4] (b). The Fermi level was set at 0 eV.
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and S (−0.5, 0.5, 0.0) for [TH]3[Bi2I9], and 2.18 eV at B (0.5, 0.0,
0.0) for [AT][BiI4]. For both compounds, the main contribution
to the valence band maximum (VBM) is from the iodine 5p
states, with slightly higher band dispersion noted for
[AT][BiI4], especially along the 1D [BiI4]

− chain direction (G–Y
and A–B). This band broadening effect is mostly attributed to
the polar Bi (6p)–I (5p) σ-bonding interactions. The noticeable
dispersion along Z–G corresponds to the inter-chain direction
in the crystal structure, which is mainly attributed to the short
I⋯I contacts that exist in between the parallel [BiI4]

− chains.
Compared with [TH]3[Bi2I9], whose conduction band
minimum (CBM) has mixed contributions of organic entities
together with Bi 6p states, little contribution to the CBM from
the organic cations can be seen in [AT][BiI4]. The dominant
role played by the inorganic entities at the CBM of [AT][BiI4]
appear to be the σ* antibonding interactions of Bi 6p with
iodine 5p states which give rise to band broadening. The gen-
erally flat band structure of [TH]3[Bi2I9], indicates a limited
ability in this material for charge carrier transport. This is ubi-
quitous among 0D bismuth-halide complexes as the low struc-
tural dimensionality inhibits the charge carriers mobilities
and hence less electronic dispersion is observed.34 Note band
structure computation was not carried out for [IM]3[Bi2I9] as
similar results to [TH]3[Bi2I9] were expected.

Structural, optical and electrochemical studies on thin films

We have studied the three title compounds as thin films, pre-
pared by spin-coating on quartz, to explore their structural pro-
perties in the solid state. Different temperatures were chosen
for annealing after spin-coating, from 70 °C to 130 °C. All
three title materials show good consistency with the simulated
powder XRD pattern from single-crystal data (Fig. 4a–c), with
some preferred orientation evident as thin films. Preferred
orientation on the (0 0 2) plane for both [TH]3[Bi2I9] and
[IM]3[Bi2I9] can be observed as thin films, which corresponds
to the plane composed of terminal iodine atoms in the
[Bi2I9]

3− binuclear unit. It is worth noting that [TH]3[Bi2I9]
decomposed back to the starting material BiI3 after annealing
at temperatures higher than 110 °C, with the characteristic
(0 0 2) plane disappearing as the annealing temperature
increased. Higher thermal stability can be observed for both
[AT][BiI4] and [IM]3[Bi2I9], although the intensity of the charac-
teristic (0 0 2) and (2 0 0) planes in [AT][BiI4] become gradually
weaker. These planes are built up by the propagating [BiI4]

−

chains at the unit cell boundaries (Fig. S3†) and we assume
that higher temperatures lead to less structural coherence of
the Bi–I anionic chains. No obvious structural changes occur
after two weeks exposure to air in the dark, indicating high
stability of all three compounds (Fig. S4†).

Fig. 4 Powder XRD patterns on thin films of [TH]3[Bi2I9] (a), [AT][BiI4] (b) and [IM]3[Bi2I9] (c) annealed at different temperatures comparing to the
theoretical patterns predicted from the single-crystal XRD (blue). (d) Tauc plots from diffuse reflectance measurements. (e) Energy level diagram
including other components in the solar cell. Energies are expressed in electron volts, reference to the electron energy in vacuum.
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Diffuse reflectance measurements were carried out for the
three materials as powders scratched off from thin films, to
estimate their optical bandgaps by converting their reflectance
spectra into Tauc plots (Fig. 4d). A direct band gap value of
2.08 eV was determined for [TH]3[Bi2I9] annealed at 70 °C,
while much lower band gap values were observed for thin
films annealed at higher temperatures, in line with decompo-
sition into BiI3 when the annealing temperature was higher
than 70 °C (Fig. S5a†). A direct band gap value of 1.78 eV was
determined for [AT][BiI4] and 2.00 eV for [IM]3[Bi2I9], with no
substantial change under increased annealing temperatures
(Fig. S5b and c†). We note that some inconsistency in compar-
ing these with the calculated bandgap values. This is attribu-
ted to limitations in DFT calculations in accurate determi-
nation of bandgap values.52 It is worth noting that [AT][BiI4]
shows good crystallinity as a thin film, with around 8 μm ×
10 μm crystal grains under higher annealing temperatures
(Fig. S5c and S6†).

The materials were then spin-coated on conducting glass
and used as working electrodes in cyclic voltammetry measure-
ments, in order to study their electrochemical properties. The
ionization energy (IE) and electron affinity (EA) for both com-
pounds were estimated using the method by Crespilho et al.,53

based on the experimentally-measured redox potential.
Irreversible oxidation and reduction processes were observed
for all materials, and some dissolution of both thin films
occurred within minutes. The estimated energy levels are sum-
marized in Table 2, with the energy level diagram in Fig. 4e.
Note that the VBM has been pushed to a lower energy level by
adding the –NH3

+ group on the thiazolium ring, which poten-
tially facilitates the hole injection into the carbon counter
electrode.

Device studies

The photovoltaic performance of [AT][BiI4] was tested in solar
cell devices, as it is the most promising material among the
three title compounds due to its suitable bandgap value, rela-
tively larger band energy dispersion and better energy level
alignment. The solar cell devices in this study are based on
FTO/(TiO2/ZrO2/carbon)/perovskite structure, with solution-
processable photovoltaic material infiltrated through the

triple-layer mesoscopic scaffold (Fig. 5a). This type of solar cell
is printable and cost effective, as carbon is used as the counter
electrode while no hole-transporting materials or noble metals
were employed. The J–V curve thus obtained when [AT][BiI4]
acts as a light harvester is shown in Fig. 5b. Further studies on
the device suggest that the device shows capacitance character-
istics, analogous with capacitors formed by common carbon/
electrolyte capacitor components in the cell structure. When
the bias voltage was applied, the device was charged instantly
under the initial potential, followed by charged current release
in addition to the photo-generated current (Ip). To further
confirm this, we carried out controlled experiments in the
dark, and a slightly lower device current was observed. The
difference in device performance with/without illumination
shows the actual photocurrent Ip from the device (Fig. 5b).
Avoiding capacitance effects by scanning forwards from zero
volts shows the photovoltaic performance of [AT][BiI4] is
0.47%, with open-circuit voltage (Voc) = 0.37 V, short-circuit
current density ( Jsc) = 3.29 mA cm−2, fill factor (FF) = 0.39.
The incident photon-to-current efficiency (IPCE) measurement
is shown in Fig. 5c, with most of the yield originating from the
ultraviolet to violet spectrum. The integration of the IPCE
curve is somewhat lower that the current density of the best
solar cell device, but this has been observed before for PSCs
based on this type of structure.54 From the stabilized current
measurements, a drop of current can be seen over time
(Fig. S7†). No oxidation/reduction reactions of [AT][BiI4] were

Table 2 Summary of electrochemical oxidation onset potential (E’ox),
electrochemical oxidation potential (Eox), ionization energy (IE), optical-
determined energy band gap (Eg) and estimated electron affinity energy
(EA) values for [TH]3[Bi2I9], [IM]3[Bi2I9] and [AT][BiI4]. The relationship
between oxidation potential onset and Ag/AgCl electrode is shown in
the equation Eox = E’ox + EAg/AgCl ≈ E’ox + Evac + 4.4 (ref. 53)

Compounds
E′ox
(V vs. Ag/AgCl)

Eox
(V vs. vacuum)

IE
(eV)

Eg
(eV)

EA
(eV)

[TH]3[Bi2I9] 0.41 4.81 −4.81 2.08 −2.73
[AT][BiI4] 0.52 4.92 −4.92 1.78 −3.15
[IM]3[Bi2I9] 0.28 4.68 −4.68 2.00 −2.68

Fig. 5 (a) Schematic cross section picture of a triple-layer mesoscopic
solar cell infiltrated with [AT][BiI4] precursor solution. (b) J–V curve of a
[AT][BiI4] solar cell under light condition, reverse scan (black), under
dark condition, reverse scan (red) and under light condition, forward
scan (blue). The large hysteresis indicates the charging process when
voltage was applied in the beginning of a reverse scan. (c) IPCE
measurement of a [AT][BiI4] solar cell. (d) Short-circuit current test of a
[AT][BiI4] solar cell after 1 min light soaking for capacitance
measurements.
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detected during the cyclic voltammetry of the devices
(Fig. S8†), and the comparison of short-circuit current tests of
the device before/after J–V test is shown in Fig. S9,† which indi-
cated that a significant charge has been stored during the
reverse J–V scan. We speculate that the origins of the capaci-
tance effect in the device relate to the mesoporous carbon elec-
trode and the presence of potentially mobile protons in the
aminothiazolium. The aminothiazolium counterion has both
a protonated and an unprotonated nitrogen atom, which may
provide possibilities for proton migration to and from the TiO2

layer. Further device studies on photo-generated energy
storage were carried out, and a discharging process under
short-circuit conditions of about 5 seconds was observed after
light soaking (Fig. 5d). Looking into the cyclic voltammetry of
the solar cell device, we estimate the capacitance of the device
to be 0.12 mF, with areal capacitance of 0.075 mF cm−2. Thus
this report is the first instance of the capacitance effect in a
solar cell using a bismuth-based light absorber, which may
prove a useful future direction for study of lead-free solar cell/
capacitor devices for solar energy generation and storage.

Conclusions

Three organic–inorganic iodobismuthates were synthesised,
characterised and studied as potential lead-free solar absor-
bers. All the compounds contain organic cations with hetero-
cyclic 5-membered rings, with different inorganic frameworks
from 0D for [TH]3[Bi2I9] and [IM]3[Bi2I9] to 1D [AT][BiI4]. Direct
band gap values around 2.05 eV were determined for both 0D
materials while 1.78 eV was determined for the 1D material.
Additionally, the conduction band minimum (CBM) value of
[AT][BiI4] has been shifted to lower value, which enables better
energy level match with TiO2 for electron injection purpose.
Computational studies suggest that more involvement of
organic entities in the conduction band minimum can be
found for [TH]3[Bi2I9], while major contributions of Bi 6p and
I 5p antibonding interactions were found for [AT][BiI4]. Both
[IM]3[Bi2I9] and [AT][BiI4] showed better thermostability than
[TH]3[Bi2I9]. Device studies with [AT][BiI4] as a solar absorber
shows 0.47% efficiency (forward scan), with unusual capacitive
effects during the reverse scan, likely caused by proton
migration between the aminothiazolium cationic entities and
the TiO2 layer. This points towards the possibility that devices
with a carbon counter electrode and [AT][BiI4] as a light har-
vester have potential as lead-free solar energy generator and
storage devices.

Experimental methods
Materials

All the following chemicals were brought from Sigma-Aldrich
and used as received unless stated otherwise: bismuth(III)
iodide (powder, 99%), thiazole (97%), aminothiazole
(≥98.0%), hydriodic acid (55%), water (distilled), dimethyl-

formamide (≥99.0%), dimethylsulfoxide (≥99.0%) and ethanol
(analytical grade). 1H NMR was carried out in deuterated oxide
(D2O) for thiazloium iodide and 2-aminothiazolium iodide on
a Bruker Advance Pro500 spectrometer and referenced exter-
nally to SiMe4.

Thin-films formation

The precursor solutions of 1 M [TH]3[Bi2I9]/[IM]3[Bi2I9]/
[AT][BiI4] were made by mixing 3 : 2/3 : 2/1 : 1 molar ratio of
thiazolium iodide/imidazolium iodide/aminothiazolium
iodide with bismuth iodide in a mixture of DMF : DMSO = 7 : 3
solvent, followed by stirring at room temperature overnight.
Spin-coating was performed using a Laurell WS-6505-
6NPP-LITE spin coater, with FTO glass slides sonicatedly
cleaned in soap/deionized water/ethanol as substrates. The
substrate was then carefully deposited by 50 μL of solution,
and the spin-coating process was carried out at 2000 rpm for
1 min, followed by annealing on a hotplate from 70 °C to
130 °C for 20 minutes.

Single crystal X-ray diffraction

Dark red plate-shaped crystals of [TH]3[Bi2I9] ([AT][BiI4]) were
obtained by solvent layering of bismuth iodide ethanol solu-
tion and thiazolium iodide (aminothiazolium iodide) water
solution. A suitable sized single crystal was mounted on a
MITIGEN holder in Paratone oil. X-ray diffraction data were
collected using a Rigaku Oxford Diffraction SuperNova diffract-
ometer equipped with an Oxford Cryosystems Cryostream 700+
low-temperature device, operating at T = 250.0 K for
[TH]3[Bi2I9] and 110 K for [AT][BiI4]. The model was refined
with version 2014/7 of ShelXL (Sheldrick, 2015) using least
squares minimisation. Data were measured using ω scans of
0.5° per frame for 20.0 s using MoKα radiation (micro-focus
sealed X-ray tube, 50 kV, 0.8 mA).

Computational methods

Density functional theory (DFT) based computational studies
were carried out to study the electronic band structure of
[TH]3[Bi2I9] and [AT][BiI4], using the CASTEP 16.11 compu-
tational package51 utilized with the PBE functional55 and the
TS dispersion correction scheme.56 The geometry coordinates
of each crystal structure were obtained from their single crystal
XRD results and generated from VESTA software.57 ‘On-the-fly’
pseudopotentials were used for the calculations, which were
generated directly from the CASTEP package. A series of
single-point energy calculations have been carried out to ident-
ify suitable cut-off energies (Ecut) for plane wave basis sets
(dEtot/dEcut ≤ 0.003 eV per atom), with Ecut = 450 eV for
[TH]3[Bi2I9] and Ecut = 400 eV for [AT][BiI4]. Unit cell para-
meters were set to fixed at experimental values and optimized
structures were considered to have achieved once the conver-
gence criteria (maximum change in system energy 2.0 × 10−5

eV per atom, maximum force 0.05 eV Å−1, and maximum root-
mean square (RMS) atomic displacement 0.002 Å) were
reached. Monkhorst–Pack grids was used for Brillouin zone
sampling, with separation between k-points was less than
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0.08 Å−1. Electronic band structure plots of [TH]3[Bi2I9] and
[AT][BiI4] were then calculated based on k-vectors linking high
symmetry points, and also via selected k-points corresponding
to strong intermolecular interactions. Density of States plot
(DOS) and partial DOS plots for each crystal structure were gen-
erated by OptaDOS,58 which permits the contributions from
different elements to be ascertained.

UV-Vis diffuse reflectance

Diffuse reflectance measurements were carried out for a spin-
coated thin film and powders of each compound, on a Jasco
V-670 spectrophotometer with SpectaManager software. The
measurements were performed at room temperature in the
range of 250–850 nm. The Kubelka–Munk function was used
to analyse the data collected from diffuse reflectance measure-
ments, and values of direct band gap of each compound were
constructed by Tauc plots. The validity of assumptions on
allowed direct lowest energy transitions was considered
together with the result from DFT calculations.

Materials characterization

Diffuse reflectance measurements were carried out using a
Jasco V-670 spectrophotometer with SpectaManager software,
with the wavelength of 250–850 nm. The diffuse reflectance
data were analysed by Kubelka–Munk function, and the values
of direct band gap of each compound were estimated by Tauc
plots. A direct band gap was considered as this was consistent
with the DFT calculations.

Cyclic voltammetry for material studies were carried out in
N2-degassed dichloromethane, dissolving 3 M N(C4H9)4BF4 as
electrolyte. A three-electrode cell with an Autolab Type III
potentiostat was used, and the results were further analysed
on GPES electrochemical software. Spin-coated compounds on
FTO conducting glasses were used as working electrodes; Pt
was used as counter electrode; Ag/AgCl was used as reference
electrode. A scan rate of 50 mV s−1 was used for every redox
process, with the correction from ferrocenium/ferrocene (Fc+/
Fc) internal standard, taken to be at 0.63 V against NHE.59

Device fabrications

Fluorine doped tin oxide (FTO) glass was firstly etched to form
two detached electrodes (Fig. 5a) through laser before being
cleaned subsequently with detergents, deionized water and
ethanol in an ultrasonic cleaner. The titanium diisopropoxide
bis(acetyl acetonate) solution dissolved in isopropanol was
sprayed on the surface of FTO at 450 °C to form a compact
layer of titanium dioxide (TiO2). Mesoporous layers of TiO2,
ZrO2 and carbon were then deposited layer by layer by screen
printing method. The TiO2 layer was sintered at 500 °C for
40 minutes, and the ZrO2 and carbon layers were sintered at
400 °C for 40 minutes. Detailed information can be found in
the previous report. Finally, 2.5 μl of the precursor solution
was infiltrated into the triple layer cell, followed by a covered
annealing at 60 °C for 40 minutes.

Device characterisation

Photocurrent density versus voltage characteristics of solar cell
devices were characterised by Keithley Model 2400 digital sour-
cemeter with Newport solar simulator (model 91192). An irra-
diance of 100 mW cm−2 was calibrated by the standard refer-
ence cell (Newport Oriel PV reference cell, model 91150 V)
prior to the measurements. A black mask with a circular aper-
ture (0.07 cm2) was used to cover the active area of the device.
The J–V testing was performed with both reverse and forward
scan directions at 250 mV s−1 (sweep delay time of 100 ms).

Cyclic voltammetry (CV) test for solar cell devices was
measured with a ZAHNER Zennium Electrochemical
Workstation in the dark condition and the sweep rate was
100 mV s−1. The stabilized current were tested under a bias
voltage of 0.27 V with the same sourcemeter and solar simu-
lator. No preconditioning protocol was used before the charac-
terization. The IPCE spectra were measured using a 150 W
xenon lamp (Oriel) fitted with a monochromator (Cornerstone
74004) as a monochromatic light source. Calibration with the
Oriel Si detector was carried out before IPCE measurements.
The cell capacitance was calculated from the CV measurement
of the device, according to the equation below

C ¼ i
s

where ‘i’ is the average of cathodic current and ‘s’ is the scan
rate for the measurement.

The areal capacitance was calculated according to the
equation

CAreal ¼ 2C
A

where ‘A’ is the electrode area.
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