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ABSTRACT: Two-dimensional (2D) hybrid iodide perovskites, (R−
NH3)2MI4 and (H3N−R−NH3)MI4 (R = alkyl group; M = divalent
metal ion), are promising materials for optoelectronics. Traditionally,
these compounds contain Pb2+ and Sn2+ ions in the M-site; however,
concerns over the toxicity of Pb2+ and the instability of Sn2+ ions have
driven interest in Bi3+ halide-based alternatives. This study reports two
Dion-Jacobson type, vacancy-ordered 2D Bi−I perovskites: (H2DAC)-
Bi2/3□1/3I4, with vacancy in every third metal site and (H2DAP)-
BiBi1/2□1/2I3·(I3)1/2, with vacancy in every second metal site (H2DAC
= trans-1,4-diammoniumcyclohexane, H2DAP = 1,5-diammoniumpen-
tane, and □ = vacancy). The band gaps of (H2DAC)Bi2/3□1/3I4 and
(H2DAP)Bi1/2□1/2I3·(I3)1/2 are 2.11 and 1.97 eV, respectively�both narrower than that of Pb2+-based analogue (H2DAC)PbI4
(2.36 eV). These compounds show a positive photoresponse under light exposure, with the highest response observed in the case of
(H2DAP)Bi1/2□1/2I3·(I3)1/2. This enhancement is attributed to the presence of I3− ions, which not only cross-link the perovskite
layers and stabilize the H2DAP cation in its zigzag conformation but also contribute to the frontier orbitals. DFT calculations
corroborate these experimental results. Overall, this study introduces an approach for synthesizing hybrid Bi(III)-I perovskites, which
may be further investigated as lead-free optoelectronic materials, including in perovskite photovoltaics.

1. INTRODUCTION
Two-dimensional (2D) hybrid halide perovskites have gained a
surge of interest in the semiconducting materials community,
broadly due to their enhanced ambient stability and diverse
chemical compositions compared to conventional AMX3
perovskites (A = Cs+, CH3NH3

+; M = Pb2+, Sn2+; X = Cl,
Br, I).1−3 The structure of a conventional AMX3 perovskite
consists of a corner-sharing framework of MX6 octahedra
connected via M−X−M linkages, with a monocation
occupying the A-site.4−6 The incorporation of bulky organic
ammonium cation in the A-site disrupts the M−X−M
connectivity along one of the three crystallographic directions,
commonly the ⟨100⟩ direction. This leads to the formation of
(100)-oriented Dion-Jacobson (DJ),1,7 or Ruddlesden−Popper
(RP) type 2D perovskites,8 which typically adopt formulas
(H3N−R−NH3)MX4 or (R−NH3)2MX4, respectively. Among
these, DJ-type perovskites are generally more stable than their
RP counterparts. An overwhelmingly large number of 2D
halide perovskites containing Pb2+ and Sn2+ have been
reported, but these metal ions have their own issues: Pb2+ is
toxic, and Sn2+ is susceptible to oxidation.1,8 Consequently,
there has been a surge of interest in environmentally benign
and stable alternatives. Bi3+ metal has emerged as a potential
candidate due to its isoelectronic configuration [Xe]4f145d106s2
to Pb2+ ion, as well as its comparable electronegativity and

ionic size. This suggests that Bi3+ halide-based perovskites
could potentially exhibit optical and electronic properties akin
to those of Pb2+ halide-based analogs. However, trivalent Bi3+
ion cannot directly substitute divalent M2+ ion in AMIIX4
perovskites. Instead, it can be combined with a monovalent
metal ion (e.g., Ag+) in equal proportion to form a layered
double perovskite or with a metal vacancy to form a vacancy-
ordered perovskite. Figure 1a,b shows schematic illustrations of
the structures of a layered single-metal perovskite and a layered
double perovskite, while Figure 1c,d illustrates the structures of
their vacancy-ordered analogues. Although layered double
perovskites offer a nontoxic and stable alternative,9−15 their
applications are generally limited by often nondispersive
electronic structures and indirect band gaps.16

In the vacancy-ordered structures, metal vacancies compen-
sate for the extra positive charge introduced by the
replacement of a divalent cation with a trivalent cation.
However, despite extensive studies on Dion−Jacobson-type
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layered (H3N−R−NH3)MX4 perovskites comprising divalent
metal ions and simple organic ammonium spacers, which have
demonstrated a broad range of applications in the fields of
spintronics and photodetectors,17,18 2D analogues that
incorporate Bi3+ ions are rarely reported. Consequently, a
deeper understanding of their synthesis, the templating effects
of alkylamine cations, and their phase stability remains elusive.
To the best of our knowledge, only four such systems have
been reported. The first example, (AE4T)Bi2/3I4 (AE4T =
5,5′″-bis(aminoethyl)-2,2′:5′,2″:5″,2″′-quaterthiophene) was
reported by Mitzi,19 followed by three recent examples: (4-
fluorophenethylammonium)3BiI6,

20 [(S)-3-aminopyrrolidiniu-
mI]2Bi2/3I4,

21 and (4-bromophenethylammonium)3BiI6.
22

Some of these metal-deficient compounds have been employed
in low-dose X-ray detectors20 and self-powered photo-
detectors,22 highlighting their potentially useful properties.
Prior studies have indicated that 2D Bi3+ halide perovskites
with metal site vacancies are energetically unfavorable and can
be synthesized with specific organic ammonium spacers that
exhibit strong intermolecular interactions and a pronounced
structure-directing effect on the perovskite layer.12,19 These
metal-deficient 2D perovskites share two structural features: (i)
random distribution of metal-site vacancies over the available
metal sites in the perovskite layers and (ii) strong interactions
between the molecules of the organic ammonium spacer. The
latter feature is considered critical for stabilizing the otherwise
unfavorable metal-deficient 2D perovskite layer.3,12,19 Conven-
tional alkylamine cations are believed to lack such strong
intermolecular interactions, often leading to the formation of
nonperovskite hybrid halide structures (0D or 1D) with fully

occupied metal sites.23−27 However, it remains largely
unexplored whether simple organic ammonium cations can
be used as spacers in bismuth halide 2D structures, which is
the focus of the current work.
In this work, we demonstrate the use of simple

alkyldiammonium cations in the isolation of DJ perovskite-
related vacancy-ordered hybrid 2D-type Bi(III) iodides:
(H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2
(H2DAC = trans-1,4-diammoniumcyclohexane; H2DAP =
1,5-diammoniumpentane; □ = vacancy). The former com-
pound contains 2/3 occupied and 1/3 vacant metal sites, while
the latter contains 1/2 occupied and 1/2 vacant metal sites.
Their synthesis, X-ray structures, electronic structures, optical
absorption, emission, and photoresponse properties have been
investigated. Unlike conventional DJ-type 2D perovskites,
these new structures offer the advantage of incorporating
trivalent metal ions and excellent long-term phase stability in
air. These structures show that while both rigid and flexible
aliphatic diamine cations can act as spacers, a flexible spacer
requires the support of triiodide ion (I3−) in the interlayer
space. The I3− ion in (H2DAP)Bi1/2□1/2I3·(I3)1/2 not only
compensates for the iodide ions (I−) displaced due to reduced
cationic charge in the perovskite layer but also boosts the
optical absorption and electronic properties by reconstructing
the electronic structure of the metal halide sublattice.28,29

Additionally, we study a previously reported vacancy-free 2D
perovskite, (H2DAC)PbI4,

30,31 as a reference to compare these
two Bi(III) iodide systems.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. Micrometer- to

millimeter-size single crystals were hydrothermally synthesized
in excess hydroiodic acid (see the Experimental Section for
details). The reaction of Bi(III) acetate and trans-1,4-
diaminocyclohexane at 160 °C, followed by slow cooling,
yielded red crystals of (H2DAC)Bi2/3□1/3I4. For the formation
of this compound, a free I− ion is required in the lattice to
complete the six-coordination of the vacant octahedra. A
stoichiometric amount of H3PO2 was added as a reducing
agent in the reaction mixture to suppress the formation of
polyiodide ions (e.g., I3−) and increase the concentration of I−
ions. Under similar reaction conditions, (H2DAP)Bi1/2□1/2I3·
(I3)1/2 was synthesized from Bi(III) acetate and 1,5-
diaminopentane in the absence of H3PO2. The formation of
(H2DAP)Bi1/2□1/2I3·(I3)1/2 requires I3− ions rather than free
I− ions. In the absence of H3PO2, the availability of I3− ions
enhances, favoring the formation of the I3− -containing phase.
Conversely, the synthesis carried out in the presence of H3PO2
predominantly yielded (H2DAP)BiI5,

32 which exhibits a zigzag
1D structure devoid of I3− ion. In the 1D structure, the H2DAP
cation adopts a mixed gauche and anti conformation, while in
(H2DAP)Bi1/2□1/2I3·(I3)1/2, the cation adopts a fully anti
conformation (see the structural description below). These
findings highlight that the I3− ion in (H2DAP)Bi1/2□1/2I3·
(I3)1/2 not only stabilizes the H2DAP cation in its fully anti
conformation but also cross-links the perovskite layers with
ordered metal site vacancies. Orange crystals of (H2DAC)PbI4
were obtained from the reaction of PbI2 and trans-1,4-
diaminocyclohexane at 160 °C, followed by slow cooling. In
all of these reactions, the diamines became doubly protonated
in the acidic medium, which is a crucial step for the isolation of
these perovskites. The room temperature structures were
determined from the single-crystal X-ray diffraction data. The

Figure 1. Schematic presentation (side view) of various composi-
tional configurations possible for (100)-orientated Dion−Jacobson
type n = 1 layered halide perovskites and their derived phases: (a)
single-metal perovskite with all M-sites occupied by M2+ ions. (b)
Double perovskites with all M-sites occupied by alternating M1+ and
M3+ ions. (c) Vacancy-ordered perovskite with 2/3 of the M-sites
occupied by M3+ ions and 1/3 are vacant. (d) Vacancy-ordered
perovskite with 1/2 of the M-sites occupied by M3+ ions and 1/2 are
vacant (A is a diamine; MI, MII, and MIII are mono-, di-, and trivalent
metal ions, respectively; □ is a metal vacancy; X is a halide anion; X3
is a trihalide ion). Note that vacant octahedra in the AMIII

1/2□1/2X3·
(X3)1/2 structure are cross-linked by trihalide (shown by a dotted red
line). The structure types shown in panels (a), (c), and (d) are the
focus of this study.
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structure refinement parameters are summarized in Table 1.
The bond lengths and bond angles are listed in Tables S1−S3.

The compounds were further characterized using powder X-
ray diffraction (PXRD) and X-ray photoelectron spectroscopy
(XPS) techniques. The compounds are stable under ambient
conditions, with no decomposition observed during character-
ization or other measurements.
We shall describe the crystal structure of (H2DAC)PbI4 first,

as the other two structures can be derived from it. Figure 2a,b
shows the monoclinic P21/c structure of (H2DAC)PbI4 with
[PbI6]2− octahedra forming (100)-oriented perovskite layers
separated by H2DAC dication along the crystallographic a-axis.
Figure 2c shows that the adjacent octahedra within the
perovskite layer are significantly tilted, with the Pb−I−Pb
angle of 146.38 °, which is higher compared to most lead-
iodide analogues containing diammonium spacers.33,34 The
octahedra also show a moderate local distortion, as indicated
by the unequal Pb−I bond lengths and I−Pb−I bond angles
(Table S1). The calculated bond distortion level (Δd) and
bond angle variance (σ2) are 5.64 × 10−5 and 18.43 deg2,
respectively. The eclipsed stacking of the perovskite layers
confirms a DJ-type layer arrangement, with a noncovalent I···I
distance of 4.303 Å between the axial iodides of the adjacent
layers. This I···I distance is comparable with the sum of the van
der Waals radii of two iodine (∼4.4 Å).1,35 The H2DAC cation
interlinks the perovskite layers via extensive N−H···I hydrogen
bonds, as indicated by the nearest N···I distance of 3.594 Å
(Table S1). The cation is tilted relative to the layer stacking
direction (Figure S1a), optimizing both the I···I interaction
between perovskite layers and the N−H···I interactions
between the H2DAC cation and the perovskite layer.
Figure 2d−f shows the structure of (H2DAC)Bi2/3□1/3I4,

which closely resembles that of (H2DAC)PbI4, with the key
difference being the presence of ordered metal vacancies within
the Bi(III)-iodide layer. The structure is composed of corner-
sharing [BiI6]3− octahedra, H2DAC dication, and free
monatomic iodide ions. While 1D zigzag chain structures of
corner-sharing [BiI6]3− octahedra with fully occupied metal
sites have been reported in recent studies,32,36 the distinctive

Table 1. Details of Single-Crystal X-ray Data Refinement

(H2DAC)PbI4
(H2DAC)
Bi2/3□1/3I4

(H2DAP)
Bi1/2□1/2I3·

(I3)1/2
empirical formula C6H16N2PbI4 C3H12NBi0.66I4 C5H16N2Bi0.5I4.5
formula weight 831.01 1144.69 1559.48
temperature 300(2) K 301(2) K 300(2) K
crystal system monoclinic monoclinic orthorhombic
space group P21/c P21/n Cmcm
unit cell
dimensions

a (Å) 10.6538(9) 13.202(2) 11.9026(3)
b (Å) 8.2069(9) 9.2415(12) 11.8606(3)
c (Å) 9.2298(10) 19.705(3) 23.9717(6)
α (°) 90 90 90
β (°) 91.841(4) 96.893(6) 90
γ (°) 90 90 90
volume 806.59(14) 2386.8(6) 3384.13(15)
Z 2 4 4
density
(calculated)

3.422 mg/m3 3.186 mg/m3 3.061 mg/m3

absorption
coefficient

18.086 mm−1 15.143 mm−1 13.425 mm−1

θ range for data
collection

3.134 to 27.101° 2.44 to 29.22 ° 2.424 to 27.105°

reflection
collected

21407 85017 40876

data/restraints/
parameters

1775/0/61 5247/0/176 2087/0/68

GoF on F2 1.014 1.040 1.081
final R indices [I
> 2sigma(I)

R1 = 0.0293,
wR2 = 0.0564

R1 = 0.0260,
wR2 = 0.0582

R1 = 0.0408,
wR2 = 0.0975

R indices (all
data)

R1 = 0.0481,
wR2 = 0.0625

R1 = 0.0333,
wR2 = 0.0609

R1 = 0.0528,
wR2 = 0.1035

Figure 2. Side and top views of the crystal structures of (a, b) (H2DAC)PbI4 and (d, e) (H2DAC)Bi2/3□1/3I4. Ball and stick models of the
perovskite layers of (c) (H2DAC)PbI4 and (f) (H2DAC)Bi2/3□1/3I4 are provided.
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structural feature of (H2DAC)Bi2/3□1/3I4 is the formation of
metal-site vacant octahedra between the 1D chains. The
equatorial iodides of the [BiI6]3− octahedra present on
adjacent chains and the two monatomic iodides contribute
to the vertices of the vacant polyhedra. This arrangement of
Bi3+ and iodide ions is such that one out of every three metal
sites is vacant, thereby forming a vacancy-ordered 2D layer of
composition [Bi2/3□1/3I4]2−. Compared to ideal octahedra in
cubic symmetry, the [BiI6]3− octahedra in (H2DAC)-
Bi2/3□1/3I4 exhibit notable distortion as indicated by unequal
Bi−I bond lengths and I−Bi−I bond angles (Table S2). This
results in a high octahedral distortion level, with Δd = 2.70 ×
10−3 and σ2 = 16.19 deg2. The shortest Bi−I bond involves the
iodide shared between occupied and vacant octahedra, while
the longest Bi−I bond involves the iodide shared between two
occupied octahedra. This deflection of the Bi3+ ion from the
center of the [BiI6]3− octahedra is attributed to the
stereochemically active 6s2 lone pair of electrons of the Bi3+
ion.37 The Bi−I−Bi bridging angle (147.93 °) is similar to that
of (H2DAC)PbI4 (Figure 2c,d). The H2DAC dication
separates the perovskite layer with noncovalent interlayer I···
I distances of 4.308 and 4.183 Å. The interlayer gap in
(H2DAC)Bi2/3□1/3I4 is almost identical to (H2DAC)PbI4,
with the H2DAC dication adopting a similar tilted orientation
along the stacking axis (i.e., c-axis) (Figure S1b).
Figure 3 shows the structure of (H2DAP)Bi1/2□1/2I3·(I3)1/2,

which consists of isolated [BiI6]3− octahedra, symmetric I3−

ion and H2DAP dication. The octahedra are only slightly
distorted, as indicated by the bond lengths and bond angles
(Table S3). The distortion parameters, Δd = 4.67 × 10−5 and
σ2 = 1.32 deg2, are significantly lower than those of
(H2DAC)PbI4 and (H2DAC)Bi2/3□1/3I4. Within the ab-
plane, the [BiI6]3− octahedra are arranged such that every
alternating metal site is vacant. As shown in Figure 3c,d, the
equatorial positions of the vacant octahedra are occupied by
the equatorial iodides of [BiI6]3− octahedra, while the axial
positions, pointing toward the interlayer gap, are occupied by
the I3− ion. This arrangement results in the formation of a
vacancy-ordered 2D monolayer of the composition
[Bi1/2□1/2I3·(I3)1/2]2−. A unique structural feature of this
compound is that the vacant metal sites are cross-linked by I3−

ion, which aligns parallel to the H2DAP cation within the
interlayer gap, resulting in layer stacking without any lateral
displacement.38 The I3− ion is symmetric with the I−I bond
distance of 2.917 Å, consistent with the reported values.28 The
H2DAP forms N−H···I hydrogen bonds with the [BiI6]3−

octahedra (Table S3). The H2DAP cation, with an N−N
distance of 7.369 Å, is longer than the I3− ion (5.834 Å) and

therefore penetrates more deeply into the cavity in inorganic
perovskite layers formed by the axial iodides (Figure S2). The
depth of penetration (0.754 Å) is twice that of the H2DAC
cation in (H2DAC)PbI4 (0.367 Å) and (H2DAC)Bi2/3□1/3I4
(0.367 Å). To our knowledge, this is the first report of an I3−

ion accompanying a diammonium cation spacer in a 2D halide
perovskite-related structure. Furthermore, the presence of the
I3− ion is likely essential to stabilize the H2DAP cation in its
fully anti conformation.
Furthermore, we carried out Hirshfeld surface analysis of

(H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2 to visu-
alize intermolecular interactions of [BiI6]3− moieties with their
surrounding entities in the crystal lattices (Figures S3 and S4).
The analysis reveals that the N−H···I hydrogen bonding
constitutes a major contribution to the intermolecular
interactions, accounting for 86.7% of the total intermolecular
interactions in the case of (H2DAC)Bi2/3□1/3I4 and 85.8% in
the case of (H2DAP)Bi1/2□1/2I3·(I3)1/2. Noncovalent I···I
interaction contributes 7.4% in the case of (H2DAC)-
Bi2/3□1/3I4 and 14.2% in the case of (H2DAP)Bi1/2□1/2I3·
(I3)1/2.
The purity of the bulk samples was examined by comparing

the powder X-ray diffraction (PXRD) patterns with the
simulated patterns generated from the single-crystal X-ray
diffraction data. The experimental PXRD data agree with the
simulated patterns (Figure S5). The elemental composition
was further confirmed by XPS spectroscopy, where the survey
spectra show peaks corresponding to all elements present in
the samples (Figures S6−S8, Table S4). The metal-to-halide
ratio almost matches the ratio obtained from the X-ray
structures (Table S5). Figure 4 shows the core-level XPS
spectra of the metal and halide elements. In the Pb (4f)
spectrum, two peaks are observed at the binding energies of
137.6 and 142.5 eV, which correspond to the Pb2+ 4f7/2 and
4f5/2 states, respectively. The Bi (4f) spectra show two peaks at
binding energies of 158.4 (4f7/2) and 163.6 eV (4f5/2) for
(H2DAC)Bi2/3□1/3I4, and at 158.1 (4f7/2) and 163.3 eV (4f5/2)
for (H2DAP)Bi1/2□1/2I3·(I3)1/2. The ∼5.0 eV separation
between the two peaks in each of these three 4f spectra is
due to the spin−orbit coupling (SOC)-induced splitting. The I
(3d) spectra of all three samples show peaks at 618.5 and 630.0
eV, corresponding to the 3d5/2 and 3d3/2 states, respectively,
with the SOC splitting of ∼11.5 eV. Peaks for the C (1s) and
N (1s) states were observed at the expected binding energies
of 284.4 and 401.1 eV, respectively (Figures S9−S11).
Furthermore, the C 1s spectra reveal two peaks, suggesting
two distinct chemical environments around the C atoms, i.e.,

Figure 3. (a, b) Side and top views of the crystal structure of (H2DAP)Bi1/2□1/2I3·(I3)1/2. (c) Ball and stick models of the perovskite layer. (d) I3−

ion, showing connection between the axial position of vacant metal sites.
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the C atoms bonded to −CH2− and −NH3
+ groups, with the

latter appearing at higher binding energies.
2.2. Thermal Decomposition Analysis. We examined

the thermal stability of all three compounds using
thermogravimetric analysis (Figures S12−S14). For (H2DAC)-
PbI4, the initial decomposition occurs in the temperature range
of 250−350 °C, with a mass loss of ∼45% corresponding to
one H2DAC·2I molecule per formula unit. The residue consists
of PbI2, then decomposes in the temperature range of 350−
500 °C, as previously reported.39 Similarly, (H2DAC)-
Bi2/3□1/3I4 undergoes one-step decomposition, corresponding
to the loss of one H2DAC·2I molecule per formula unit,
followed by evaporation of BiI3 residue.40 (H2DAP)-
Bi1/2□1/2I3·(I3)1/2 decomposes in two steps: the first weight
loss of ∼17% in the temperature range of 150 − 200 °C is due
to the loss of I2 molecules, followed by the loss of one
molecule of H2DAP·2I per formula unit. The residue,
corresponding to BiI3, evaporates in the temperature range
of 250−350 °C. Rapid decomposition of I3− containing hybrid
perovskites has also been observed in other systems.41 Notably,
(H2DAC)PbI4 and (H2DAC)Bi2/3□1/3I4, both containing rigid
H2DAC spacer, exhibit higher thermal stability than (H2DAP)-
Bi1/2□1/2I3·(I3)1/2, likely due to their corner-sharing structure.
2.3. Optical and Electronic Properties. We measured

the diffuse reflectance spectra of all three samples after ball-
milling and converted the data into pseudoabsorption spectra
using the Kubelka−Munk function (Figure 5a). The optical
band gaps were estimated by extrapolating the linear region of

the absorption edge to the wavelength axis. The band gap (Eg)
of powdered (H2DAC)PbI4 is found to be 2.36 eV, which is
consistent with previously reported values for (H2DAC)PbI4.

30

The band gap is slightly narrower than other DJ type APbI4
(where A = diammonium cation) with highly tilted Pb−I−Pb
angles, for example, (m-PDA)PbI4 (Eg = 2.4 eV),35

(NH3C9H18NH3)PbI4 (Eg = 2.4 eV),42 and [4-(aminomethyl)-
piperidinium]PbI4 (Eg = 2.4 eV).1 The band gaps of
(H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2 are
estimated to be 2.11 and 1.97 eV, respectively. The band
gap of (H2DAC)Bi2/3□1/3I4 closely matches that of previously
reported Bi(III) deficient layered perovskite, such as (4-
fluorophenethylammonium)3BiI6 (Eg = 2.1 eV),20 and (4-
bromophenethylammonium)3BiI6 (Eg = 2.0 eV).22 The band
gap of (H2DAP)Bi1/2□1/2I3·(I3)1/2 is narrower due to the
presence of I3− ion, which is supported by the calculated band
structures (discussed below). Notably, the band gaps of our
Bi(III)-iodide systems are comparable with, or even narrower
than, those of many 2D hybrid lead iodide perovskites.17,43

This suggests that these Bi(III)-iodide compounds are efficient
lead-free materials for visible-light harvesting and photo-
detection applications. Figure 5b shows the emission spectra
of (H2DAC)PbI4, (H2DAC)Bi2/3□1/3I4, and (H2DAP)-
Bi1/2□1/2I3·(I3)1/2, with the emission bands centered at 620,
626, and 622 nm, respectively. The excited state lifetimes are
2.85 ns for (H2DAC)PbI4, 5.84 ns for (H2DAC)Bi2/3□1/3I4,
and 5.09 ns for (H2DAP)Bi1/2□1/2I3·(I3)1/2 (Figure S15, Table
S6).
Additionally, we measured the XPS valence band spectra in

the binding energy range of 0.0 to 20.0 eV (Figure 6a, Figures
S16−S18) and estimated the position of valence band maxima
(VBM) by extrapolating the linear portion of the lower energy
band to the binding energy axis.44 The spectrum of
(H2DAC)PbI4 shows that the valence band edge lies at 0.75
eV, and is mainly dominated by I 5p states, which is consistent

Figure 4. (a, b) Core level Pb (4f) and I (3d) XPS spectra of
(H2DAC)PbI4. (c, d) Core level Bi (4f) and I (3d) XPS spectra of
(H2DAC)Bi2/3□1/3I4. (e, f) Core level Bi (4f) and I (3d) XPS spectra
of (H2HDAP)Bi1/2□1/2I3·(I3)1/2.

Figure 5. (a) UV−visible pseudoabsorption and (b) emission spectra.
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with the valence band spectra of commonly studied 3D (e.g.,
MAPbI3)

45 and 2D perovskites.46 Considering the optical band
gap of 2.36 eV, the conduction band minimum (CBM) of
(H2DAC)PbI4 was estimated to be 1.61 eV above the Fermi
level. Similarly, the valence band spectra of (H2DAC)-
Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2 show a major
contribution from I 5p states near the band edge, with the
band edge positions lying at the energy levels of 0.84 and 0.55
eV, respectively. The CBM was estimated to be 1.26 eV for
(H2DAC)Bi2/3□1/3I4 and 1.42 eV for (H2DAP)Bi1/2□1/2I3·
(I3)1/2, both above the Fermi levels. Figure 6b shows the
relative positions of VBM and CBM of all three compounds
obtained by combining their optical band gaps and valence
band spectra.
To better understand the underlying optical and electronic

properties, we calculated the electronic band structures and the
density of states (Figure 7) for all three compounds using
density functional theory (DFT). The calculated structures
have been given in Figures S19−S21. Our calculations indicate
an indirect band gap of 2.24 eV for (H2DAC)PbI4 (Figure 7a),
which is close to the optical band gap obtained from the UV−
vis absorption spectrum. The band structure shows an almost
parabolic CBM and relatively flatter VBM at the Γ point.
(H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2 also
exhibit indirect band gaps (Figure 7b,c), with less dispersed
CBM and VBM compared to (H2DAC)PbI4. The calculated
band gap of (H2DAC)Bi2/3□1/3I4 is 2.44 eV, while that of
(H2DAP)Bi1/2□1/2I3·(I3)1/2 is 1.83 eV. The computed band
gaps show a slight deviation from the experimental values,
which is due to the limitations of the DFT method.
The calculated projected density of states (PDOS) of

(H2DAC)PbI4, shown in Figure 7d, indicates that both iodide
and lead orbitals contribute to the states at the VBM, with the
majority of the contribution coming from the iodide orbitals.

The lead orbitals are found to contribute more to the CBM
than to the VBM. Similarly, the band extrema of (H2DAC)-
Bi2/3□1/3I4 (Figure 7e) and (H2DAP)Bi1/2□1/2I3·(I3)1/2
(Figure 7f) are dominated by both iodide and bismuth
orbitals. The iodide orbitals mainly contribute to the VBM,
while the bismuth orbitals contribute to the CBM. In addition,
the PDOS of (H2DAP)Bi1/2□1/2I3·(I3)1/2 shows that the I3−

ion significantly reduces the band gap by reconstructing the
band structure. Unlike (H2DAC)Bi2/3□1/3I4, the presence of
I3− ion in (H2DAP)Bi1/2□1/2I3·(I3)1/2 is not only affecting the
band extrema but also leading to a larger dispersion of VBM as
iodide orbitals contribute to both the bottom part of the
conduction band and the upper part of the valence band. The
band gap reduction due to the presence of I3− ion is consistent
with the trend observed for the experimentally measured band
gaps. The role of I3− ion in the electronic structure of
(H2DAP)Bi1/2□1/2I3·(I3)1/2 is consistent with previously
reported Bi(III)-iodide systems.28 Furthermore, the calculated
effective carrier masses of (H2DAP)Bi1/2□1/2I3·(I3)1/2 indicate
charge transport in both in-plane (Γ → Y and Y → Γ) and out-
of-plane directions (Γ → Z and Y → T). This is evident from
the effective carrier masses of electrons and holes in both
directions (Table S7). These results suggest that the presence
of I3− ion enhances the light absorption capability of the
material, making it a potential lead-free system for optoelec-
tronic devices.
2.4. Photoconductivity. We investigated the photo-

response of (H2DAC)PbI4, (H2DAC)Bi2/3□1/3I4, and
(H2DAP)Bi1/2□1/2I3·(I3)1/2 under 30 s white light pulses
using a Xe lamp. Silver paste was applied on the sample pellets
to make contacts for electrical measurements, as schematically
shown in Figure 8. The current−voltage (I-V) characteristic
curves, measured from −10 to 10 V, indicate the formation of
Ohmic contacts for all three compounds (Figure S22a−c). The
transient current (I) curves for (H2DAC)PbI4, (H2DAC)-
Bi2/3□1/3I4, and (H2DAP)Bi1/2□1/2I3·(I3)1/2 show that the
current increases with time on shining light (Figure 9a−9c).
This positive photoresponse is evident in I−V curves, where
the slope under light exposure is steeper than in the dark (light
off), suggesting an increase in conductance due to photo-
generated carriers. In (H2DAC)PbI4, the current rises to about
four times the dark current (Idark) within a second and remains
unchanged under continuous light exposure. When the light is
turned off, the photocurrent returns to its original dark current
value. This positive photocurrent on and off is repeatable in
(H2DAC)PbI4, as shown in the representative five cycles
(Figure 9a). Similarly, positive photoresponses have been
observed for (H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·
(I3)1/2 (Figure 9b,c), although the photocurrent recovery
decreases over cycles of light on and off. The decrease in the
magnitude of the photocurrent in successive cycles may result
from carrier trapping in the photoactivated trap states or a
reduction in available excited states due to the slow
recombination of photogenerated carriers.47 A similar photo-
response behavior has been observed in the case of Cs3Bi2Br9,
which has a vacancy-ordered perovskite structure with 1/3 of
the octahedral sites vacant.48 We fitted the transient photo-
current rise and decay to a single exponential function, yielding
average rise and decay time constants of ∼0.17 and ∼0.50 s,
respectively, for (H2DAC)PbI4 (Figure 9d, Table S8). These
response times are relatively faster than those of analogous 2D
P b ( I I ) i o d i d e s , s u c h a s
(C6H9C2H4NH3)2(CH3NH3)n−1PbnI3n+1 (n = 1−4).49 In

Figure 6. (a) XPS valence band spectra and (b) schematic
presentation of band gap diagrams.
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contrast, the rates of photocurrent rise and decay in the case of
our vacancy-ordered systems are slower. During the 30 s white
light pulse, the current continuously rises by ∼7 and ∼70 nA
for (H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2,
respectively. Upon turning the light off, the current gradually
decays to its original dark current level in 30 s (Figure S22d,e,
Tables S9 and S10). The average rise and decay times for
(H2DAC)Bi2/3□1/3I4 are 13.9 and 8.3 s (Figure S23), while for
(H2DAP)Bi1/2□1/2I3·(I3)1/2, the average rise and decay times
are 9.9 and 8.8 s, respectively (Figure 9e). Although
(H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·(I3)1/2 contain
metal vacancies, the latter compound shows higher photo-

current as well as a faster rise and decay of the photocurrent.
This is attributed to the combination of more dispersed bands
and enhanced charge transport in both out-of-plane and in-
plane directions, facilitated by the triiodide ion present
between the perovskite layers.41

We calculated the photo responsivity (R) by using the
equation R = (Ilight − Idark)/(P × A), where Ilight = current on
light illumination, Idark = current after switching off the light, P
= intensity of incident light, and A = device area.50 The
responsivity of (H2DAC)PbI4, (H2DAC)Bi2/3□1/3I4, and
(H2DAP)Bi1/2□1/2I3·(I3)1/2 for the first cycle are calculated
to be 4.70 × 102, 3.6 × 102, and 59.2 × 102 nA/W, respectively.
The slower photocurrent rise, lower responsivity, and longer
lifetime decay for (H2DAC)Bi2/3□1/3I4 indicate an increased
number of trap states, most likely due to the vacancies in the
material. (H2DAC)Bi2/3□1/3I4 and (H2DAP)Bi1/2□1/2I3·
(I3)1/2 also show a background (that is subtracted in Figure
9b,c) current during the photoresponse, possibly due to the
migration of charges or alignment of the bonds under the
influence of the electric field. Despite the presence of metal-site
vacancies in these Bi(III)-based iodide systems, we observed
positive photoresponses that are broadly similar in nature to
some of the previously reported low-dimensional bismuth-
based halide perovskites (Table S11).

Figure 7. Electronic band structures of (a) (H2DAC)PbI4, (b) (H2DAC)Bi2/3□1/3I4, and (c) (H2DAP)Bi1/2□1/2I3·(I3)1/2. The green and red dots
indicate the VBM and the CBM, respectively. Projected DOS diagrams of (d) (H2DAC)PbI4, (e) (H2DAC)Bi2/3□1/3I4, and (f)
(H2DAP)Bi1/2□1/2I3·(I3)1/2.

Figure 8. Schematic presentation of the photoresponse device.
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3. CONCLUSIONS
We have successfully synthesized and structurally characterized
rare hybrid vacancy-ordered two-dimensional perovskite-
related compounds (H2DAC)Bi2/3□1/3I4 and (H2DAP)-
Bi1/2□1/2I3·(I3)1/2, where H2DAC = trans-1,4-diammoniumcy-
clohexane, H2DAP = 1,5-diammoniumpentane, and □ =
vacancy. These materials share structural similarity with
conventional Dion−Jacobson-type layered perovskites in
terms of the layer structure and the layer stacking pattern.
Prior reports have suggested that hybrid Bi(III)-halides
incorporating traditional alkylammonium cations often crys-
tallize in nonperovskite 0D and 1D structures due to
insufficient structural rigidity and weak intermolecular
interactions.3,12,19 However, our study showcases that by
carefully selecting organic ammonium cations of appropriate
size, shape, and charge and optimizing reaction conditions, the
formation of nonperovskite phases can be suppressed in favor
of 2D metal-deficient perovskite phases. The isolation of such
compounds relies on a rigid interlayer spacer and free halide
ions. While the rigidity of the spacer can be achieved by using a
suitable organic amine precursor, the availability of free halide
ions can be achieved by using a halide source (such as HI for
iodide and triiodide) but, more importantly, through careful
optimization of the synthesis conditions. Our finding also
provides a novel approach to integrate organic diammonium
cation and triiodide ion within the interlayer space. The
triiodide ion plays a dual role of providing a rigid support to
the flexible organic dication and contributing to the frontier
orbitals, thereby enhancing the material’s electronic properties.
The versatility of these compounds has been further
demonstrated by their photoresponses under white light.
Particularly notable is the role of triiodide ion in (H2DAP)-
Bi1/2□1/2I3·(I3)1/2, introducing an additional electronic state
below the conduction band minimum, and significantly
reducing the band gap and enhancing the photoresponse.
This work paves a new way for designing lead-free
monometallic 2D halide perovskites and provides structural
insights into their chemical tunability and optoelectronic

properties. Unlike conventional Dion−Jacobson-type 2D
perovskites, these new structures offer the advantage of
incorporating trivalent metal ions, exhibiting excellent long-
term phase stability in air. By using an appropriate organic
ammonium spacer, this scaffold can be further expanded to
incorporate various other trivalent metals, including magnetic
metal ions, thereby paving new paths for exploring materials
with properties beyond optoelectronics.

4. EXPERIMENTAL SECTION
4.1. Materials. Bismuth(III) acetate (Sigma-Aldrich; purity >

99.99%), PbI2 (Sigma-Aldrich), trans-1,4-diaminocyclohexane (Tokyo
Chemical Industry, purity = 98%), 1,5-diaminopentane (Sigma-
Aldrich, purity > 97%), 50 wt % aqueous H3PO2 (Sigma-Aldrich), and
stabilized 57 wt % aqueous HI (Sigma-Aldrich) were purchased from
commercial vendors and used as such in the synthesis of the materials.
4.2. Synthesis of (H2DAC)PbI4. Trans-1,4-diaminocyclohexane

(57.10 mg, 0.50 mmol), PbI2 (115.20 mg, 0.25 mmol), and 57 wt %
aqueous HI (3.0 mL) were taken in a 23 mL Teflon vial. The Teflon
vial was then closed in a stainless-steel autoclave and heated in an
oven at 160 °C for 24 h. After heating continuously at this
temperature for 24 h, the autoclave was cooled to room temperature
at 0.1 °C/min, which yielded needle-shaped orange crystals of
(H2DAC)PbI4. The crystals were separated from the mother liquor,
washed with copious amount of ethanol, and dried in a vacuum oven
at 40 °C. Yield: 103 mg, 49.5% based on PbI2 used in the reaction.
4.3. Synthesis of (H2DAC)Bi2/3□1/3I4. Trans-1,4-diaminocyclo-

hexane (57.10 mg, 0.50 mmol), Bi(OAc)3 (96.50 mg, 0.25 mmol), 57
wt % aqueous HI (3.0 mL), and 50 wt % aqueous H3PO2 (100 μL,
0.75 mmol of H3PO2) were taken in a 23 mL Teflon vial. The Teflon
vial was then closed in a stainless-steel autoclave and heated in an
oven at 160 °C for 48 h. After continuous heating at this temperature
for 48 h, the autoclave was cooled to room temperature at a cooling
rate of 0.1 °C/min to obtain block-shaped red crystals of
(H2DAC)Bi2/3□1/3I4. The crystals were filtered, separated from the
mother liquor, and dried on a Whatman filter paper. Yield: 199 mg,
69.5% based on Bi(OAc)3 used in the reaction.
4.4. Synthesis of (H2DAP)Bi1/2□1/2I3·(I3)1/2. 1,5-Diaminopen-

tane (51.0 mg, 0.50 mmol), Bi(OAc)3 (96.5 mg, 0.25 mmol), and 57
wt % aqueous HI (4.0 mL) were taken in a 23 mL Teflon vial. The
Teflon vial was then closed in a stainless-steel autoclave and heated in

Figure 9. Photocurrent and time (I−t) response cycles for (a) (H2DAC)PbI4, (b) (H2DAC)Bi2/3□1/3I4, and (c) (H2DAP)Bi1/2□1/2I3·(I3)1/2. The
time duration of light illumination is marked with yellow regions. Single exponential fit of the photocurrent rise and decay of (d) (H2DAC)PbI4 and
(e) (H2DAP)Bi1/2□1/2I3·(I3)1/2.
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an oven at 160 °C for 48 h. Red crystals of (H2DAP)Bi1/2□1/2I3·
(I3)1/2 were obtained on cooling the autoclave to room temperature at
a cooling rate of 0.1 °C/min. The crystals were separated from the
mother liquor and dried on a Whatman filter paper. Yield: 113 mg,
28% based on Bi(OAc)3 used in the reaction.
4.5. Single Crystal X-ray Diffraction. X-ray diffraction data were

collected for all three samples on a Bruker D8 Venture diffractometer,
which is equipped with a Mo Kα X-ray source (wavelength = 0.71 Å),
a graphite monochromator, and a photon detector. The X-ray source
was operated with 50 kV power and 5 mA current. The X-ray quality
crystals were screened under an optical microscope and mounted on
quartz fiber using vacuum grease. APEX3 software suite was used for
the data collection, integration, and structure solutions. The structures
were refined using the SHELXL program.51 To ascertain that the
Bi(III) ion has occupied the full site, the structure was first refined
with the site having a fixed occupancy of 1.0, and then the occupancy
was allowed to refine. The refinement was stable with a negligible
change in the occupancy from 1.0 to 1.004, indicating that the Bi(III)
ion occupies a full site in both (H2DAC)Bi2/3□1/3I4 and (H2DAP)-
Bi1/2□1/2I3·(I3)1/2 crystals. Furthermore, the refinement began to
diverge if the site was forced to accept any other occupancy.
4.6. Photoresponse Measurements. Devices were made in

pellet form by pressing powdered samples. The pellets are ∼2 mm
thick and have ∼6 mm diameter. The copper wires were connected to
the circular pellets by using silver paste. The distance between the
contacts is 2−3 mm. The copper wires were connected to the circular
pellets using silver paste. The Newport Xe-arc lamp (250−2400 nm)
was used to illuminate the sample, and the current is measured using
Keithley 2461 source meter at constant bias of 10 V. The photo
response cycles were measured with 30 s light pulses of about 100
mW/cm2 intensity with active areas of 2 × 6.5 mm2, 2 × 6 mm2, and 3
× 6.5 mm2 for (H2DAC)PbI4, (H2DAC)Bi2/3□1/3I4, and (H2DAP)-
Bi1/2□1/2I3·(I3)1/2, respectively.

The photoresponse time rise and decay for the three compounds
were calculated using single exponential growth and decay functions
using the equations given below.52

I t I B ttime growth: ( ) exp( / )o 1 1= +

I t I B ttime decay: ( ) exp( / )o 1 1= +

where I0 = offset current, B1 = amplitude of current, t = time, and τ =
time constant for lifetime of carriers.
4.7. Electronic Structure Calculations. For calculating the band

structures and density of states (DOS), we carried out density
functional theory (DFT) simulations using the Vienna ab initio
simulation package (VASP).53,54 We employed the projector
augmented-wave (PAW)55 potentials in our calculations, and
specifically used the H (1s1), C (2s2,2p2), N (2s2,2p3), I (5s2,5p3),
Pb (6s2,6p2), and Bi (6s2,6p3) potentials. We expanded the plane-
wave basis up to a kinetic energy cutoff of 520 eV for all calculations.
We sampled the irreducible Brillouin zone using Γ-centered
Monkhorst−Pack56 meshes with a density of at least 48 k-points
per Å and used a Gaussian smearing of width 0.05 eV to integrate the
Fermi surface. Bulk relaxation of all structures was done in two steps
following previous literature:57 (i) we relaxed the H atoms alone in
our starting structures using selective dynamics to freeze the non-H
atoms, followed by (ii) a full relaxation of all atom positions, cell
shape, and cell volume without preserving symmetry. We relaxed all
structures until the atomic forces reduced below |0.01| eV/Å, and total
energies below 10−5 eV. We initialized the atomic magnetic moments
with a nonzero value of 0.6 μB in a ferromagnetic configuration to
facilitate structural relaxation. To optimize the bulk structures, we
treated the electronic exchange-correlation interactions with the
strongly constrained and appropriately normed (SCAN) functional.58

For the DOS calculations, we used the converged ground state
structure of each compound and applied the “fake” self-consistent
field (SCF) procedure, with a mesh density of at least 96 k-points per
Å. Note that the set of k-points sampled during the structure
relaxation was preserved with their original weights, while the newly
introduced k-points were sampled with zero weights within the fake-

SCF procedure. Similarly, for band structure calculations, we used the
Setyawan−Curtarolo scheme, as implemented in the pymatgen
package, for identifying high symmetry k-paths to be sampled.59,60

We did not include spin−orbit coupling (SOC) in our calculations to
minimize computational costs, given that two of the structures have
an excess of 150 atoms in their unit cells. Given the good agreement
we have on the calculated band structures and band gaps with
experimental results, we postulate that spin−orbit coupling may not
have a significant effect on the systems reported in this study.
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