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To explore the lead-free key scientific issue in perovskite, double perovskite based on AgBi and CuBi
was naturally selected as a competitive candidate due to its fascinating functional features, such as
self-powered circularly polarized light detection, X-ray detection, photoluminescence and so on. How-
ever, the most challenging point is to simulate the structure and function of traditional lead-based
perovskite in new double perovskite. At the same time, there are few suitable double perovskite sys-
tems with optical and electrical potential. The above two points greatly limit the competitiveness of
double perovskite. In order to solve this problem, firstly, by analyzing and comparing previous studies,
we used 2,2-dimethylpropan-1-aminium (abbreviated as 2,2-DPA) as the organic template to assemble
materials. Solid-to-solid phase transition materials (2,2-DPA);Bizlg 1 and (2,2-DPA);Pb,1; 2 were con-
structed. Along the path of lead-free and two-dimensional maintenance, we successfully synthesized (2,2-
DPA),AgBilg-H,0 3 and (2,2-DPA)4CuBilg-H,0 4. As two typical semiconductors, 3 and 4 with narrower
optical band gaps of 1.98 and 1.76 eV show obvious photo-response when the xenon lamp with intensity
of 20mW/cm? is on or off, implying that they may be applied to light-harvesting and light-detecting de-
vices. By referring to the phase transition mechanism of 1 and 2, 3 may be caused by ordered-disordered
transition of the organic part, which was proven to be the first solid-to-solid phase transition material
with <100>-oriented layered double perovskites with n=1 by systematic characterization methods af-
ter dehydration for all we know. We believed that this work can provide meaningful guidance for the

development of lead-free double perovskites.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The research about lead halide hybrid perovskite with

lead-free exploration and research has naturally been put on the

CH3NH3Pbl3 as the emblematic material have been vigorous, re-
sulting from the unexceptionable electronic and optical proper-
ties, which endow lead halide perovskite many fascinating applica-
tion directions including solar cells [1,2], lasers [3], detectors [4,5],
ferroelectrics [6,7], light emitting diodes [8,9] and so on [10-14].
However, at the mention of the toxicity of lead, people become jit-
tery, not only a long degradation lifetime in the ecological system,
but also lead can do harm to nervous system and genital system,
leading to a series of serious consequences [2,15]. Therefore, the
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hot spot.

In order to address the scientific challenges mentioned above,
researchers attempted to do lead substitution. In the first place,
chemists proposed to replace lead with same valent metals,
namely, other metals admitting oxidation +2 [16], especially the
environment friendly alternatives with similar inactive outer shell
s-orbitals. After making unremitting endeavor, Sn** and Ge2+-
based perovskites were born [2,17-19], but they are being thrown
into doubt due to chemical instability. In order to achieve lead-free
and improve the stability of Sn?* and Ge2*, hybrid double per-
ovskites (HDPs) [2,20-26], as an efficient strategy by heterovalent
substitution, A,B'BX; (2B!=B!+ B! two metallic cations that
can balance the charge to replace lead) leaped to the eyes, where
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Scheme 1. The start of design strategy of 3 and 4 according to preparatory work (1
and 2) and previous researches.

B! is cation™ including group IA elements, group IB elements and
group IIIA elements, and B! is cation3+ covering the vast majority
of subgroup elements and sectional main group elements, in con-
trast, X includes VIIA elements, CN~ and NO3~ so far [16,20,27,28],
cations at A-site has unlimited possibilities by molecular design in
theory. Taking a broad view, a variety of combinations give it an-
other advantage besides low toxicity, that is, diversity, compared
with divalent metal ions (Sn2t, Ge2*) [16,20].

The diversity of HDPs can release enormous potential. Recently,
Luo et al. successfully developed two HDPs based on Ag and Bi
that present unique chiral polar photovoltaic, and resulting self-
powered circularly polarized light detection without an external
power source [29]. We also noticed that HDPs based on Ag and
Bi can be used in X-ray detection with large mobility-lifetime
product, and information storages as ferroelectrics [30-32]. More-
over, by applying pressure, (BA)4AgBiBrg shows broad photolumi-
nescence, resulting from stronger phonon coupling and stable self-
trapped excitons [33]. In addition to series Ag and Bi, recently, re-
searchers reported a series of double perovskites based on Cu and
Bi, as a class of materials with a narrower band gap, they pos-
sess the temperature-dependent electrical conductivities and ob-
vious light response behavior [34,35].

However, up to now, 2D layered HDPs (A4B'BIXg) are still ex-
tremely rare, especially in series AgBil and CuBil with narrow band
gaps and excellent carrier transport properties [34-37], resulting
from appearance of more stable multiple phases caused by im-
proper templates and the formation energy deficit brought by size
mismatching. So looking up and summarizing predecessors’ re-
searches are very necessary and significant. In Scheme 1, we com-
pared three ammonium cations including PA (propan-1-aminium)
[38], BA (butan-1-aminium) [33,39] and i-SA (3-methylbutan-1-
aminium) [40], whose flexibility is the key to inserting double per-
ovskite frameworks, just like flexible AE2T [41], but this also limits
the connective octahedrons that cannot be too large to ensure the
matching of the structure, otherwise there will be multiple phases.
As another reported solution to construct a new 2D HDPs, re-
searches embarked on introduction of halogen in cations including
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3-CPA (3-chloropropan-1-aminium) [42], 3-BPA (3-bromopropan-1-
aminium) [39] and 3-IPA (3-iodopropan-1-aminium) [37], with the
change of halogens, Br-based octahedrons cannot tolerate the en-
try of larger ammonium ions, and finally I-based octahedrons can
be used to complete the construction of the structure.

According to the above analyses and discussions, we conclude
that ammonium ions with shorter chain and stronger structural
rigidity and larger inorganic skeleton should be used. Firstly, solid-
to-solid phase transition materials (2,2-DPA);Bizlg 1 and (2,2-
DPA)3Pb,I; 2 were constructed. Subsequently, along the path of
lead-free and two-dimensional maintenance based on 2, we suc-
cessfully synthesized (2,2-DPA)4AgBilg-H,0 3 (Fig. S1a in Support-
ing information) and (2,2-DPA)4CuBilg-H,0 4 (Fig. S1b in Support-
ing information), whose optical band gaps are 1.98 (direct) and
1.76 eV (indirect), respectively. As the typical semiconductor, 3 and
4 show temperature-dependent conductivity, and obvious light-
response when xenon lamp is on or off. Besides, we found out
that dehydrated 3 is first solid-to-solid phase transition material
with <100>-oriented layered double perovskites with n=1. The
cause of the phase change may be split or overturn of ammonium
ions, resulting from lower motion barrier. These results mentioned
above illustrate the potential application value of 3 and 4 in photo-
electricity and sensors and discovery of 3 and 4 will help promote
the development of layered hybrid double perovskite.

Adopting single crystal X-ray diffraction at different tempera-
tures, the crystal structures of 1, 2, 3 and 4 were determined and
their structure refinements are listed in Tables S1 and S2 (Support-
ing information). Measured and simulated powder X-ray diffraction
patterns of 1, 2, 3 and 4 are shown in Fig. S2 (Supporting informa-
tion). Like most Bil based organic-inorganic hybrid materials, the
inorganic octahedrons in 1 adopt the face sharing connection mode
to form a zero-dimensional structure (Fig. 1a). Different from 1,
the octahedrons consisting of Pb and I in 2 are connected by face
sharing and corner sharing mode, and finally a two-dimensional
structure is constructed (Fig. 1b). As expected, 3 and 4 were suc-
cessfully constructed by replacing Pb with Ag&Bi or Cu&Bi, em-
ploying a style of two-dimensional corner sharing sandwich struc-
ture containing double-deck filling (Figs. 1c and d) and classified
as <100>-oriented layered Ruddlesden—Popper double perovskites
with n=1. In order to understand and grasp these four structures
and their relationship, the Figs. 1e-g were drawn. The two cor-
ner connection points on some shared surfaces in 1 are broken,
and then the octahedrons are turned, connected and tiled to fi-
nally form a two-dimensional structure of 2. Based on 2, the cor-
ner sharing two-dimensional structure of 3 and 4 is finally formed
by completely breaking the two corner connection points on the
shared surface.

In addition, the bond lengths of 3 and 4 are shown in Fig.
1h, and the bond length and bond angle information of 1, 2, 3
and 4 are placed in Tables S3-S6 (Supporting information), distor-
tion degree of 3 and 4 can be quantitatively estimated according
to perovskite octahedra by the following equations about Ad and

U@(oct)z-
(1 dp— (@)’
SROMIETS "

12 (6 —90°)
By = 2oy DL 2)

In the equation, Ad and O’@(oct)z express the degree of devia-
tion of the bond length and the bond angle variance respectively
[43,44], d, is the Ag-1 or Bi-I bond length and (d) is the aver-
age bond, length of six M-I (M=Ag, Cu or Bi). Analogously, 6
refers the individual I-M-I angle by comparing with 90° in the
standard non-distorted octahedron. The calculated results of 3, 4
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Fig. 1. Basic structures and inorganic skeleton stacking diagrams (inset) of (a) 1, (b) 2, (c) 3 and (d) 4 at low temperature phase. Diagrammatic drawing of (e) 1, (f) 2, (g) 3
and 4, the transformation relationship of their inorganic skeleton. (h) Bond lengths in inorganic parts of 3 and 4.

and other similar double perovskites are listed in the Tables S7
and S8 (Supporting information). One can see that Aglg octahedron
of 3 is disordered due to larger difference in the individual Ag-I
bond length. However, on account of the existence of 2-fold rota-
tion axes C, in Aglg, the degree of distortion is between ones of
reported AgBil-based double perovskite. Differently, the extremely
close bond lengths and 2-fold rotation axes C, of Bilg in 3 make
its Ad the smallest. As another evaluation parameter, O'g(oct)z pa-
rameters of Aglg and Bilg in 3 are smaller contrasting with ones
of most following materials, whether Ad or ag(m)z, an analogous
situation also occurs in Bilg of 4. But in Culg of 4, Ad or Jg(w)z is
the smallest. By means of simple analyses about 3 and 4, it is not
difficult to find that smaller 2,2-dimethylpropan-1-aminiums cause
the inorganic skeletons to deform to a small extent compared to
other lager cations in addition to flexible AE2T molecules, in other
words, AgBil and CuBil-based inorganic skeletons can give tolera-
tion to smaller cations and have an appropriate range of tolerance
flexibility to different cations. Furthermore, hydrogen-bond geome-
tries of 1, 2, 3 and 4 are listed in Tables S9-S12 and Fig. S3 (Sup-
porting information).

As organic-inorganic hybrid materials, due to the large space
between inorganic substances, it can provide the possibility of
order-disorder transition of organic part at the high temperature,
in other words, this provides the possibility of solid-to-solid phase
transition [45,46]. We attempted to research their thermodynamic
properties by means of heating and cooling, differential scanning
calorimetry (DSC) of 1, 2, 3 and 4 was performed (Figs. 2a and
b). As inferred, both 1 and 2 exhibit solid-to-solid phase transi-
tion behavior. During the heating of the first lap in 3 (Fig. S4 in
Supporting information), a broad peak at 365-400K should match
the drastic vibration of crystal water, implying that imminent de-
hydration after 400K that is in line with TGA (Fig. S5 in Sup-
porting information), and an abnormal endothermic peak appeared
at 413.2K. During second lap (Fig. 2b), an endothermic peak at
413.2K arose and an exothermic peak at 407.3K that is the same
as the one during the first cooling cycle is found, indicating the oc-
currence of the solid-to-solid phase transition. But in 4, during the

second circle, there is no abnormal peak appearing besides several
dehydration peaks in the heating stage.

In like manner, the temperature-dependent dielectric constant
&’ was carried out and corresponding conductivity was calculated
applying ¢” =¢’tanf and o, =we"gg, where &g is permittivity of
vacuum. In keeping with the results in DSC, the step-like curves
dielectric constant &’ of 1, 2 and dehydrated 3 and almost straight
lines in dehydrated 4 during the heating and cooling are observed
(Figs. 2c-f). By single crystal X-ray diffraction in the high temper-
ature phase of 1 and 2, we know that the fundamental reason for
the phase transition of 1 and 2 is the splitting of sectional cations
in the high temperature phase, not all of them. The details are
shown in Figs. 2g-i. As far as phase transition in 3 after dehy-
dration, we attempted to carry out single crystal X-ray diffraction
after phase transition temperature, but regrettably, the data qual-
ity at high temperature is extremely bad on account of the pow-
dering of single crystal 3 resulting from dehydration, so variable-
temperature powder X-ray diffraction patterns were performed to
verify occurrence of phase transition. As shown in Fig. S6 in Sup-
porting information, there are obvious changes in the peaks of
three areas marked as red (20: 7°-13°), blue (260: 21°-26°), and
green (20: 32°-36°), indicating that the phase transition occurred
near 410K. Besides, powder X-ray diffraction patterns of 3 before
and after dehydration are almost the same (Fig. S7 in Support-
ing information), indicating that 3 still maintain initial perovskite
structure after dehydration. We performed marked Hirshfeld sur-
faces mapped with dnomm and the 2D fingerprint plot highlighting
Hinside-loutside to further clarify the hydrogen bonding effect be-
tween cations and metal skeletons (Fig. S8 in Supporting informa-
tion). Due to the different environment of the various ammonium
ions, we have marked them to distinguish them. The specific pa-
rameters are listed in Table S13 (Supporting information), average
Hinside-loutside Surface area (29) in 3 less than that (30.2) in 4 im-
plies that the smaller interaction in 3 reduces the motion barrier,
that is, the organic cation in 3 has a greater possibility of order-
disorder transition like 1 and 2, which ultimately results in the
appearance of the reversible phase transition. As a solid-to-solid
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Fig. 2. (a) DSC of 1 and 2. (b) DSC of 3 and 4 in the second lap. (c-f) Dielectric constant &’ and conductivity o of 1-4 as a function of temperature. (g) Changes of organic
cations in 1 and 2 at low temperature phase and high temperature phase. (h, i) Packing structures of 1 and 2 at high temperature phase.

phase transition material that requires dehydration activation, 3
has potential application in temperature sensors and other scenar-
ios.

For assessing the suitability for several applications such as
photovoltaic applications, the UV-vis absorption and density func-
tional theory (DFT) calculations of 1, 2, 3 and 4 were performed.
1 and 2 show the direct band gaps of 1.99eV (Figs. S9a and c in
Supporting information) and 2.32eV (Figs. S9b and d in Support-
ing information), respectively. For 3 and 4, one can see that both
abrupt slopes gradually appeared from ~900 nm in UV-vis absorp-
tion spectra (Figs. 3a and b) and their optical band gaps can be
determined to be 1.98 and 1.76eV respectively by Tauc plot (in-
set in Figs. 3a and b). In Fig. 3c, we compared 3 and 4 with the
same type of series Pbl and two representative double perovskites,
namely <100>-oriented perovskites with n=1. As series Pbl, their
optical band gaps are all located in the vicinity of 2.51 eV [47-52],
the numeric fluctuation is determined by many factors such as the
distortion of the Pblg inorganic framework, ammoniums, and the
interlayer spacing. Different from series Pbl, due to the influence
of Ag or Cu in B! and Bi in B!, the optical band gaps of series
AgBil and CuBil are around 1.99 and 1.63 eV (the average value of
all reported band gaps of the same type of double perovskite, Ta-
ble S14 in Supporting information) [34,41], which are significantly

lower than that of series Pbl, implying that they have a greater
possibility of being optoelectronic materials.

With and without spin-orbital coupling (SOC) into account, the
energy band structures of 3 and 4 were obtained by calculation
based on optimized structures (Figs. 3d and e, Fig. S10 in Sup-
porting information). Without the inclusion of SOC, the valence
band maximum (VBM) and conduction band minimum (CBM) of
3 are located at G point, disclosing predicted direct band gap of
2.5eV. However, when taking the SOC into account, the predicted
bandgap is direct (1.81eV), more precise value demonstrates that
necessity to include SOC for a right presentation of Pb- and Bi-
based hybrid organic-inorganic perovskites [41,53-55], the differ-
ences between SOC and no SOC are mainly derived from a split-off
conduction band within Bi-6p states [41,53]. In order to analyze
composition of VBM and CBM, partial density of states of 3 in the
range of —4eV to 6eV are shown in Fig. 3d, CBM is mainly derived
from the contribution of the unoccupied Bi-p and I-p orbitals. Sim-
ilarly to the role of the inorganic skeleton in CBM, VBM mainly
arises from I-p states. Differently, the VBM and CBM of 4 are lo-
cated at Q and G point respectively and predicted indirect band
gaps are 2.21eV (no SOC) and 1.6eV (SOC), where CBM is mainly
contributed by Bi-p and I-p orbitals and VBM mainly arises from
Cu-d and I-p states (Fig. 3e). Unlike the differences in 3, the differ-
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s, N-p, C-p and O-p states indicates a strong interaction between
them, especially the strong covalent interactions between H-s, N-p
and C-p orbitals.

To further illustrate the semiconductor properties of 3 and 4,
the voltage-dependent current of 3 (Fig. 4a) on the plane (200)
and 4 (Fig. 4b) on the plane (011) at various temperatures were
performed, where the crystal plane (200) and (011) are two-
dimensional planes of 3 and 4, respectively. As the temperature
increasing with every 10K, under the same voltage, current of 3
and 4 increase by a greater magnitude, making clear that repre-
sentative semiconducting nature. Furthermore, photoconductivity
of 3 and 4 were also tested on the plane (200) and the plane
(011). Both crystal 3 and 4 show obvious photo-response (Figs. 4c
and d) when the xenon lamp with intensity of 20 mW/cm? is on
or off, which further proves their semiconductor properties and
indicates that they may be applied to light-harvesting and light-
detecting devices. Furthermore, we attempted to research their
photo-response between parallel two-dimensional crystal planes,
namely (200)/(200) of 3 and (011)/(011) of 4, however, the photo-
response is not found, resulting from the gaps between the two-
dimensional planes leading to poor conductivity and insufficient
light intensity, possibly. The detailed test diagrams are shown in
Fig. S11 (Supporting information). In addition, Figs. 4e and f show
PXRD of 3 and 4 used to determine the crystal plane in the I-V and
I-t-test, respectively.

In conclusion, by preparatory work in 1 and 2, and applying the
new scheme using the adjustment of cations and inorganic octahe-
drons, two 2D hybrid double perovskites, (2,2-DPA)4AgBilg'H,0 3
and (2,2-DPA)4CuBilg'-H,0 4 were successfully synthesized, which
show the optical band gap of 1.98 and 1.76eV respectively. As
the representative semiconductors, they exhibit obvious photo-
response when the xenon lamp with intensity of 20mW/cm? is
on or off. Besides, (2,2-DPA)4AgBilg'H,0 was proven to be the first
solid-to-solid phase transition material with <100>-oriented lay-
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Fig. 4. I-V curve at different temperatures on (a) the plane (200) of crystal 3 and (b) the plane (011) of crystal 4. I-t plots of the light on/off cycles at 290K on (c) the plane
(200) of crystal 3 under a bias voltage of 2V and (d) the plane (011) of crystal 4 under a bias voltage of 20V. PXRD of (e) 3 and (f) 4 used to determine the crystal plane in

the I-V and I-t-test.
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ered double perovskites with n=1 after dehydration. We believed
that the discovery of 3 and 4 is extremely significative, whether
it is the development of layered hybrid double perovskites or its
potential to photo-response devices and temperature sensors.
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