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Two-dimensional semiconducting Cu(i)/Sb(in)
bimetallic hybrid iodides with a double perovskite
structure and photocurrent response+t
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Stable lead-free hybrid halide double perovskites have sparked widespread interest as a new kind of
photoelectric material. Herein, for the first time, we successfully incorporated copper() and antimony(i)
into  two two-dimensional (2D) hybrid bimetallic double perovskite iodides, namely
(NH3CgH11)4CuSblg-H,O (CuSbl-1) and (NH3CgH;oNH=z),CuSblg-0.5H,0 (CuSbl-2), using cyclohexylamine
and 1,4-cyclohexanediamine as organic components. The band gaps for CuSbl-1 and CuSbl-2 were
determined to be 2.22(2) eV and 2.21(2) eV, respectively. Furthermore, these two layered perovskites were
readily dissolved in an organic solvent (1 mL DMF can dissolve 1 g sample for each compound) and could
form smooth, pinhole-free, and uniform thin films through a facile spin-coating method. Photocurrent
experiments with xenon lamp irradiation revealed the obvious photoelectric responses for both 2D
double perovskites. The ratio of the photocurrent to the dark current (/ignt//gar) for CuSbl-1 and CuSbl-2
is about 23 and 10, respectively, further suggesting their potential to be applied as light harvesters or light
detectors. More importantly, these 2D double perovskite iodides show high moisture and thermal stabi-

Received 14th December 2022,
Accepted 31st January 2023

DOI: 10.1039/d2nr06996b

Published on 31 januar 2023. Downloaded on 27.06.2024 01.06.16.

rsc.li/nanoscale

1. Introduction

Organic-inorganic hybrid perovskites have made remarkable
progress since they have emerged as photovoltaic materials,
with their power conversion efficiencies (PCEs) increased sub-
stantially from 3.8% to above 25.7%." > The excellent perform-
ance of this kind of material is attributed to their suitable
band gap, efficient photo-generated exciton dissociation,” high
carrier mobility,” high absorption coefficient,®® and facile
solution fabrication processing.'® Therefore, besides their out-
standing performance as high-efficiency solar cells, organic-in-
organic hybrid perovskites have also attracted the attention of
researchers in fields such as light-emitting diodes (LEDs),"*™**
lasers,'*"? field-effect transistors (FET),'®"”
photodetectors,'®'® optoelectronic devices,>**' etc. However,
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lities, indicating their potential for optoelectronic applications.

the widely used organic-inorganic hybrid perovskites are lead
(Pb)-based halides. Environmental toxicity of the key element
Pb is still an urgent issue to be solved; at the same time, 3D
Pb-based halide perovskites (e.g MAPDbI;) are extremely
unstable. These two factors severely restrict their extensive
application and commercialization. Thus, it is urgent to seek
new lead-free and stable organic-inorganic hybrid perovskites.

A straightforward method of eliminating Pb from halide
perovskites is to replace Pb** with other isovalent ions.® Tin
(Sn) and Germanium (Ge) of the same group as Pb have
become the first choice, but studies have shown that Sn*>* and
Ge®" ions are easily oxidized to tetravalent Sn** and Ge**
ions.”*** Thus, the corresponding perovskites of Sn and Ge
are very unstable. Another strategy is replacing Pb>* with het-
erovalent ions, where the chemical properties of the lone-pair
ns” electronic configurations can be maintained just like that
of Pb**; the cations of group-VA elements such as Bi*" and Sb**
have been explored as substitutes for Pb>".>>* In addition, on
combining monovalent cations (K", Na*, Ag*, Cu*) with Bi** or
Sb** ions, new structures of bimetallic double perovskites can
be produced.”>' By the introduction of monovalent metal
ions, the properties of perovskite materials can be enriched;
meanwhile, the surplus charge of Bi*" or Sb>* can be effectively
balanced during the formation of perovskite structures.”
Since this strategy was proposed, the structures and properties
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of bimetallic perovskites are considered very fascinating and
have great potential for applications.

However, according to the radius-ratio rules describing the
packing principles in ionic solids, the formation of bimetallic
perovskites is challenging. Therefore, the strategy of incorpor-
ating trivalent and monovalent cations into organic-inorganic
hybrids was proposed. Different organic components are able
to generate a suitable force field to maintain the layered struc-
ture constituted by vertex-sharing octahedra in inorganic com-
ponents. However, this is not easy to achieve with inorganic
ions due to their approximately spherical shape. The emer-
gence of (CgHyN,),AgBilg-H,0,%° (1,3-diaminocyclohexane),
BiCulg,*> (APP), AgBilg-H,0,”* (Cy4H;35N,)CsBil; and other
compounds proves the feasibility of this strategy.** In addition,
the introduction of organic components with various struc-
tures can flexibly control the structure of organic-inorganic
hybrid bimetal perovskites, thereby regulating the properties
of compounds. In this context, we were encouraged to fabricate
lead-free bimetallic hybrid perovskites.

Compared to chloride or bromide double perovskites,
iodide double perovskites are highly preferable because their
band gaps are expected to be similar to those of Pb-based
iodide perovskites based on theoretical calculations.*® There
have been many reports on Bi-based iodide double perovskites
whether inorganic or organic-inorganic hybrid compounds.***
Sb**, similar to Bi**, is also explored as a candidate to replace
Pb>" in lead-free metal halide perovskites. Xia et al. prepared a
double perovskite of Cs,AgSbCls, which is found to have a
varied band gap associated with different body colors.*® In the
same year, Solis-Ibarra et al. obtained a mixed metal layered
perovskite of Cs,CuSb,Cl;,, with a direct band gap of 1.0 eV
and its conductivity is an order of magnitude greater than that
of MAPbI;.*° In 2018, Cheetham et al further studied the
enhanced visible light absorption for Cs,AgSbBrs, with an
indirect optical band gap of 1.64 eV.*" In 2021, Kuang et al.
reported a series of single crystals of BAPPIn,_,,Sb,,Cl;,
(BAPP = CjoHpgNy, x = 0-1), which exhibit high-efficiency
white-light emission.*”> Related studies of these perovskites
show that Sb-based double perovskites have potential appli-
cation in the photovoltaics, LEDs and other fields of opto-
electronics. Nonetheless, the halogens are mostly chloride (Cl)
and bromide (Br) rather than iodide (I) in these compounds.
In 2017, Deng et al. have reported a hybrid of (MA),AgSbl
(MA: methylammonium) with a band gap of 1.93 eV and high
stability under ambient conditions.*> However, this hybrid has
not been substantiated by definitive structural characteriz-
ation, and it has not been tabulated in structural databases
either.®® These reports indicate that Sb-based iodide hybrid
double perovskites are relatively scarce and the synthesis of
these kinds of iodides appears to be challenging. Furthermore,
first-principles calculations predict that the band gap of Cul-
based halide double perovskites is smaller than that of the
corresponding Agl-based analogues.*"***°

Thus, we endeavor to fabricate Sb/Cu organic-inorganic
hybrid bimetallic perovskites and explore their potential for
photovoltaic applications. Here, by rational selection of
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organic cations, the single-crystals of Sb/Cu organic-inorganic
hybrid bimetallic perovskite iodides have been unprecedentedly
prepared. Two new compounds, namely (NH3CgH;4),CuSbIg-
H,O (CuSbI-1) and (NH;CgH;oNH;),CuSblz-0.5H,0 (CuSbI-2),
where NH;C¢H;y; = cyclohexylammonium and NH;CgH;,NH; =
cyclohexane-1,4-diammonium, were confirmed to form two-
dimensional structures through interaction region indicator
(IRT) analysis. CuSbI-1 and CuSbI-2 show semiconducting pro-
perties with the band gaps of 2.22(2) eV and 2.21(2) eV,
respectively. Interestingly, they exhibit high photo-responses as
evidenced by the photocurrent measurements under xenon
lamp irradiation, suggesting that the two materials have the
potential to be applied as light harvesters or light detectors. In
addition, both compounds can be easily processed into
smooth, pinhole-free, and uniform thin films through the
spin-coating method. Both the single-crystal powder and thin
films of the two compounds exhibit good stability in humid
and hot environments, which is beneficial for the long-term
usage of the corresponding devices.

2. Results and discussion
2.1 Crystal structures

CuSbI-1 was generated by a facile one-pot hydrothermal reac-
tion. This red crystal crystallized in the monoclinic space
group C2/c (Table S1, ESIT). The relevant crystallographic data
are listed in Tables S2 and S3 in the ESIL{ CuSbI-1 exhibits a
two-dimensional (2D) structure in which inorganic and
organic layers are stacked alternately (Fig. 1(a-c)). Indeed, each
inorganic layer is separated by two organic layers of
(NH3C¢H;,)*" cations. Considering the inorganic part of
[Cusblg]*", each Sb>" and Cu" ion formed a six-coordination
octahedron structure with iodine. Herein, the [CuSbIg]*"~
layers were assembled through Cu-I-Sb bridges to undergo
vertex-sharing of [Culs] and [Sbls] octahedra. Sb-I bond
lengths ranged from 3.010 (10) to 3.046 (11) A and I-Sb-T bond
angles varied from 88.02 (3)° to 180.00 (2)°. In the [Culg] octa-
hedron, Cu' cations are disordered and distributed among two
positions around the center of the octahedron, with an occu-
pancy rate of 0.5. In other words, Cu’ ions are not in the
center of the octahedron; instead, they vibrate on both sides of
the center. Herein, Cu-I bond lengths (taking into account the
disorder) ranged from 2.47 (4) to 3.25 (5) A. Two apical Cu-I
bonds were shorter and ranged between 2.47 (4) A to 2.59(4) A.
On the other hand, within the layer, the four equatorial Cu-I
distances were much longer (2.71(4) A-3.25(5) A). Whereas, I-
Cu-I bond angles varied from 105.53 (13)° to 138.92 (17)°.
Thus, the Cu' centers adopt extremely distorted six-fold coordi-
nation spheres while still maintaining the 2D double perovs-
kite structure.

The amino group of cyclohexylamine in the organic part is
protonated, so each cyclohexylammonium ion has one positive
charge. Due to the electrostatic interaction between the in-
organic layer and the organic layer, the positively charged
portion of the organic amine is toward the inorganic layer. As

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) The crystal structure of the 2D layered double perovskite CuSbl-1 (hydrogen atoms are omitted for clarity). (b) The platform of 2D in-
organic layers consisting of alternating Cu—Ilg octahedrons and Sb—Ilg octahedrons. (c) The framework of the Cu—I1-Sb octahedrons with different

Cu-I and Sb-I bond lengths. (i): x,y — 1, z.

a consequence, CuSbI-1 exhibits many intermolecular hydro-
gen bonding interactions with the cations and water molecules
of the type N-H:--O listed in Table S4 in the ESL{

Using a similar process, but replacing the cyclohexylamine
group with cyclohexane-1,4-diamine, we obtained orange-red
crystals of CuSbI-2 that crystallized in the monoclinic space
group P24/n (Table S1, ESIt). The relevant crystallographic data
are listed in Tables S5 and S6 in the ESIL.{ As shown in Fig. 2
(a—c), CuSbI-2 also exhibits a 2D double perovskite structure.
Obviously, the structure of CuSbI-2 is slightly different from
that of CuSbI-1, with each inorganic layer being alternated
with an organic layer of (NH;CgHoNH;)*" cations. The in-
organic part of CuSbI-2, is assembled to form a face by the
vertex-sharing of [Sbls] and [Culs] octahedra. Indeed, Sb-I
bond lengths ranged from 2.827 (12) to 3.286 (12) A, while,
Cu-I bond lengths ranged from 2.542 (2) to 4.482 (2) A. We
noted that Cu-I bond lengths in CuSbI-2 are also quite
different; the lengths of two Cu-I bonds which were vertical to
the layer, were shorter. While, within the layer, the four equa-
torial Cu-I distances were much longer. The amino group of
cyclohexane-1,4-diamine in the organic part is protonated, so
each cyclohexane-1,4-diammonium ion has two positive

charges. Due to the electrostatic interaction between the in-
organic and organic layers, the amino groups with a positive
charge at both ends of the cyclohexane-1,4-diammonium ion
are close to the two inorganic counterparts (Table S7, ESIT).
Thus, the cyclohexane-1,4-diammonium molecule is in a
quasi-upright state.

The bond length of Cu;-I, (3.763 A), Cuy-1y4 (4.304 A), Cu,—
I, (4.071 A) and Cu,-I4 (4.482 A) in CuSbI-2 are much longer
than several reported complexes containing Cu-I bonds, such
as 2.61-2.72 A in (R/S-PCA)Cul,.* Therefore, bonding charac-
teristics of complexes CuSbI-1 and CuSbI-2 were investigated
through the interaction region indicator (IRI) analysis*’ via
Multiwfn program,*® which can distinguish the strengths and
features of intra- or inter-molecular interactions in different
regions. Reasonable fragments of both molecules were con-
sidered and their atomic coordinates were directly extracted
from single crystal structures without geometry optimization
(Fig. S1t). Before IRI analysis, density functional theory (DFT)
calculations were performed by Gaussian 09*° in order to
generate the stable wave functions of both fragments. Fig. 3 is
the isosurface map of IRI = 0.9 for CuSbI-1 and CuSbI-2, and
the function of sign(4,)p is mapped on the isosurface, where p

Fig. 2 (a) The crystal structure of the 2D layered double perovskite CuSbl-2 (hydrogen atoms are omitted for clarity). (b) The platform of 2D inorganic layers
consisting of alternating Cu—Ilg octahedrons and Sb—Ilg octahedra. (c) The framework of Cu—I-Sb octahedra with different Cu—I and Sb—I bond lengths.

This journal is © The Royal Society of Chemistry 2023
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IRI=0.9

sign(4,)p
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Chemical Bond -0.04 ‘
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vdW interaction Notable repulsion

Fig. 3 The isosurface map of the interaction region indicator (IRI) for CuSbl-1 (left) and CuSbl-2 (right). Colour codes: Cu, bluish-green; Sb, yellow;

C, gray; |, pink; N, blue and H, white.

represents the electron density and 4, is the second largest
eigenvalue of the Hessian of p. The color bar ranging from
blue to red corresponds to attractive and repulsive interactions
with the increase of the sign(4,)p value. Evidently, all C-C, C-
H and Sb-I interactions belong to typical covalent and coordi-
nation bonds respectively, while for Cu(i) centers, two kinds of
coordination bonds with different strengths can be observed,
and the attractions between Cu(1) and I" ions correspond to
their bond lengths.*>*" The much longer Cu-I bonds are so
weak that they are comparable with vdW interactions, and
such results demonstrate the formation of quasi-tetrahedral
Cu(i) sites and two-dimensional structures for the whole
system.

To explore the composition of CuSbI-1 and CuSbI-2 along
with the valence of copper, X-ray photoelectron spectroscopy
(XPS) was performed. As shown in Fig. S2 in the ESI,} the XPS
survey scan reveals principal peaks attributed to C 1s, N 1s, Sb
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3d, I 3d, and Cu 2p for both compounds. Detailed high-resolu-
tion XPS spectra for CuSbI-1 and CuSbI-2 depicted the exist-
ence of two peaks of Cu 2p, each located near 952.0 eV and
931.5 eV, which are unique to the Cu' ion and correspond to
2p1/2 and 2p3/2, respectively. Interestingly, XPS results are in
well accordance with single crystal X-ray diffraction (SXRD)
and prove the existence of Cu' ions. Herein, it is worth noting
here that Cu' ions are not oxidized to Cu" ions during the reac-
tion, indicating the high stability of CuSbI-1 and CuSbI-2.

2.2 Optical properties

In order to estimate whether the compounds are suitable for
optoelectronic applications, UV-vis diffuse reflectance spectra
were recorded for CuSbI-1 and CuSbI-2, so that their optical
band gaps could be determined. The results are displayed in
Fig. 4(a and b). All the samples show typical band gap absorp-
tions of semiconductors, which are around 500 nm for
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Fig. 4 (a) UV-vis diffuse reflectance spectra of powdered CuSbl-1 and CuSbl-2. (b) Band gaps of powdered CuSbl-1 and CuSbl-2.
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CuSbI-1 and CuSbI-2. The band gap energy (E;) was estimated
using the the Kubelka-Munk function:

F(R) =a/S=(1—R)*/2R

where R, a, and S are the coefficients for the reflection, absorp-
tion, and scattering, respectively. The processed curves based
on this formula shown in Fig. 4b. The measured E, values are
2.22(2) eV and 2.21(2) eV respectively for CuSbI-1 and CuSbI-2,
which are close to E, values of other Sb-based perovskites.****
To better understand the electronic, optical, and defect charac-
teristics of the compound, the DFT band structure of CuSbI-1
and CuSbI-2 were calculated using PBE as the functional
(Fig. S3, ESIt). The results are well consistent with experi-
mental results and a band gap of 2.15 eV was observed for
CuSbI-1 and that of 1.75 eV was observed for CuSbI-2. The
partial density of states (PDOS) results showed that the top of
the valence band of the compound is mainly contributed by

—
Q
—

300{ e darkat293K )
® light at 293K ®
200+ .
[ ]
< o
£ 100 .
S~ °
- °
ch 0 ooooooooglocoecooccocy
= °
3 °
QO -100 R °
[ ]
200{ o °
[
o
-300 L i , ' .
10 5 0 5 10
Voltage /V

—
(@]
~—

1201 e darkat 293K
o light at 203K o
80 °
L]
°

40+

boeooooecoeos?®

Current / nA
o

0 5 10
(e) Voltage / V

1.25x10°

9 CuShl-1
@ CuSbl-2

1.00x10° 4
° o
o
° o
S 7.50x10° °

L)
) 0000000
° ©

/

N 5.00x10% | )

2.50x10° iaaf
0.00 4

0.00  3.20x10° 6.40x10° 9.60x10° 1.28x10* 1.60x10*
Z' / ohm

View Article Online

Paper

the orbital of I and Cu, and the bottom of the conduction
band of the compounds is mainly contributed by the orbital of
I and Sb. In other words, the energy band gaps of the com-
pounds are mainly determined by the orbital overlap and
hybridizations among I, Cu and Sb, which are less related to
the organic part.

2.3 Photo response properties

To further explore the application potential of the compounds
in the field of optoelectronics, the photoconductivities of
CuSbI-1 and CuSbI-2 were measured using pressed pellet
samples with 10 V bias-voltages under 350 W solar-simulating
xenon lamp irradiation. It can be clearly seen from Fig. 5a-d
that the photo-generated currents of the two compounds are
significantly higher than the current without an excitation
light. Indeed, the ratio of the photocurrent to the dark current
(Iight/Taark) of CuSbI-1 and CuSbI-2 are about 23 and 10,
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Fig. 5 [-V plots for the dark and light current of CuSbl-1 (a) and CuSbl-2 (c) measured at 293 K under a 350 W xenon lamp. /-t plots of several
irradiation cycles for CuSbl-1 (b) and CuSbl-2 (d). (e) EIS Nyquist plots of CuSbl-1 and CuSbl-2. (f) Mott—Schottky plots of CuSbl-1 and CuSbl-2.
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respectively (Table S8, ESIt). Obviously, the two compounds
have considerable photo responses under light illumination.
Although their electrical conductivity is lower, their photo-
response performance is much better, and the electric charge
has a greater potential to be excited by light. In addition, the
photocurrent presented a reproducible response, which could
be observed for various consecutive on-off cycles under the
same ambient conditions, suggesting that these materials have
the potential for light detection.

To gain an in-depth understanding of the separation
efficiency of photogenerated electron-hole pairs in the
materials, electrochemical impedance spectroscopy (EIS) tests
were performed (Fig. 5e) and Nyquist plots were obtained.
Obviously, the diameter of the plot of CuSbI-1 was significantly
smaller than that of CuSbI-2, indicating that CuSbI-1 has a
more efficient carrier separation ability. In addition, Mott-
Schottky plots (Fig. 5f) of the compounds were also plotted,
and the positive slopes confirmed the n-type semiconducting
properties of CuSbI-1 and CuSbI-2. At the same time, it can be
observed that the slope of CuSbI-1 in the Mott-Schottky plot is
smaller than that of CuSbI-2, implying the higher carrier
density of CuSbI-1.°>>*

To further demonstrate the semiconducting nature of these
materials, we plotted a series of I-V curves of the compounds

View Article Online
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by varying temperature from 30 °C to 80 °C (Fig. S4, ESIt). It
can be seen that as the temperature increases from 30 °C to
80 ©°C, the electrical conductivity of CuSbI-1 and CuSbI-2
increases from 6.10 x 107 S em™ t0 1.68 x 1077 S ecm ™" and
154 x 107 S em™ to 6.77 x 107° S cm™, respectively
(Table S9, ESIt). The analysis shows that the conductivity of
CuSbI-1 and CuSbI-2 are temperature-dependent, indicating a
typical semiconductor behavior. Using this feature, these two
compounds can be used in temperature-dependent detectors or
electrical devices operating at high-temperature environments.

2.4 Preparation and characterization of thin films

In order to further apply these two compounds as practical
optoelectronic devices, thin films were obtained by spin
coating 1 g mL~" DMF solution of CuSbI-1 or CuSbI-2 on the
ITO glass and annealing on a hot plate at 80 °C for 10 minutes
and cooling to room temperature. Remarkably, both CuSbI-1
and CuSbI-2 are highly soluble in DMF as 1 ml DMF can dis-
solve more than 1 g crystals. Scanning electron microscopy
(SEM) images shown in Fig. 6a-f demonstrated that the
smooth, pinhole free, uniform CuSbI-1 and CuSbI-2 thin films
covering the entire substrate are obtained. It also indicates
that the two compounds can be easily made into thin films,
which make it possible for them to be fabricated into thin-film
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Fig. 6 (a)—(c) SEM images of thin films formed by CuSbl-1 on ITO glass. (d)—(f) SEM images of thin films formed by CuSbl-2 on ITO glass. (g) and
(h) XRD patterns of theoretical calculations of the compounds, powder diffraction, and thin films.
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devices. Moreover, as shown in Fig. S5(a-g) and S6(a-g) in the
ESL T the elemental mapping of CuSbI-1 and CuSbI-2 films
shows that Cu, Sb, I, C, N, and O are uniformly and homoge-
neously distributed.

In addition, to determine whether the prepared single
crystal samples are pure and homogeneous with the phase of
the corresponding single crystal compound. XRD measure-
ments of single crystal powder samples and thin film samples
were conducted, and then the results were compared with the
simulated patterns (Fig. 6g and h). The results showed that
there are no impurities in the prepared samples, and the diffr-
action peaks of the films coincide very well with powder
counterparts, indicating that those compounds can be recrys-
tallized back to original crystals after being spin-coated and
annealed in the solvent.

Furthermore, in the most reported single-layer halide per-
ovskites, inorganic layers grow parallel to the substrate
surface.”® However, in this study, the XRD spectrum of the
film of CuSbI-1 shows a strong (200) reflection, and that for
CuSbI-2 shows a principal reflection of (020), which reveals the
vertical growth of the compounds on the substrate.

Optical band gaps of the two films were obtained by UV-Vis
DRS spectroscopy (Fig. S7(a and b), ESIt). The thin film band
gaps of CuSbI-1 and CuSbI-2 are 2.38(3) eV and 2.33 (3) eV,
respectively, which are slightly higher than the value of the
corresponding powder samples (Fig. 4). This phenomenon,
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consistent with the works reported on (BA),AgBiBrs,
(BA),CsAgBiBrg, Cs,AgBiBrs, (CeH;6N,),AgBilgH,O and

(Ce¢H16N,),CuBils-0.5H,0, can be inferred to be caused by scat-
tering according to the Mie theory.*>*

2.5 Stability characterization of materials

Improving the stability of perovskites used in devices has
always been a scientific issue of concern because stability is a
very important index in practical applications. In order to
investigate the stability of both the synthesized perovskite
compounds and the thin films, crystal powder samples were
characterized by thermogravimetric analysis (TGA) as shown in
Fig. S8.1 Results indicated CuSbI-1 and CuSbI-2 do not show
obvious mass loss until the temperature reached 260 °C and
320 °C respectively. They exhibit relatively better thermal stabi-
lity than other Sb-based perovskites (Table S10, ESIf).
Moreover, freshly prepared powders and thin films of CuSbI-1
and CuSbI-2 were stored at 55% relative humidity for 30 days.
PXRD patterns of the powdered and thin film samples of
CuSbI-1 and CuSbI-2 after the treatment showed no evidence
of material decomposition (Fig. 7). The PXRD patterns of the
samples after heating them at 100 °C in air for 72 h are also
recorded, which confirmed their structural integrity. In other
words, the two as-prepared perovskite materials are stable
under high-temperature and humid environments.

(a)

film of CuSbl-1

humidity 30-day

humidity 15-day

as-fabricated

(b)

film of CuSbl-2

| humidity 30-day

humidity 15-day

as-fabricated
A

b
g =

powder of CuSbi-1

Intensity

55% RH for 30-day

100°C for72 h

AN

as-synthesized

powder of CuSbl-2

Intensity

55% RH for 30-day

100C for72 h

as-synthesized

Jl AvsaA A 4 b
10 20 30 40 50 60 10 20 30 40 50 60
26 / degree 26 / degree

Fig. 7

(a) PXRD patterns of the freshly prepared powdered sample of CuSbl-1, exposed to humidity (55% RH) for a month or heated at 100 °C for

72 hours; and PXRD patterns of the CuSbl-1 film before and after exposure to humidity (55% RH) for a month. (b) PXRD patterns of the freshly pre-
pared powdered sample of CuSbl-2, exposed to humidity (55% RH) for a month or heated at 100 °C for 72 hours; and PXRD patterns of the CuSbl-2

film before and after exposure to humidity (55% RH) for a month.

This journal is © The Royal Society of Chemistry 2023
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3. Conclusions

In summary, we have demonstrated that 2D Sb/Cu-based
organic-inorganic hybrid bimetallic perovskite iodides can be
obtained through the judicious selection of organic cations.
Using cyclohexylamine and 1,4-cyclohexanediamine as the
organic part, two 2D hybrid bimetallic perovskites CuSbI-1 and
CuSbI-2, with a bandgap of 2.22(2) eV and 2.21(2) eV, respect-
ively, have been successfully synthesized using the hydro-
thermal method. The temperature-dependent conductivity also
reveals their semiconducting nature. Interestingly, the results
of photoresponse characterization show that the photocurrent
exhibited a stable and reproducible response. Pinhole-free and
uniform thin films of the crystal samples can be fabricated by
one-step spin coating, and the inorganic layers in the films
were vertical to the substrates. Furthermore, both crystals and
thin films present quite good stability and can be stable in hot
and humid environments without decomposition. CuSbI-1
and CuSbI-2 with high moisture/thermal stability exhibit the
potential for application in light detection and other opto-
electronic fields.
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