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Zero-dimensional (OD) metal halide clusters formed as isolated metal halide polyhedral structures show
excellent optical properties and have great potential for various applications in optoelectronic devices. In
this study, we reported a series of RbgCuB(i)sClig single crystals (SCs) constructed from Cu() and B(m)
(B = In, Th, etc.) containing lead-free bimetallic halide clusters. Density functional theory calculations
have been used to explore the thermodynamic stability of the expected bimetallic halide clusters, in
which the ionic radius of B(n) trivalent metal cations should be within the range of 0.74 to 0.99 A in order
to form a stable RbgCuB(in)sClig OD structure in line with the same structure configuration. By analyzing
the effects of different B(i) cations on the structural parameters and optical-physical properties, we found
that the luminescence of SCs could be modulated by different B(in) cations, while the luminescence origi-
nated from the charge transfer from Cu() ions to metal-chloride octahedra. This study reported the
rational design of novel-structured Cu(l)-based inorganic lead-free metal halide materials, which paves
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Introduction

Halide perovskites, with a chemical formula of ABX; (where A
represents Cs*, MA" or FA", etc.; B represents Pb** or Sn*", etc.;
and X represents halide ions), have attracted significant atten-
tion attributed to their excellent optoelectronic properties,
such as high light absorption coefficient, long carrier diffusion
length, and tunable bandgap.'™ Such outstanding properties
make them potential candidates for solar cells,>® light-emit-
ting diodes,” > and detectors.**® Currently, large-scale appli-
cations of halide perovskites are plagued by the toxicity of lead
(Pb*")."” Replacing Pb** with other nontoxic elements while
maintaining excellent properties has become a challenge.
Lead-free luminescent perovskite materials are of great emer-
gency. In previous reports, Pb*>" has been replaced with diva-
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the way for the exploration of new luminescent materials.

lent Sn** or Ge**, and trivalent Bi*" or Sb**, because these
cations have an identical electron configuration to Pb>", but
less toxicity. However, the divalent Sn*" or Ge*" in the perovs-
kite structure can be easily oxidized to tetravalent Sn** or Ge**,
which affects the framework stability and optical performance
of the perovskite structure."®*° Simply employing +3 valence
state cations to construct a single B site perovskite limits the
possibility of forming a three-dimensional (3D) corner-shared
perovskite structure due to the charge balance problem. Low-
dimensional crystal structures, such as A,B(im)Xs, AzB(u1)Xe,
and A;B(m),X,, are frequently achieved. Such perovskite-related
metal halides usually have larger optical bandgaps and lower
carrier mobilities than 3D perovskites, which are unsuitable
for photovoltaic devices. Moreover, by replacing two Pb*" ions
with a +1 and +3 cation pair, double perovskite structure A,B(1)
B(m)Xs can be formed, in which two kinds of octahedra
arrange alternately. However, due to the strong local electric
field between the ordered B(i) and B(m) sites in the 3D lattice,
the double perovskites show inferior optoelectronic perform-
ance than conventional 3D perovskites.>"*>

To tune the luminescence properties of perovskites, the
dimensional engineering of halide materials has been heavily
employed. By limiting the coordination number of metal ions
at the B(1) position in double perovskites, the low coordination
prevents the B(1) metal atoms from forming octahedra with the
surrounding halogens. This integration disintegrates the 3D
double perovskite structure, leading to the formation of lower-
dimensional structures. As a result, the electrical conductivity
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toward the metal halide bond network is reduced.>*** The
low-dimensional metal halides possess high exciton binding
energies and large bandgaps due to quantum and dielectric
limitations.>®?® In addition, increasingly isolated octahedral
units would enhance exciton localization, which in turn
enhances radiative recombination, resulting in high lumine-
scence efficiencies.””>°

In this study, based on the idea of replacing Pb(u) ions
with monovalent Cu(1) ions and trivalent In(u) ions, we intro-
duced a new all-inorganic copper-indium halide structure,
RbgCuln;Clyg. The single crystals (SCs) were synthesized via a
vacuum solid-state reaction method, preventing the influence
of water and oxygen during the SC growing process. The Cu(1)
ion has been chosen because the Cu 3d'° electron is unstable
at its high energy level and must be hybridized with 4s and 4p
states to reduce the energy. Lower coordination numbers of Cu(i)
with halides distorted the d'® orbitals, resulting in stronger
d-s and d-p hybridization, thus, debarring the formation of
6-fold coordination.>® Considering the thermodynamic stabi-
lity and octahedral factors, we further constructed a series of
zero-dimensional (0D) clusters based on this crystal structure
and investigated the relationship between the structural stabi-
lity and radius of trivalent-metal cations. We concluded that
stable Cu-based cluster structures could be formed only when
the ionic radius of trivalent-metal cations was within
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0.74-0.99 A, and the optimum structure appeared to have an
ionic radius of 0.86 A. Combining the optical properties with
structural data of the reported isomorphic SCs, we further elu-
cidated the luminescence mechanism in the obtained
materials.

Results and discussion

The novel luminescent all-inorganic lead-free metal halide
RbgCuln;Cl;g SCs were obtained via a vacuum solid-phase
reaction method.*’ From the pre-synthesis experiments, we
found that the growth temperature of RbgCuln;Cl;g SCs was
lower than the average melting point of all the involved precur-
sors. Thus, the target product cannot be obtained via a one-
pot solid-chemistry synthesis. Under this circumstance, the
entire SC growth process needs to be divided into two steps:
pre-crystallization and re-crystallization. As displayed in
Fig. 1a, RbCl, CuCl, and InCl;, with the mole ratio of 8:1:3,
were ground and sealed in a 9 mm-diameter quartz ampoule
in a vacuum. The as-prepared quartz ampoule was annealed in
a muffle furnace at 700 °C for 24 h and then cooled to room
temperature. The main product obtained at the high tempera-
ture was confirmed to be Rb;InCls using powder X-ray diffrac-
tion (PXRD) (Fig. S1t). After that, the quartz ampoule contain-
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Fig. 1 (a) Schematic of the preparation process of RbgCulnzClyg SCs.

(b) View of structural characteristics of RbgCulnsClyg SCs. Color scheme:

orange, Rb atoms; light blue, Cu atoms; dark blue, In atoms; red, Cl atoms. (c) Experimental and simulated PXRD patterns.
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ing Rb;InClg SCs was annealed at 400 °C for 5 days. The block-
like RbgCuln;Clyg SCs were obtained after cooling to room
temperature.

To understand the two-step growth process of RbgCuln;Cl;g
SCs, thermal stability was analyzed using thermogravimetry-
differential scanning calorimetry (TG-DSC) under a nitrogen
atmosphere. The white sample powder was heated from 25 to
800 °C at a constant rate of 10 °C min~". No weight loss was
found until the temperature increased to 400 °C (Fig. S271). The
thermal stability was slightly lower than the previously
reported low-dimensional all-inorganic Cu(1)-based halides
such as Rb,CuCl;, CsCu,Cl;, and Cs;Cu,Cl;.>>* This may be
related to the nature of the 3-fold coordination number of
Cu(1) in RbgCuln;Clyg. When the temperature increased from
400 to 650 °C, the sample powder lost 15.54% of the weight.
From the TG-DSC curves, the thermal decomposition process
of RbgCuln;Clyg SCs above 650 °C is consistent with that of
Rb;InClg SCs, indicating that the weight lost can be ascribed
to the destruction of the Cu—Cl bond in RbgCuln;Cl;5 and the
formation of Rb;InCl, (Fig. S27). After raising the temperature
above 650 °C, the sample powder continued to lose weight,
indicating the thermal decomposition of Rb;InCls. The
different formation energies of Rb;InCls and RbgCuln;Clyg
structures could further shed light on the necessity of multi-
step preparation. The formation energy of RbgCuln;Clyg (—5.34
eV) is much lower than that of Rbs;InClg (—1.0 eV), which
means that in order to avoid Rb3InCls impurities, the growth
of RbgCuln;Cl,g SCs needs a lower temperature environment.
Therefore, 700 °C and 400 °C were selected as the pre-crystalli-
zation and re-crystallization temperatures to prepare
RbgCuln;Clyg SCs, respectively.

The crystal structure of the novel RbgCuln;Clig SCs was
determined by single-crystal X-ray diffraction (SCXRD).
RbgCuln;Clyg SCs displayed a monoclinic structure with a
space group of R/3¢ (Z =3, a=b = 12.656 A, ¢ = 75.15 A). The
detailed crystallographic data and experimental refinement
parameters are shown in Table S1, and the bond lengths are
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listed in Table S2.f The asymmetric unit in the crystal struc-
ture of RbgCuln;Cl,g consisted of two types of layers (Fig. 1b).
Type I layer consisted of spatially well-isolated [InCle]*~ octahe-
dra with surrounding Rb" cations, similar to that in RbzInClg
SCs (Fig. S31).%° Each [InCle]*~ octahedron was composed of a
unique In site in a 3+ oxidation state coordinated by six chlor-
ine anions, with an average In-Cl bond length of 2.505 A. In
the type II layer, two Cu(i) ions combined with three [InClg]*~
octahedra to form a paddle-wheel-like [Cu,(InCle)s]”~ cluster,
and the clusters were separated by Rb'. The average In-Cl
bond length in the cluster was 2.525 A, which was almost
equal to that in the type I layer. The two types of layers stacked
alternatively along the c-axis following the 6; screw axis sym-
metry, forming a trigonal structure. The PXRD pattern of the
as-synthesized RbgCuln;Cl;s powder matched well with
the simulated one obtained from SCXRD (Fig. 1c), certifying
the purity of RbgCuln;Cl;g SCs. Energy-dispersive X-ray spec-
troscopy (EDS) mapping showed a uniform distribution of Rb,
Cu, In, and Cl elements (Fig. S47), in which the atomic ratio of
Rb/Cu/In/Cl was determined to be 7.86:1:3.06:17.15, which
was approximately equal to the stoichiometric proportion of
the structure formula as obtained from SCXRD.

In our previous work, RbgB(1)Sc;Cl;s SCs were synthesized
by using d'® monovalent metal-cationic Cu(i) or Ag(i) occupy-
ing the B(i)-site, respectively.”” By analyzing their lumine-
scence properties, it was considered that the metal cation at
the B(1)-site was the switch of the luminescence of the 0D
structure because the B(i) ion oxidation characteristics in the
cluster determined whether the SCs were emissive. Here, we
further explored the influence of B(ui) ions on the overall struc-
ture by considering the thermodynamic stability and structural
factors. A series of RbgCuB(m);Cl;g structural models were con-
structed by using different B(ur) ions. The Cu-Cl bond lengths
in these optimized structural models are shown in Fig. 2a.
When the trivalent-metal cation radius was between 0.67 and
0.99 A, the Cu-Cl bond length was less than 2.6 A, which was
within the typical Cu-Cl bond length range (Table S37). If the
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Fig. 2 (a) Relationship between the radius of B(i) ions and Cu—Cl bond lengths of RbgCuB(in)3sClyg SCs. Inset: Octahedral factors of RbgCuB(in)3sClig
compounds. The red triangle shows that the structure can form at room temperature under ambient pressure, whereas the blue triangle indicates
that the structure is unstable. (b) The formation energy of RbgCuB(i)3Clig SCs with different B(i) ionic radius.
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B(m) ion had a radius of 1.01 A, the distance between Cu ion
and the nearest Cl ion was 3.47 A, which was much larger than
the maximum value of the Cu-Cl bond. In addition, the octa-
hedral factor is an important criterion to predict the stability
of the perovskite structure,®>?® described by the formula y =
re/rx (where rg represents the ionic radius of B(ui) cations, and
rx represents the ionic radius of halogen). When rp was less
than 0.74 A, y was less than 0.41, and the lattice tended to be
distorted to form a layered geometry with edge- or face-sharing
polyhedra, thus, failing to form stable cluster structures. As
shown in Fig. 2b, the formation energy of structures with
different B(i) cations first decreased and then increased with
increasing ionic radius. The ionic radius of 0.86 A referred to
the minimum formation energy of —6.2 eV, illustrating that
the radius of B(m) cations should be within 0.74 and 0.99 A to
form this type of Cu(i)-connected octahedral clusters. We
selected rare-earth ions to build the models because of two
reasons. First, rare-earth ions show a stable trivalent state
which satisfies the valence requirements. Second and more
importantly, rare-earth elements have the same outermost
structure of two s electrons, resulting in similar physical and
chemical properties. The selection of rare-earth elements
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could effectively avoid the interference of chemical activity,
electronegativity, melting point, and other factors for predict-
ing the influence of the B(w) ionic radius on the structure.
To verify the accuracy of the calculation results, we used
the same solid-state method to synthesize a new 3-fold
coordinated Cu(i)}-based SCs with the same structure as
RbgCuln;Clyg, however, with different B(m) ionic radius,
namely RbgCuTb;Clg. As confirmed by SCXRD, RbgCuTb;Cl;g
crystallized within the same space group of R/3c. A paddle-
wheel-like cluster structure has been involved in the crystal
structure (Fig. S51). The Cu-Cl bond lengths obtained from
SCXRD were consistent with the calculated value (Table S4t).
In the following, the photophysical properties of
RbgCuln;Clyg SCs were explored. From the UV-visible absorp-
tion spectrum (Fig. 3a), the RbgCuln;Cl;g SCs had a distinct
absorption edge at approximately 376 nm, with an estimated
bandgap of 3.19 eV. The steady-state photoluminescence (PL)
spectrum of RbgCuln;Clig displayed a broadband emission
with a peak centered at 482 nm (2.57 V) under 305 nm exci-
tation (Fig. 3b). The large Stokes shift of 177 nm suggested
that the PL of RbgCuln;Cl;s SCs was not from the band-edge
emission. The PL quantum yield (PLQY) of RbgCuln;Cl;g SCs
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Fig. 3 (a) Absorption spectrum of RbgCulnzClig SCs. Inset: The corresponding Tauc plot. (b) Excitation (purple line) and emission (green line)
spectra of RbgCulnsClyg SCs. (c) Fitting of the PL decay curve. (d) Chromaticity CIE coordinate.
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Fig. 4 (a) Power-dependent PL intensity of RbgCulnzClyg SCs. (b) Temperature-dependent PL spectra under 305 nm excitation. (c, d) Variation of PL

intensity and FWHM with temperature and the fitting curves.

was approximately 4%. Although the performance was not
exceptional compared with other 0D metal halides, it per-
formed better than all-inorganic 3D CsPbX; SCs with approxi-
mately 1% PLQY.*” From the PL decay curve (Fig. 3c), a carrier
lifetime of approximately 257 ns was determined. The CIE
coordinate of RbgCuln;Cl;g SCs was (0.16, 0.23) (Fig. 3d),
corresponding to the sky-blue emission. For RbgCuTb;Cl;g
SCs, the luminescence properties were consistent with the
intrinsic luminescence of Tb** due to the transition between
different energy levels of 4f electrons (Fig. S61).**° In
addition, the material stability was evaluated. RbgCuln;Cl;g
SCs showed good stability under ambient conditions (25 °C,
50% * 5% relative humidity), and significant emission was
observed at 482 nm after 5 h of aging (Fig. S71). In compari-
son, RbgCuB(m);Cl;g SCs with rare-earth ions at the B(m) site
decomposed very quickly and became non-emissive after
exposure to air for a few minutes.

The variation of PL intensity with the excitation power
density of RbgCuln;Cl;g SCs was investigated. The PL intensity
increased linearly with the excitation power density (Fig. 4a),
suggesting that the emission was not from permanent
defects.”® The temperature-dependent PL spectra of
RbgCuln;Clyg SCs in the temperature range of 80-300 K are
shown in Fig. 4b. As the temperature decreased, the PL inten-
sity increased. The variation of the integrated PL intensity with

3732 | Inorg. Chem. Front, 2022, 9, 3728-3736

temperature can be fitted using an Arrhenius equation
(Fig. 4c):**

T 11 Aebo/laT)

1(1) (1)
where I(T) is the PL intensity at temperature 7, I, is the value
of PL intensity at temperature 0 K, Ej, is the exciton binding
energy, and kg is the Boltzmann constant. The extracted
exciton binding energy was 485.8 meV, which was much
higher than that of the 3D CsPbX; perovskite (E;, values of
approximately 2-55 meV), indicating that Frankel-type excitons
dominated the emission process of RbgCuln;Cl;g SCs.***?

The exploration of temperature-dependent PL broadening
helps in the understanding of the electron-phonon coupling
mechanism. The full width at half-maximum (FWHM) of the
PL peak declined with decreasing temperature (Fig. 4d), which
can be fitted using the following formula:

FLO

I(T)=Ty+0T+ oo/t 1 (2)

where I'(T) and I, represent the FWHM at temperature T and
0 K, respectively; o refers to the interaction between excitons
and acoustic phonons, and is usually negligible; I'io is the
interaction between excitons and optical phonons; and hw, o is
the optical phonon energy. The values of Iy, I'1o, and hwio

This journal is © the Partner Organisations 2022
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were 284.3, 225.5, and 77.6 meV, respectively. The exciton-
phonon coupling strength was higher than that of the 3D
hybrid perovskite (I'io values of 40-61 meV),** whereas it was
similar to that of double perovskites (approximately 230 meV).*>

The luminescence mechanism of 0D metal halide RbgCu(i)
B(m)3Clyg was further discussed. In our earlier work, under
375 nm light excitation, RbgCuSc;Cl;g and RbgCuY;Clyg SCs
showed strong and broad PL emissions. Rare-earth ions of Sc**
and Y**, unlike Tb*" and Eu’’, had empty 4forbitals which did
not exhibit emission caused by f-f transition. It was hypoth-
esized that the luminescence of the SCs might come from the
[B(m)Cle >~ octahedra. RbgCuln;Cly5 SCs showed a single emis-
sion peak at 482 nm under 305 nm light excitation, in which
In**, similar to Sc*" and Y*' ions, had no intrinsic lumine-
scence properties. Therefore, we deduced that the lumine-
scence of RbgCuln;Cl;g, similar to RbgCuSc;Cl;s and
RbgCuY;Clyg, was relevant to the metal halide octahedra due
to the unique isolated building units.***”

To explore the effect of different B(m) ions on the lumine-
scence properties of the RbgCu(1)B(m);Clyg structure, we ana-
lyzed the relationship between the length of B(u)-Cl bond in
the [B(m)Clg]’~ octahedra and the emission peak position. As
illustrated in Fig. 5a-c, the average B(u)-Cl (B = In, Sc, Y) bond
lengths in the three compounds were 2.525 A, 2.492 A, and
2.588 A, respectively. The In-Cl bond length was in between
the Sc-Cl and Y-Cl bond lengths. Furthermore, the emission
peak position of RbgCuln;Cl;g was just located between that of
RbgCuSc;Cl g and RbgCuY;Clyg. The results indicated that the
origins of luminescence of RbgCuB(m);Clyg (B(m) = In, Sc, Y)
were consistent and related to the [B(m)Clg]*~ octahedra. The
emitting wavelength of this cluster structure could be tuned by
selecting B(m) ions with different ionic radii, endowing this
kind of material with a broader range of applications.*®

This journal is © the Partner Organisations 2022

RbgCuln;Clyg had a similar structure to RbzInCls. However,
their optical properties were very different. Rb;InClg had an
emission center at 436 nm, and its PL lifetime reached the
microsecond level.>>***° This indicated that Cu(i) ions in the
cluster structure played a crucial role in the luminescence
process of the SCs. Furthermore, we used density functional
theory (DFT) calculations to explore the electron interactions
in RbgCuln;Clyg and elucidate the role of Cu(i) in the lumine-
scence process. The [Cu,(InClg);]’~ octahedral clusters in
RbgCuln;Cl; g were isolated by Rb" and their coupling was neg-
ligible, resulting in flat bands similar to other 0D structures
(Fig. 5d).°" From the projected density of states (PDOS) in
Fig. 5e, the top of the valence band mainly consisted of the Cu
d orbital, and the bottom of the conduction band was com-
posed of In s and Cl p orbitals. This was consistent with the
role of Cu(r) in RbgCuSc;Cl;g and RbgCuY;Clyg. Similar to the
previously reported luminescence process of Cu(i)-based struc-
tures, the luminescence came from the intersystem crossing
process.’>>® Upon excitation, Cu(i) ions could be oxidized,**
and the electrons were transferred to the connecting [InClg]*~
octahedra in the cluster, making the octahedra the source of
the broadband emission (Fig. 5f). To sum up, the lumine-
scence properties of the RbgCuB(m);Clyg structure could be
modulated by the Cu(i)-connected [B(m)Cle]>~ octahedra. With
the increase of the ionic radius of B(m), the [B(m)Clg]*~ octa-
hedra gradually expanded, accompanied by a continuous red
shift of the luminescence.

Conclusion

This study has reported a series of novel all-inorganic Cu(i)
based metal halide RbgCuB(ui);Clyg (B = In, Tb, etc.) SCs. This
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kind of structure was composed of alternating [B(u)Cls]*~ octa-
hedral and [Cu,(B(m)Clg);]"~ cluster layers. In each cluster, three
[B(m)Clg]*~ octahedra were connected to two Cu(i) ions to form
a paddle-wheel cluster. By DFT calculations, we found that the
paddle-wheel-like cluster structure could be created only when
the ionic radius of B(m) trivalent metal cations was in the range
of 0.74 to 0.99 A. After studying the relationship between the
structures and luminescence properties of RbgCuB(u);Cl;g SCs
with different B(u) ions, we found that all the luminescence of
these SCs was determined by both B(1) connecting ions and
B(m) ions in the octahedral centers. Furthermore, the lumine-
scence peak position could be tuned by changing the radius of
the central ions of the octahedra. The comprehensive study of
the structural factors and luminescence properties of this
RbgCuB(m);Clyg structure will guide the future exploration of
new metal halides for various light-emitting applications.
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