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ABSTRACT: An effort to synthesize the Cu(I) variant of a il g 3D Electron  Tetrahedral Cu*
lead-free double perovskite isostructural with Cs,AgInCly o

resulted in the formation of Cs;Cu,In,Cl;; nanocrystals with
an unusual structure, as revealed by single-nanocrystal three-
dimensional electron diffraction. These nanocrystals adopt a
A,BX; structure (K,PtCl; type, termed vacancy ordered
perovskite) with tetrahedrally coordinated Cu(I) ions. In the
structure, 25% of the A sites are occupied by [Cu,Cl]*
clusters (75% by Cs*), and the B sites are occupied by In*".
Such a Cs;Cu,yIn,Cl;; compound prepared at the nanoscale is ) :
not known in the bulk and is an example of a multinary metal Cs,CulnCl, Cs,Cu,In.Cl,

halide with inorganic cluster cations residing in A sites. The

stability of the compound was supported by density functional

theory calculations that also revealed that its bandgap is direct but parity forbidden. The existence of the Cs;Cu,In,Cl;;
structure demonstrates that small inorganic cluster cations can occupy A sites in multinary metal halides.

> 0 Diffraction

B INTRODUCTION discussed in detail below. One way to describe Cs;Cu,In,Cl, 5
is to relate it to a vacancy ([]) ordered perovskite [A,BX, type,
(Cs;,Cu,Cl)(Iny,[1,)Cly,] in which 25% of the A sites are
occupied by [Cu,Cl]*" clusters and the remaining 75% by Cs”,
while the B sites are occupied by In** ions. In this structure,

Perovskites (ABX;) and perovskite-related compounds are
some of the most chemically diverse crystal structures with
many possible substitutions at A and/or B sites, as

demonstrated in oxide systems.' > Similarly, multinary metal . . ; .
halides are very versatile: many types of substitutions are Cu(l) is tetrahedrally coordinated, with each Cu(I) ion

known to be possible at the B sites (e.g.,, double and vacancy sulTroundgd by thrgf chloride - anions ‘belonging to thFee
ordered perovskites)*~® and A sites [can be filled with both neighboring [InCls]>~ octahedra, and with a fourth chloride
7-9 anion sitting at the center of the A site that would be otherwise

occupied by a Cs* ion (Scheme 1). Although substitutions at
the A site with atomic and/or molecular organic cations are

ammonium, formamidinium, etc.),'® with rare examples of common, the reported structure further expands the possible

divalent organic cations, such as piperazine-1,4-diium variants by demonstrating that small inorganic cluster cations
) ) . . .
(C,H,N;*) and a few others.' | ([CusCl]*) can occupy A sites, as well. While previous

theoretical works have shown that Cs,CulnClg double
perovskites with octahedrally coordinated Cu(I) at one of
the B sites are unlikely to exist,"> our density functional theory

atomic (inorganic) and molecular organic cations].
However, substitutions at the A site in multinary metal halides
are mostly limited to monovalent cations (cesium, methyl-

In our efforts to explore new metal halide materials, we have
discovered a novel perovskite-related structure with a general
formula Cs;CuyIn,Cly;, in the form of colloidal nanocrystals
(NCs). The structure of these NCs was determined using

three-dimensional electron diffraction (3D ED) on single NCs Received: September 23, 2019
in combination with powder X-ray diffraction (XRD), as is Published: December 12, 2019
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Scheme 1. (a) Unit Cell of the Cs;Cu,In,Cl,; Structure and
Details of (b and c) the Cs* Site and (d and e) the
Corresponding Site with the Cs* Ion Being Replaced by a
(Cu,Cl)** Cluster, with Ball-and-Stick and Polyhedral
Representations, Respectively

Ocs
O In

o Cu

(DFT) calculations indicate that the Cs;Cu,In,Cl, structure is
stable. Electronic structure calculations unveiled a strong
charge-transfer character as [Cu,Cl]*" and [InCls]*~ clusters
are electronically disconnected and align in a type II
arrangement, resulting in a semiconductor with a parity
forbidden bandgap of 2.4 eV (~2.9 €V from the experiment).

B EXPERIMENTAL SECTION

Chemicals. Cu(I) acetate (97%), In(IIl) acetate (99.99%), Cs
carbonate (Cs,COj, reagent plus 99%), oleic acid (OA, 90% technical
grade), benzoyl chloride (98%), dioctyl ether (99%), and anhydrous
toluene (99.8%) were purchased from Sigma-Aldrich. Oleylamine
(OLAm, 80—90%) was purchased from Acros Organics. All chemicals
were used without further purification.

Synthesis of Cs—Cu—In—Cl NCs. A 1 M cesium oleate stock
solution was prepared by mixing 1.63 g of cesium carbonate with 10
mL of oleic acid in a three-neck flask under a nitrogen flux. The
mixture was heated to 100 °C and kept at that value for 10 min, after
which the temperature was increased to 120 °C and kept at that value
for 1 h (the mixture usually became clear after being heated at 120 °C
for 40 min). The solution was cooled to room temperature, and it was
then mixed with 30 mL of acetone, which led to the precipitation of
cesium oleate. The precipitate was washed five times with 30 mL of
acetone and then dried in air at room temperature for 24 h. In a
typical synthesis of Cs—Cu—In—CI NCs, 0.12 mmol of cesium oleate
(50 mg), 0.23 mmol of indium(III) acetate (68 mg), 0.22 mmol of
copper(I) acetate (28 mg), 1 mL of oleic acid, and 4 mL of dioctyl
ether were loaded in a three-neck flask and degassed under vacuum
for S min at room temperature. The mixture, still under vacuum, was
heated to 115 °C and kept at that temperature for 10 min during
which it became clear and slightly greenish. The atmosphere was then
switched to nitrogen, and the solution was heated to 145 °C at a rate
of 30 °C/min. After the temperature had reached 145 °C, 0.3 mL of
degassed oleylamine was swiftly injected, and the mixture changed its
color to deep bluish. Following this, 2.58 mmol of benzoyl chloride
(0.3 mL) was injected into the flask, and the solution became turbid
and dark brown in color. After 4 min, the synthesis was quenched by
immersing the flask in an ice—water bath. Once at room temperature,
the final solution was centrifuged at 5500 rpm for 5 min and the
supernatant was discarded, while the precipitate was redispersed in 30
mL of anhydrous toluene. The NCs were cleaned by repeated cycles
(five in total) of centrifugation followed by redispersion in anhydrous
toluene. The final NC solution was stored in a N,-filled glovebox for
further characterization.

Optical Absorption Spectroscopy. Absorption spectra from
NC films were recorded using a Cary5000 spectrophotometer
equipped with an integrating sphere. The samples were prepared by
drop-casting a concentrated suspension on a quartz glass slide.

Transmission Electron Microscopy (TEM) Analysis. Low-
resolution TEM images were acquired on a JEOL JEM-1011
microscope equipped with a thermionic gun at an accelerating
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voltage of 100 kV. The samples were prepared by drop-casting diluted
NC suspensions onto 200 mesh carbon-coated copper grids. High-
resolution (HR) TEM, high-angle annular dark field (HAADF)
scanning TEM (STEM), and energy dispersive X-ray spectroscopy
(EDS) characterizations were performed using an image-corrected
JEOL JEM2200FS microscope operating at 200 kV and equipped
with a Bruker Quantax 400 EDS system. The samples were prepared
by drop-casting the NC solution onto ultrathin carbon/holey carbon-
coated 400 mesh gold grids.

Scanning Electron Microscopy (SEM). The samples were drop-
cast on Si wafers and then placed in a vacuum for 30 min. No coating
procedures were performed as the samples were already conductive.
The analysis was performed using a SEM JEOL JSM-7500LA
microscope equipped with a cold field-emission gun, operating at a
15 kV acceleration voltage. Energy dispersive spectroscopy (EDS,
Oxford instrument, X-Max, 80 mm?®) was used to evaluate the
elemental ratios. All experiments were performed at an 8 mm working
distance, a 15 kV acceleration voltage, and a 15 sweep count for each
sample.

Powder X-ray Diffraction (XRD) and Rietveld Analysis. X-ray
diffraction analysis was performed on a Rigaku SmartLab system,
equipped with a 9 kW rotating Cu anode working at 40 kV and 150
mA and a D/teX Ultra one-dimensional silicon strip detector. XRD
samples were prepared by grinding dried NCs into a powder. The
measurements were carried out in air at room temperature using a
zero diffraction silicon substrate. The Rietveld refinement was
performed with the GSAS software.'® The refined parameters were
as follows: 16 coeflicients of a Chebyshev polynomial curve for
background modeling, five profile parameters of a pseudo-Voigt
profile function (GU, GV, GW, LX, and LY), the scale factor, the zero
shift, the unit cell parameters, the atomic coordinates, the partial
occupancies of the (Cs, Cl) and Cu sites, and the isotropic thermal
parameters of all of the atoms (for a total of 31 parameters). The Cu
occupancies and the CI occupancy of the Cu,Cl cluster at the Cs site
were constrained to be equal.

3D Electron Diffraction Experiments and Analysis. 3D ED
data'”'® were collected on a Zeiss Libra transmission electron
microscope operating at 120 kV and equipped with a LaB4 source and
a Bruker EDS detector XFlash6T-60 instrument. 3D ED acquisitions
were performed in STEM mode after defocusing the beam to have a
pseudoparallel illumination of the sample. A beam size of ~150 nm in
diameter was obtained by inserting a 5 ym C2 condenser aperture. An
extremely mild illumination was adopted to avoid any alteration or
amorphization of the sample and to slow the accumulation of organic
contaminants during the 3D ED experiment. 3D ED data were taken
from nine nanoparticles by working in continuous-rotation mode'’ or
in discrete steps of 1° with a processing beam® obtained with a
Nanomegas Digistar P1000 device. Tilt ranges were <120°. The
camera length was 180 mm, with a theoretical resolution limit of 0.75
A. ED data were recorded by an ASI Timepix detector, able to record
the arrival of single electrons and deliver a pattern that is virtually
background-free. Data were analyzed using ADT3D*" and PETS>* for
cell and space group determination. Intensity integration for structure
determination and final least-squares refinement were performed with
PETS using standard integration and interpolation options. The ab
initio structure solution was achieved independently from two data
sets collected on nanoparticles, using direct methods implemented in
SIR2014.>®> The least-squares refinement was performed using
SHELXL>* without any restraints or constraints. For both the ab
initio structure determination and the structure refinement, data were
treated with the kinematical approximation (I proportional to F),
using scattering factors for electrons that are present in the SIR2014
database.

DFT Calculations. Band structure calculations were performed
using the BAND package, within the Amsterdam Modeling Suite
(ADF),”” which employs Slater type orbitals and numerical atomic
orbitals (NAOs) as basis sets.”” The exchange-correlation potential
was approximated by the hybrid HSE06 exchange-correlation
functional®® to attain a good accuracy in the band structure
calculations. The employed basis set was a triple { augmented by
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one polarization function (TZP) for Cs, In, and Cu and a double ¢
(DZP) for Cl. Due to the light elements involved, no spin—orbit
coupling was included in the calculations. Inner electrons were kept
relaxed. We used a k mesh grid of 3 X 3 X 3 for the Brillouin zone
integration. All atomic positions and lattice parameters were relaxed
until forces were <0.001 Hartree/A. For thermodynamic stability
calculations, we used the Quantum Espresso code,” employing the
DFT/PBESol exchange-correlation functional.® Core electrons were
replaced by ultrasoft pseudopotentials.*’ We considered monoclinic
space group (SG) No. 12 for InCl,, cubic SG No. 216 for CuCl, cubic
SG No. 221 for CsCl, orthorhombic SG No. 62 for Cs;Cu,Cl;,
trigonal SG No. 167 for Cs;In,Cly, and cubic SG No. 224 for
Cs;CuyIn,Cly;. All cells and atomic positions were relaxed below
0.002 eV/A. We used a kinetic energy cutoff of 35 Ry in all cases, and
4X3X4,5X5X5,8X8%X8,4X4X3,3xX3x%X2,and4X4X%X4k
grids were selected for the structures listed above, respectively.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the NCs. The
preparation of Cs—Cu—In—Cl NCs was possible via our
recently developed benzoyl halide hot-injection route,”* which
allows for the synthesis of complex metal halides starting from
separate metal and halide precursors. Briefly, metal carbox-
ylates [i.e, Cu(ac), In(ac);, and Cs oleate powder] were
dissolved in dioctyl ether in the presence of oleic acid at 115
°C under vacuum (10 min) forming a slightly green
transparent solution. After the degassing step, the atmosphere
was switched to nitrogen, and the temperature was increased to
145 °C. At this point, OLAm was swiftly injected, followed by
benzoyl chloride, which caused the nucleation and growth of
the NCs (see Experimental Section for details). After the
cleaning steps, the product consisted of a light yellow
precipitate.

Elemental analysis (performed via SEM- and STEM-EDS)
indicated a composition of Cs;Cuy,In, (Cl;, ¢ (see Table S1).
In particular, STEM-EDS characterization revealed that Cs,
Cuy, In, and Cl elements were uniformly distributed throughout
the NCs (Figure S1). TEM analysis revealed that the product
was made of NCs having different shapes, such as cubes,
truncated cubes, and octahedral and triangular prisms, with
sizes ranging from 20 to 60 nm (Figure la). HRTEM images
from any of these NC shapes [see a representative NC in
Figure 1b with its corresponding fast Fourier transform (FFT)
reported in Figure S2] were always consistent with a
perovskite-related lattice. As these NCs did not form stable
colloidal dispersions [the suspensions were milky/white (see
the inset of Figure 1c)], we measured their absorbance
spectrum in the form of a thin film prepared by drop-casting
the NC suspension on a quartz substrate. The NCs featured an
absorbance onset at ~400 nm (Figure 1c), indicative of a wide
bandgap semiconductor. X-ray photoelectron spectroscopy
(XPS) analysis revealed an oxidation state of +1 for Cs, +3 for
In, and +1 for Cu (Figure 1d and Figure S3). Indeed, the
position of the Cu 2p;,, peak (at a binding energy of 932.0 +
0.2 eV), together with that of the Cu LMM Auger peak (at a
kinetic energy of 915.2 + 0.2 €V), corresponding to a modified
Auger parameter of 1847.2 eV, is in agreement with reports on
Cu(I) compounds (Figure 1d).>*** Moreover, the absence of
typical Cu(II) satellites in the binding energy range of 940—
950 eV is a further proof of the absence of Cu(II) species.”

The powder XRD peak positions of the NCs (Figure S4a)
produced a reasonable match with a simulated powder XRD
pattern of a hypothetical Cs,CulnCly double perovskite
structure (space group Fmgm) with a lattice parameter of
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Figure 1. (a) Low-resolution and (b) high-resolution transmission
electron micrographs of Cs;Cu,In,Cl;; NCs. The lattice planes were
indexed considering a double perovskite structure (Fm3m; a = 10.48
A). (c) Absorbance spectrum of the Cs;Cu,In,Cl;; NCs film. The
inset shows the NC dispersion in toluene. (d) Selected regions of the
X-ray photoelectron and Auger spectra of Cs;CuyIn,Cl;; NCs
confirming the +1 oxidation state of copper.

10.48 A in which Cu" ions are octahedrally coordinated to Cl
anions (Figure S4b). Still, the experimental peak intensities
were different from the calculated ones, and, additionally, there
were minor reflections that remained unmatched. This
evidence suggested the presence of impurity phases or a
deviation from the ideal structure of the double perovskite.
To disentangle the crystal structure of these NCs, we
employed 3D electron diffraction (ED) analysis. To prepare
NC samples of larger sizes, compatible with this technique, we
carried out the synthesis at a higher temperature (175 °C),
while keeping all of the other parameters constant. This new
sample featured a powder XRD pattern that was almost
identical to that obtained by working at 145 °C (Figure SS)
and a very similar elemental composition (see Table S2). A
representative HAADF-STEM image of this sample evidenced
that the NCs could have two quite distinct habits (Figure 2a):
the smaller NCs had a cubic shape with size of approximately
50—100 nm, while the larger ones had a platelet shape with a
triangular or hexagonal cross section. The sizes of this second
NC family ranged from 100 to 200 nm. Intermediate
morphologies were also seen, with NCs characterized by
corners and acute features that break the otherwise cubic habit
(Figure S6). According to the 3D ED analysis, the cube-shaped
particles had a metrically cubic cell with a lattice parameter of
10.5(2) A, in apparent agreement with powder XRD results.
All strong reflections were consistent with a face-centered
cubic cell, but additional weak reflections appeared in positions
that should be extinct due to the lattice centering (Figure
2d,e). It is worth pointing out that these additional reflections
cannot be produced by dynamical scattering, as it could be
expected for axial and planar extinctions. Their presence
definitely points to a primitive lattice, which is in fact
geometrically consistent with the minor reflections observed
in the powder XRD pattern. The presence of the extinction
rule Okl: k + I = 2n pointed to extinction symbol “Pn — =~
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Figure 2. (a) HAADF-STEM image of an aggregate of NCs showing both cubic and triangular shapes. Cavities in the crystals are due to electron
beam damage. (b) Diffraction pattern collected on a cube-shaped NC at a 0° tilt close to the [100] zone axis. (c) Diffraction pattern collected on a
triangle-shaped NC at a 0° tilt close to the [111] zone axis. (d) Projection of the 3D ED diffraction volume along (100). The reciprocal unit cell is
colored yellow. (e) Projection of the 3D ED diffraction volume along (110). The reciprocal unit cell is colored yellow. (f) Cs;Cu,In,Cl,5 ordered
structure viewed along [100]. (g) Diagonal view of the Cs;Cu,In,Cl;; ordered structure.

consistent with either space group Pn3 (201) or space group
Pn3m (224).

All attempts to determine the structure in the cubic
symmetry failed. Instead, the ab initio structure determination
by direct methods converged rapidly to a model when the
symmetry was relaxed to the orthorhombic space group Pnnn
(48) (Table S4). The structure can be described as a
pseudoperovskite ABCl;, in which six of the eight A sites of
the unit cell are occupied by Cs™ ions, while the remaining two
sites are occupied by [Cu,Cl]*" clusters, the latter aligned
along one of the cubic [111] diagonals (see Figure 2f,g). In this
structure, half of the octahedral sites are occupied by In*" ions
and half by vacancies. The model is also consistent with a cubic
Pn3m symmetry, however with small distortions of the
coordination polyhedra. Therefore, we carried out a least-
squares refinement in both space groups Pnnn and Pn3m. To
check for the presence of disorder, we allowed partial Cs/Cl
occupancies for all A sites and we inserted four tetrahedrally
coordinated Cu atoms around all A sites. Both refinements
converged with similar agreement factors (Rl ;. = 33% vs
R0 = 31%). Additionally, in both models, the refinement
converged toward a fully ordered model, with the sites along
the diagonal parallel to the 3-fold axis fully occupied by
[Cu,Cl]*" clusters and the other six A sites fully occupied by
Cs. Therefore, the formula can be conveniently rewritten as
(Cs3,CuyCl)(Iny,[1,)Cly,, in agreement with the expected
stoichiometry. To find the best approximation to the real
structure, we then performed DFT calculations. We relaxed the
geometry of the orthorhombic Pnnn structure and discovered
that it did not exhibit an energy minimum; on the contrary, the
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structure relaxed to a cubic Pn3m space group. The
combination of all of these data led us to assign the Pn3m
space group to the Cs;Cu,In,Cl,; structure.

The high R values of the refinement and the anomalous peak
height of the central Cl atom of the [Cu,CI]*" cluster in the
potential map of the ab initio solution attest to the presence of
a certain degree of disorder in the structure. Disorder in the
[Cu,Cl]** distribution results in small merohedral twinned
domains. When Cs* and [Cu,Cl]*" ions arrange in a fully
disordered fashion, the structure can be described by a face-
centered cubic model with partial occupancies. We observe
evidence of disorder already for 3D ED data collected on a
single NC of <100 nm. Therefore, this mechanism acts at a
scale of a few cell repetitions, and even a single NC is better
addressed as a crystalline assembly with a dominant coherent
volume neighbored by more disordered areas. This is not an
unusual situation for nanocrystalline materials, as shown by a
number of recent works employing the 3D ED technique.”> ™

Larger pseudotriangular and pseudohexagonal platelet
particles exhibit the same primitive cubic cell. In addition,
extra reflections appeared parallel to one of the (111)*
directions, which correspond to one of the main diagonals of
the cubic cell (Figure S7). These extra reflections can be
described by the nonmerohedric twin law:

W | =
[N I S
[NE T S
= NN
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This additional twinning, typical of face-centered structures,
represents, in fact, a rotation of 180° around the main diagonal
of the cubic cell. This twinning also mimics a mirror plane
(111) that does not exist in an ordered domain. Remarkably,
cubic and triangular/hexagonal NCs expose different crystallo-
graphic facets. The cube-shaped NCs always expose
pseudocubic {100} facets, while the main facet of triangular/
hexagonal platelets is the pseudocubic {111} one (Figure
2b,c).

The primitive cubic model explains the non-indexed weak
peaks in the powder XRD pattern (inset of Figure 3a).

o

Intensity (A.U.)

e
Sa——
% *

oSt

£

Figure 3. (a) Rietveld refinement of the Fm3m disordered model of
the Cs;Cu,In,Cl;; structure. The inset is a magnified view of the
region of the fit corresponding to the rectangular box, in which the
peak positions of the disordered face-centered cubic model and those
of the ordered primitive cubic model are displayed through dashed
green lines and solid red ticks, respectively. (b) Cs;Cu,In,Cl 5
disordered structure viewed along the [100] axis. (c) Same structure
in a tilted view.

However, a good Rietveld refinement could be achieved only
by considering a completely disordered model in space group
Fm3m, where each of the eight Cs sites in the unit cell was
partially occupied by a (Cu,CI)*" cluster with a probability of
0.25 (Figure 3a) (see also Table SS for further details). The
discrepancy between 3D ED and powder XRD is likely due to
the disorder that dampens specific classes of reflections. The
single particles sampled by 3D ED may have a significant
fraction of ordered and coherent areas, giving a solution only in
the ordered primitive cubic model. However, the structural
solution retains the trace of disorder through a higher potential
peak of the CI atom substituting Cs. For a comparison, Figure
S4 groups together the following XRD patterns: (a) the
experimental pattern of the NCs synthesized at 145 °C, (b) the
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simulated pattern by considering a Cs,CulnCls double
perovskite (space group Fm3m) structure with a lattice
parameter of 10.48 A, (c) the Rietveld refinement of the
Fm3m disordered model of the Cs;Cu,In,Cl; structure, and
(d) the simulated pattern from the primitive cubic
Cs;CuyIn,Clyy structure belonging to the Pn3m space group.

To understand the optical properties of these NCs, we
performed DFT calculations. In Figure 4a, we report the
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Figure 4. (a) Band structure of the primitive cubic Cs;Cu,In,Cl;5
belonging to the Pn3m space group computed at the DFT/HSE06
level of theory. On the right side is shown the cumulative projected
density of states on each atom type. Color code: black for Cs, orange
for In, blue and Cu, and red for Cl. (b) Orbital plot computed at the y
point for the highest (in the VB) and the lowest (in the CB) states of
each block.

computed band structure on the experimental primitive cubic
unit cell with space group Pn3m and Cs;Cu,In,Cl;
stoichiometry. Here, the two [Cu,Cl]** tetrahedral units are
placed along the diagonal of the cube, maintaining a center of
inversion inside the cell. This type of configuration is helpful in
assigning the band parity and thus the probability of a
transition between bands. The inspection of the band
structure, computed at the DFT/HSE06 level of theory,
indicates that the bandgap is direct and of ~2.0 eV, albeit with
a parity forbidden transition [the Tauc plot analysis of the
absorption spectrum is consistent with a direct parity
forbidden bandgap of ~2.9 eV (see Figure S8)]. Of particular
interest is the fact that the valence band (VB) is divided in two
well-separated blocks: (i) a set of high-energy states at the VB
edge that belongs to the 3d orbitals of Cu mixed with the Cl 3p
orbitals (see the orbital plots at the bottom left of Figure 4b)
and (ii) another set, at lower energies, composed by the mixed
contribution of In 4d orbitals with the 3p orbitals of Cl ions,
i.e., the [InClg]*~ octahedra (Figure 4b, bottom right). In both
cases, the bands are rather flat, indicating that tetrahedra and
octahedra are, at least in the VB, electronically disconnected,
and the effect of periodic replication along the highest
symmetry points is basically negligible. Similarly, the
conduction band (CB) presents also two blocks of bands. At
the CB edge, we find states that are mostly composed by In Ss
and Cl 3p orbitals, with some contribution from the Cu 4s
orbitals (Figure 4b, top right). The bands are more dispersive
than in the VB, suggesting that the [Cu,Cl]** units help to
connect electronically the In-based octahedra. At higher
energies, we find bands mostly composed by Cu 4s orbitals
mixed with the 3p orbitals of Cl and, to a minor extent, the 4s
orbitals of In.

Overall, we can make the following observation: both Cu*
and In** have similar electronic configurations, with the n + 1
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orbitals empty and the nd occupied. This suggests that all
transitions are of the s — d type, and thus parity forbidden and
with expected weak oscillator strengths. The same parity
transitions are present for all blocks described above. For these
reasons, it is difficult to establish with high certainty the exact
absorption onset, in both the theory and experimental
measurements: the former presents inaccuracies, intrinsic to
all DFT methodologies, in the estimation of the bandgap; for
the latter, the lack of a photoluminescence emission is not
providing any helpful hint. The strong absorption at 400 nm,
which is observed in the experimental spectrum, can indeed
stem from a dense number of high-lying excitations with weak
oscillator strengths, probably occurring within the InClg or
[Cu,CI]** units. Finally, we have also computed the
thermodynamic stability of Cs;Cu,In,Cl;; by assessing the
enthalpy of decomposition into a different combination of
phase-separated materials, all relaxed in their most stable
structural configurations. The inspection of Table 1 shows that
the Cs3;Cuyln,Cl,; system, which presents a DFT relaxed cubic
cell of 10.3 A in length, is the most stable one for all possible
decomposition pathways.

Table 1. Decomposition Enthalpies (millielectronvolts per
atom) Computed at the DFT/PBESol Level of Theory

decomposition mechanism AH, (meV/atom)

Cs;CuyIn,Cl;3; = 4CuCl + 2InCl; + 3CsCl 83.2
Cs;CuyIn,Cl;3; — Cs;Cu,Clg + 2InCly + 2CuCl 57.5
Cs;CuyIn,Cl;; = Cs;In,Cly + 4CuCl 23.5

B CONCLUSIONS

Colloidal Cs;CuyIn,Cl;; NCs with a peculiar structure were
synthesized by a benzoyl chloride-based hot-injection
approach. The structure, which is not known in the bulk,
was characterized by means of powder XRD and single
nanocrystal 3D electron diffraction analyses. The structure can
be described as a vacancy ordered perovskite-like (A,BX; type)
in which 25% of the A sites are occupied by [Cu,CI]*" clusters
and only one-half of the octahedral sites are occupied by In**
ions. In that structure, Cu(I) ions adopt tetrahedral
coordination instead of an octahedral one as could be expected
from a hypothetical Cu(I) double perovskite. Two different
twin systems, which induce disorder in the occupancy of A
sites, were detected already in ~100 nm nanoparticles.
According to DFT calculations, this structure is stable and
has a direct but parity forbidden bandgap, in agreement with
the experimental data that showed the absence of any PL
emission from the NCs. Our results indicate that Cu(I) ions in
perovskite-related structures do not occupy octahedral sites
and prefer instead to cluster and adopt tetrahedral coordina-
tion. The existence of this structure demonstrates that small
inorganic cluster cations can occupy A sites in perovskite-
related structures, paving the way for a new class of materials.
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