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ABSTRACT: The CsgAu™,M"™X,, (M = In*, Sb*', Bi**; X = CI", Br", I")
perovskites are composed of corner-sharing Au—X octahedra that trace the
edges of a cube containing an isolated M—X octahedron at its body center.
This structure, unique within the halide perovskite family, may be derived
from the doubled cubic perovskite unit cell by removing the metals at the
cube faces. To our knowledge, these are the only halide perovskites where
the octahedral sites do not bear an average 2+ charge. Charge compensation ’ ‘ ‘ n Br  Bil
in these materials requires a stoichiometric halide vacancy, which is 2%2%2 perovskite CsyAuMX,, N N
disordered around the Au atom at the unit-cell corner and orders when the

crystallization is slowed. Using X-ray crystallography, X-ray absorption spectroscopy, and pair distribution function analysis, we
elucidate the structure of this unusual perovskite. Metal-site alloying produces further intricacies in this structure, which our model
explains. Compared to other halide perovskites, this class of materials shows unusually low absorption onset energies ranging
between ca. 1.0 and 2.4 eV. Partial reduction of Au®*" to Au' affords an intervalence charge-transfer band, which redshifts the
absorption onset of CsgAu,InCl,; from 2.4 to 1.5 eV. With connected Au—X octahedra and isolated M—X octahedra, this structure
type combines zero- and three-dimensional metal-halide sublattices in a single material and stands out among halide perovskites for
its ordering of homovalent metals, ordering of halide vacancies, and incorporation of purely trivalent metals at the octahedral sites.

B INTRODUCTION of being ordered onto distinct crystallographic locations (e.g,
APb,Sn,_ X;).>**

The new mixed-metal perovskites presented here,
CseAu™,M™X,, (M = In*, Sb*, Bi**; X = CI7, Br~, I7),
have a number of features that stand out even among the vast
and diverse family of mixed-metal halide perovskites. To our
knowledge, these constitute the first examples of a halide
perovskite where the B site does not bear an average 2+ charge
(see B-Site Charge in Halide Perovskites). Instead, charge
compensation is provided through a stoichiometric halide
vacancy whose ordering dictates the lattice symmetry. The six
members of this new perovskite family have bandgaps across
the visible spectrum, in contrast to the uniformly black Au**
perovskites Cs,Ag'Au™X; and Cs,Au'Au™X, (X = CI, Br,
17).""** The CsgAu,MX,; structure is composed of corner-
sharing metal-halide octahedra tracing the edges of a cube,
with an isolated metal-halide octahedron at the body center. It
can be conceptually derived from the ABX; perovskite parent
lattice in a manner similar to that of the A,B™[]X, double

The promising technological potential of halide perovskites as
inexpensive solar-cell absorbers,’ phosphors,z’3 and light-
emitting diodes” has reignited interest in this vast and well-
known family of materials.” Research in this field is fueled by
the synthetic tunability and structural definition of these
crystalline solids, which are typically formed through solution-
state self-assembly. Many possible combinations of A, B, and X
within the ABX; (X = halide) perovskite framework give access
to a large set of compositions. The B-site compositional
flexibility offers perovskites with both main-group (B" = Ge,°
Sn,” Pb") and transition-metal (B" = Cd,” Hg,” Mn'’) B-site
occupants. Beyond the confines of the ABX; lattice, double
perovskites (2 X AB"X; — A,B,X¢; B = 1+, 3+, or 4+ metal or
a vacancy) expand accessible B-site metals, affording the
mixed-metal perovskites (e.g, A,BB'X;; B—B' = Au*—Au*,
Agt—Au®, TI'-TI*, TI'-Bi**, Ag'—Bi’*, Ag'—In’', Ag'—
Sb*, Ag'—TI**, Na'—Bi’*, K'—Bi’*, and alkali-metal-rare-
earth-metal combinations)''™"" and perovskites with B-site
vacancies (e.g, A,B[JXs; B = Sn*', Te*, Pd¥, etc.).”””
Typically, ordered halide double perovskites form from Received: February 9, 2021
heterovalent B-site metal combinations, such as the B'*-B%* Published: May 4, 2021
metal pair, which has been studied since the 1920s,"! and is

now the subject of renewed interest.”> Homovalent octahedral

B-site metals (B**—B’**) typically yield solid solutions of single

perovskites, where both metals are alloyed at the B sites instead
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Figure 1. Conceptual derivation of perovskites with ordered vacancies by removing B-site metal atoms from (B) the 2 X 2 X 2 unit cell of the cubic
AB"X; perovskite. Metal coordination spheres are completed for clarity. (A) The double perovskite A,B™Xj is derived from part B by removing

metal atoms from the body and edge centers. (C) The AgAu™

4M™X,, perovskite is derived from part B by removing metal atoms from the face

centers. Metal-halide octahedra at the unit-cell corners, edge centers, face centers, and body center are represented in yellow, white, orange, and
dark red, respectively. Teal and green spheres represent A- and X-site atoms, respectively.

Bi_Cl In_Br
E N X

Sb_Br Bi_|
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Figure 2. (A) Single crystal X-ray structure of CsgAuInCl,; (In_Cl). Teal, gold, red, and green spheres represent Cs, Au, In, and Cl atoms,
respectively. (B) Photographs of single crystals and powders of In_Cl, CsgAu,BiCl,; (Bi_Cl), CsgAu,InBr,; (In_Br), CsgAu,BiBr,; (Bi_Br),

CsgAu,SbBr,; (Sb_Br), and CsgAu,Bil,; (Bi _I).

perovskites: whereas removal of metals at the body and edge
centers of the 2 X 2 X 2 ABX; unit cell yields the A,B™[ X,
structure, removal of metals at the face centers affords the
AgAu" M"[;X,; structure (Figure 1). Although there exist
several examples of halide perovskites ordering elements with
distinct oxidation states (e.g., A'*—A’" ordering in the layered
Al A"B X,,., Dion-Jacobson phases,®® B*—B*" cation
ordering in A,B'B"X; elpasolites,”” and X'~—X*~ ordering in
the ASbSI, chalcogenide-halide perovskite*®), ordered homo-
valent species within the halide perovskite family are
comparatively rare. Akin to the Cs,Hg"Pd"Cly perovskite
reported in 1991,> the CsgAu™,M"X,, perovskites presented
here feature homovalent B-site ordering likely driven by local
octahedral distortions rendering the two B sites symmetry
inequivalent.

B RESULTS AND DISCUSSION

1. B-Site Charge in Halide Perovskites. To our
knowledge, any departure from divalent B-site metal selection
in halide perovskites requires the resulting charge difference to
be offset to preserve an average 2+ charge across B sites. For
example, in elpasolites, with the general formula A,BB'X;, a
B** metal is balanced by a B'* metal, and a B* metal occurs
along with a B-site vacancy. In related lattices, Bi®* sits in 2/3
of the B sites, amending the typical 3D perovskite formula (3 X
AB"X; — A;B"X, - A;B",[JX,) to afford the layered
derivatives A;Bi,I; (A = K, Rb).” Similarly, B** (Cd, Cu, Mn)
and B*" (Bi, Sb) are incorporated into a perovskite-derived
lattice (4 X AB"X; - AB", X, —» AB"B",[]X},), yielding
vacancies that layer the material””> The A,B,;X, 2D
perovskites provide yet another example of vacancies
compensating for extra charge, with Bi** or Sb** placed on
2/3 of the B sites, leaving vacancies in the other 1/3 to provide
charge balance.™

The perovskites described here constitute the first examples
of a halide perovskite lattice where the B-site metal does not
bear an average 2+ charge; instead, the 15/8 average charge of

the B site is compensated by one halide vacancy per formula
unit (8 X AB"X; — AgB"(X,, — CsgAu™,M"™[1,X,,[1), which
we demonstrate can order under certain conditions.

2. Synthesis. The CsgAu,MX,; perovskites (M = In*",
Sb*, Bi**; X = CI, Br~, I") were synthesized by dissolving the
corresponding metal halides (CsX, HAuCl,-3H,0, BiX;) or
metal oxides (In,O;, Sb,03) in hot hydrohalic acid (HX) and
cooling the solutions to precipitate the crystalline perovskites
(see the Supporting Information for detailed procedures).
Slowly cooling the precursor solution to room temperature
over several hours produced truncated octahedral crystals with
colors ranging from translucent amber for CsgAu,InCl,;
(In_CI) to translucent dark red for CsgAu,BiCly; (Bi_CI)
and CsgAu,InBry; (In_Br) and opaque black for CsgAu,BiBry,
(Bi_Br), CsgAu,SbBr,; (Sb Br), and CszAu,Bil,; (Bi_I)
(Figure 2). Quickly cooling the hot precursor solution by
drop;)ing it directly into liquid nitrogen reduced the particle
size,”* producing yellow (In_Cl), orange (Bi_Cl), red
(In_Br), brown (Bi Br), and black (Sb Br and Bi I)
polycrystalline powders. The elemental compositions of the
bulk solids were assessed through inductively coupled plasma
mass spectrometry (ICP—MS) (Tables SI and S2). The
crystals were kept in the mother liquor for storage and isolated
by filtration for structural and optical characterization.
Thermogravimetric analysis showed high thermal stability for
In_Cl, with no mass loss up to a temperature of 350 °C
(Figure S1), in contrast to organic—inorganic perovskites that
lose volatile small molecules well below 100 °C.*

3. Structure of the Cubic Phase. The single-crystal X-ray
diffraction (SCXRD) data of In_Cl were solved in the cubic
space group Pm3m with a lattice parameter of 10.4943(3) A at
room temperature (Table S3). This structure features corner-
sharing [AuCls]*~ octahedra tracing the edges of a cube and an
isolated [InCl4]*~ octahedron at its body center (Figure 2A).
SCXRD gives analogous structures for Bi_Cl, In_Br, Bi_Br,
Sb_Br, and Bi_I (Tables S5—S9). Experimental powder X-ray
diffraction (PXRD) data from rapidly cooled powders and
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Figure 3. Illustrations of the local atomic structure of the gold-cage perovskites showing a single axis or plane and using In_Cl as an example. Gold,
green, and dark red circles represent Au, Cl, and In atoms, respectively; dashed red circles represent ClI vacancies, and each black bar represents the
experimentally determined unit-cell parameter. Au atoms at the unit-cell corners are denoted by a black dot in the center. Atoms perpendicular to
the axis are omitted for clarity. (A) An illustration of the Pm3m structure solution. The bond lengths shown (in A) derived from SCXRD are
nonphysical values and each Cl shown has a site occupancy of 5/6 resulting from averaged disorder of a Cl vacancy. (B) An illustration of an axis
with full CI occupancy (on average constituting 2/3 of the axes). The bond lengths labeled “exp.” shown (in A) are derived from the PDF and
EXAFS analysis, while those labeled “calc.” are derived from computation. Overestimation of calculated lattice parameters and bond lengths is
expected at this level of theory. (C) An illustration of an axis containing Cl vacancies (on average constituting 1/3 of the axes). This local structure
would account for the crystallographic observations and elemental analysis. (D) An illustration of the (001) plane of the proposed local structure,
with the observed unit-cell boundaries denoted by the dashed lines. See the Supporting Information for more details.
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Figure 4. (A) Pair distribution function (PDF) analysis of In_Cl. The experimental PDF data (blue) show 2.29-A and 2.92-A Au—Cl bond
distances (r), in agreement with data simulated from an SCXRD structure solution with nearest-neighbor Au—Cl bonds fixed at 2.29 A (red). (B)
Extended X-ray absorption fine structure (EXAFS) analysis from Au L;-edge X-ray absorption spectroscopy (XAS) of In_Cl, plotted in k space
(inset; extracted directly from XAS data after normalization) and Fourier-transformed to real space (main panel). The match between the data for
In_ClI and HAuCl,-3H,0 indicates a similar coordination environment for Au in both samples, with square-planar coordination of the nearest-
neighbor Cl atoms at 2.29 A. Note that bond lengths cannot be directly extracted from the radial distance but must be extracted from fitting the
scattering paths, accounting for the phase shift.

PXRD patterns simulated from the SCXRD solutions are in (schematically depicted in yellow in Figure 1C) appears to be

good agreemer;t (Figure S2). As anticipated from their contained in a regular halide octahedron (Figure 2A). X-ray
Shannon {adﬁ;3 replacement of In** (R ~ 0.80 A) with Bi’* photoelectron spectroscopy (XPS) analysis indicates that
(R~ 1.0 A) expands the lattice slightly (from a = 10.4943(3) In_Cl contains Au in its 3+ oxidation state (Figure S3),

AinIn_Clto a = 10.5690(3) A in Bi_Cl). A large increase in
unit-cell dimensions occurs upon halide substitution: replace-
ment of CI” (R ~ 1.8 A) with Br~ (R ~ 2.0 A) expands the
lattice to 10.9116(2) A and 10.9841(2) A for In Br and

Bi_Br, respectively, while replacement of the halides with I” o L
(R ~ 22 A) expands the lattice to 11.6645(5) A for Bi_L occupancy of the corner-Au-coordinating Cl atoms (bridging
~ Cl atoms; Wyckoff position 6e) and full occupancy of the

implying the existence of one Cl vacancy per formula unit for
charge balance. The presence of a stoichiometric Cl vacancy
was indeed corroborated by SCXRD: refining the chemical
occupancy of all Cl atoms in the structure revealed 5/6

The coordination sphere of the Au at the unit-cell edge

centers (schematically depicted in white in Figure 1C) exhibits remaining terminal Cl atoms. These data suggest that although
the tetragonal elongation expected for a d® Au** center, with both unique Au sites in the structure experience the tetragonal
the elongated axis oriented along the unit-cell edge, containing elongation expected for a d® metal center, disorder of the
both bridging halides. However, the Au at the unit-cell corners fractional Cl occupancy is responsible for the unusual
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Figure S. (A) UV—vis absorbance spectra of CsgAu,MX,; perovskite crystals pulverized into a mull with BaSO,, converted from diffuse reflectance
spectra using the Kubelka—Munk transformation, and normalized to the highest point at or below 3.0 eV. (B) SEM image of LN,-precipitated

crystals of In_CL

octahedral coordination environment observed for the corner
Au in the Pm3m SCXRD solution.

The Pm3m solution for the SCXRD structure of In_Cl
indicates that the Au atom at the unit-cell edge center
(Wyckoff position 3d) possesses D,;, symmetry with four 2.32
A equatorial (terminal) Au—Cl bonds and two 2.85 A axial
(bridging) Au—Cl bonds (Figure 3A, brown bonds). Though
mirroring the [4 + 2] coordination symmetry of the Au®*
center in the Cs,Au'Au"'Cl; double perovskite, the Pm3m
structure of In_Cl has shorter axial bonds than the 3.13 A axial
bonds of Au—Cl in Cs,Au'Au™Cl..*’ In contrast, the Au atom
at the unit-cell corner (Wyckoff position 1a) sits within a
symmetry-constrained Oy, coordination environment with six
2.40 A Au—ClI bonds (Figure 3A, red bonds), where five Cl
atoms are uniformly disordered over six sites. To further
corroborate our structural model, we collected local structural
information using pair distribution function (PDF) analysis.
Indeed, PDF analysis of In_Cl and Bi_Cl points to 2.29 A and
ca. 2.92 A Au—Cl bond distances in both materials with no
indication of 2.40 A bonds (Figures 4A and S4), implying that
the corner Au also experiences a symmetry-lowering distortion
but disorder is responsible for the averaging of axial and
equatorial bond lengths in the Pm3m unit cell to yield an
apparent Au—Cl bond distance of 2.40 A. This disorder also
results in the shortening of the axial (bridging) Au—Cl bonds
of the edge-center Au from the expected 2.92 A distance to the
2.85 A distance observed in the Pm3m structure. The terminal
Au—Cl bonds of this edge-center Au (2.32 A) are not involved
in the halide disorder, and the bond distances agree well with
the PDF data (2.29 A).

We collected X-ray absorption spectroscopy (XAS) data at
the Au Lj-edge on CsgAu,MX,; to further probe the local
structure of the Au centers. Similar to HAuCl,-3H,0O, which
contains isolated square-planar [AuCl,]” complexes with Au—
Cl bond distances of 2.29 A, the XAS data for In_Cl and Bi_Cl
point to the 3+ oxidation state of Au and a square-planar Cl
first coordination shell (Figures 4B and S5). Extended X-ray
absorption fine structure (EXAFS) further supports this
conclusion, indicating a Au—Cl bond distance of 2.289(7) A
and a coordination number of 3.9(5) for Au in In_Cl. Fitting
the EXAFS data for Bi_Cl provides similar results, while fitting
data for In_Br, Bi_Br, and Sb_Br gives an average Au—Br
bond length of 2.436(4) A and an average coordination
number of 3.6(S) (Figure S6 and Table S10). The EXAFS
data, however, are unable to provide reliable information about
atoms beyond the first coordination shell of Au due to the
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overlap of multiple scattering paths (see the Supporting
Information).

The local coordination geometry of Au determined by
EXAFS and PDF, however, is not readily incorporated into the
gold-cage crystal structure. The lattice parameter of the In_Cl
cubic unit cell (10.49 A) nearly matches the sum of the lengths
of two short (2.29 A) and two long (2.92 A) Au—Cl bonds
(Figure 3B), thus readily accommodating the two long axial
bonds of the edge-center Au and two short bonds of the corner
Au atoms. However, a unit-cell axis containing a long axial
bond of a corner Au would contain three long and one short
Au—Cl bonds, exceeding the limit imposed by the unit-cell
dimensions (Figure S7A). Furthermore, this connectivity
would result in halides that are bound only at axial positions
to a Au center. Such interactions are unlikely to be stable: the
vast majority of Au'"—halide complexes have square-planar
geometry in the solid state,”” whereas the few examples having
[4 + 1] or [4 + 2] coordination have their axial halides
stabilized by strong bonds to other metals or by hydrogen
bonding. These constraints preclude an adequate structural
description of the gold-cage structure with stoichiometric Au
sites (Figure S7B,C). However, closer examination of SCXRD
data reveals that the edge-center is a mixed atomic site,
consisting of ca. 5/6 Au®* and 1/6 M, in agreement with
ICP—MS elemental analysis of crystals that consistently
provides a formula of ca. CsgAu;sM, X,; (Figure S8 and
Table S2). This observation, coupled with the local
coordination geometry of Au and the stoichiometric halide
vacancy, allows for the complete structural description given
below.

A given corner Au will have four short, coplanar equatorial
bonds to bridging halides, an average of one long axial bond to
a bridging halide, and one vacant axial coordination site. Every
edge-center Au has its long axial bonds to bridging halides
along the unit-cell axis on which it lies and four short bonds to
terminal equatorial halides perpendicular to the unit-cell axis.
For the two axes containing the short equatorial bonds of the
corner Au atoms, the sum of the lengths of the two short
equatorial bonds of the two corner Au atoms and the two long
axial bonds of the edge-center Au in the middle is
approximately equal to the unit-cell lattice parameter (Figure
3B).

But the halide bound axially to the corner Au will have only
weak, unstable axial interactions (Figure S7). However,
substitution of the edge-center Au on this unit-cell axis with
an octahedrally coordinated M>* ion provides a strong bond to
this halide (Figure 3C). This substitution further enforces a

https://doi.org/10.1021/jacs.1c01624
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halide vacancy in the adjacent unit cells along the same axis,
causing each of the corner [AuX;]*~ units to move closer to
the adjacent halide vacancy to accommodate the [MX4]*~
octahedron (Figures 3C and S9). This structural description
results in an average of 1/6 occupancy of the edge-centers with
M?* and one halide vacancy per corner Au, giving a formula of
CsgAuy sM, sX,; (Figure S8), which matches the formula
derived from ICP—MS elemental analysis and SCXRD (see the
SI and Figures S9 and S10 for a more detailed discussion).

4. Symmetry Lowering through Ordered Halide
Vacancies. The spatial distribution of halide vacancies was
found to be influenced by sample preparation: fast
precipitation of the product by dropping the hot precursor
solution directly into liquid nitrogen™ yielded powders
showing PXRD data in good agreement with PXRD data
simulated from the Pm3m SCXRD solution. Scanning electron
microscopy (SEM) imaging revealed the rapidly precipitated
powders are composed of octahedral crystallites with sizes on
the order of 1 ym (Figures SB and S11). Samples obtained by
slowly cooling the same precursor solution and pulverizing the
resulting crystals showed more complex PXRD patterns with
pronounced peak splitting (Figures S12 and S13 and Table
$12). This symmetry reduction apparent in the PXRD data of
slow-cooled samples inspired a reexamination of the SCXRD
data in pursuit of a lower-symmetry solution.

With symmetry breaking in mind, a second SCXRD solution
for In_Cl was obtained in the tetragonal space group P4/mmm
(Table S3). This is the highest-symmetry space group allowing
for the tetragonal distortion of the Au center at the unit-cell
corner, offering the PDF- and XAS-supported axial and
equatorial Au—X bond lengths. The P4/mmm SCXRD
structure solution for In_Cl was solved with unit-cell
parameters a = b = 10.4449(3) A and ¢ = 10.5714(3) A
obtained from Rietveld analysis carried out on high-resolution
synchrotron PXRD (HR-PXRD) data collected on pulverized
slow-cooled crystals of In_Cl. This SCXRD solution features a
2.35 A corner Au—Cl bond along the c-axis, more closely
matching the 2.29 A bond length indicated by PDF and
EXAFS than the 2.40 A Au—Cl bond length of the Pm3m
solution (see the SI for more details). However, the tetragonal
solution still retains nonphysical 2.41 A Au—Cl bond lengths
along the a- and b-axes. Freely refining the occupancies of the
two crystallographically unique Cl atoms bonded to the corner
Au in this solution results in ca. 90% occupancy of the Cl
parallel to the c-axis and ca. 80% occupancy of the Cl in the
(001) crystallographic plane, indicating a preference of the Cl
vacancy for the (001) plane. Analysis of the thermal ellipsoids
of the Au and Cl atoms and residual electron density maps of
the P4/mmm structure support a similar structural model as
that proposed for the Pm3m structure (see Structure of the
Cubic Phase) but with a preference for the Cl vacancies to
occupy the (001) plane. Indeed, the substitution of the edge-
center Au with In is inversely correlated with the occupancy of
the bridging Cl along the same axis in the SCXRD solution, as
expected for this structural model (Figure 3C). The HR-PXRD
analysis and SCXRD solutions for Bi_Cl, In Br, Bi_Br,
Sb_Br, and Bi_I in P4/mmm reveal similar tetragonal
distortions and halide vacancy and M** ordering. Additionally,
the corner Au—Br bond length along the c-axis is 2.45 A, 2.44
A, and 2.47 A in In_Br, Bi_Br, and Sb_Br, respectively, in
good agreement with the 2.44 A bond length extracted from
EXAFS (Table S10). Such analysis supports the P4/mmm
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space-group assignment and halide-vacancy and M*" ordering
within this family of perovskites.

While not uncommon in oxide perovskites, with examples
such as PrBaMn,O;”® and CaMnO,,*" crystallographically
ordered anion vacancies are rare in halide perovskites. Halide
vacancies have been implicated in the high halide conductivity
of halide perovskites*”*' and have been shown to occur
spontaneously’® or as a charge—com})ensating mechanism for
heterovalent impurity alloying.”” In the case of the
CsgAu,MX,; family presented here, three chemically inequi-
valent halide sites exist in the cubic Pm3m unit cell: those lying
along the unit-cell edge (bridging, Wyckoff position 6e), at the
unit-cell face (terminal, Wyckoff position 12h), and within the
unit-cell interior (terminal, Wyckoff position 6f). We used
density functional theory (DFT) to explore the effect of the
vacancy position on the computed ground-state energy using
the cubic Pm3m unit cell as a starting point for relaxation. As
compared with the observed bridging CI vacancy at the unit-
cell edge, structural isomers of In_CI with the Cl vacancy
placed at a terminal position at the unit-cell face or within the
interior had calculated total energies that were higher by 7 and
33 meV/atom in the relaxed tetragonal unit cell, respectively
(Figure S14 and Table S13). This trend is retained in the 1 X 2
X 2 supercells (see Electronic Structure), where placing the
vacancy at the unit-cell face or within the interior yielded
energies that were higher by 7 and 42 meV/atom upon
relaxation, respectively. This analysis supports the observed
absence of the Cl atom along the unit-cell edge as the most
favorable placement of the charge-compensating vacancy.
Furthermore, because the CsgAu,MX,; lattice dimensions are
primarily set by contacts between Au atoms and the bridging
halides, halide removal from the (001) plane of the
hypothetical CsgAu,MX,,” is accompanied by contraction of
the a- and b-axes, as is observed in the SCXRD and PXRD
data.

Given the importance of vacancy-assisted halide migration in
the ionic conductivity of halide perovskites'”*’ and the
unusually high concentration of such defects in CsgAu,MX,;
(ca. 4% in CsgAu,MX,; and 0.4% in (CH,NH,)PbL,*"), we
sought to determine if the halide vacancies in CsgAu,MX,;
were mobile. Electrochemical impedance spectroscopy (EIS)
measurements on both single crystals and pressed powders of
In_Cl using carbon electrodes indicate low ionic conductivity
(Figure S15 and Table S14).* This low ionic conductivity may
be rationalized by the high barrier for M™'—X bond breaking or
metal reorganization that would be required for halide mobility
in the proposed structural model (see Structure of the Cubic
Phase). Additionally, a low halide mobility is consistent with
the persistence of Pm3m symmetry in rapidly precipitated
powders: no observable cubic-to-tetragonal peak splitting in
the PXRD data during months of storage indicates that halides
are frozen in place at room temperature.

5. Optical Properties. We next turned our attention to the
optical properties of the CsgAu,MX,; perovskites. Crystals of
CsgAu,MX,; were diluted and pulverized into a mull with
BaSO, for ultraviolet—visible—near-infrared diffuse reflectance
(UV—vis) spectroscopy measurements. The data were trans-
formed to pseudoabsorbance using the Kubelka—Munk
theorem.*® The resulting spectra were normalized to high-
energy absorption features and the absorption onsets were
roughly estimated as the energy when the absorbance reached
0.1 AU. Solids In_Cl and Bi_Cl have absorption onsets at 2.4
and 1.9 eV, respectively, In Br, Bi Br, and Sb_Br show
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absorption onsets at 1.9, 1.6, and 1.1 eV, respectively, and Bi I
shows an absorption onset at 1.0 eV (Figures SA and S16). In
accordance with the general trend observed in halide
perovskites,*’ UV—vis spectra reveal a redshift of the
absorption onset with decreasing electronegativity of the
halide (Figure SA, Bi_X (X = Cl, Br, and I)). Replacement of
In* with Bi** also causes a redshift in CsgAu,MX,;. A similar
redshift is observed in the double perovskite Cs,AgInCly,
where substitution of Bi** for In** to form the isostructural
Cs,AgBiClg results in a 0.5 eV bandgap reduction.'™"® This is
ascribed to the participation of Bi s orbitals at the top of the
valence band that increase the energy of the valence-band
maximum relative to the In-containing analog.” Precipitation
of CsgAu,MX,; perovskites by rapid cooling in liquid nitrogen
increases the magnitude of low-energy absorption compared to
that of the slow-cooled crystals (Figure S17), which may be
due to the halide-vacancy disorder afforded by rapid
precipitation (see Symmetry Lowering through Ordered
Halide Vacancies).

Due to the effect of crystallization dynamics on the steepness
of the absorption onset, we do not assign the direct/indirect
nature of the bandgap using Tauc plots obtained through
diffuse reflectance measurements. But the energy at which the
absorption becomes sharp is minimally dependent on the
crystallization kinetics and is red-shifted with respect to
common halide single and double perovskites, for example,
CsPbBr; (E, = 2.3 eV)," CsPbCl, (E, = 29 eV)," and
Cs,AgBiBry (Eg = 2.0 eV)."” To our knowledge, such low-
energy absorption in Cl and Br perovskites has only been
observed in the gold-based double perovskites Cs,Ag'Au"'X,
and Cs,Au'AuX,>* and, more recently, in the Cs,Ag'TI"X¢
double perovskites.**

6. Alloying the Metal Sites. The yellow solid shown for
In_Cl in Figure 2B was obtained by cooling solutions of CsCl,
HAuCl,, and InCl; in a 4:1:1 molar ratio, respectively. Upon
Au** enrichment of the precursor solution, however, a darker
solid precipitated. By adjusting the Au**:In*" molar ratio in the
precursor solution from 1:1 to 6:1, we could continuously tune
the color of the resulting crystals from translucent yellow to
opaque black, with a corresponding increase in a new low-
energy UV—vis absorption band (Figure 6). Solution Au®*:In*"
ratios below 1 and above 6 yielded Cs,InCl;-H,0O and CsAuCl,
side products, respectively (Figure S18).

The observed yellow-to-black color change with increasing
Au** in solution is consistent with the incorporation of a Au*
impurity in the In_Cl lattice. Two observations support this
conclusion: (1) the darkening is prevented by the addition of a
tew drops of nitric acid to the crystallization solution, which
can oxidize Au’ ions to Au’* ions (Figure 6B, yellow trace),
and (2) the darkening increases upon extending the time the
solution is kept at elevated temperature. The intensity of the
low-energy absorption feature also increases significantly
(Figure 6B, black trace) when the solution cooling time is
extended from hours to days, suggesting greater conversion of
Au’** to Au'. We note that this low-energy absorption feature
coincides with the intervalence charge-transfer band seen in
the absorption spectrum of the double perovskite
Cs,Au'Au"'Clg (Figures S19 and $20),”>*" supporting the
hypothesis of mixed valence in Au-rich In_Cl No Au* was
detected in XAS or XPS analysis, indicating that a small
concentration of Au'—Cl—Au™ units in the lattice is likely
sufficient to dominate the absorption onset of In_ClL.
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Figure 6. (A) Photographs of crystals (top panel) and powders
(bottom panel) of In_Cl with progressively more Au* alloyed into the
structure from left to right. (B) UV—vis absorbance spectra converted
from diffuse reflectance spectra using the Kubelka—Munk trans-
formation showing an increase in low-energy absorption of In_Cl
with Au® alloying. The values in the legend refer to the ratio of Au®*
to In* in the crystallization solution. The trace labeled “slow” refers
to a sample that was cooled more slowly than the others, thus
resulting in a higher concentration of Au" and therefore a stronger
low-energy absorption feature. The spectra are normalized to a peak
at 3.8 eV.

In addition to Au* alloying into In_Cl, the homovalent Au**
and body-center M** metals can alloy onto each other’s
crystallographic sites. As discussed in Structure of the Cubic
Phase and Symmetry Lowering through Ordered Halide
Vacancies, M*>" ions occupy 1/6 of the edge-center sites,
independent of the ratio of Au®>" to M*" in the crystallization
solution. Further, under Au-rich synthetic conditions, SCXRD
indicates that the body-center site of In_Cl contains a mixture
of 97% In and 3% Au. Indeed, the PXRD reflections shift to
slightly lower 26 values, consistent with a small expansion of
the lattice accommodating the comparatively larger Au®* cation
at the body center (Figure S20). We note that the X-ray
scattering factors for Au and Bi are too similar to reliably
distinguish the two elements, precluding this analysis in Bi_Cl,
Bi_Br, and Bi_I Indeed, structure solutions for these analogs
show no significant deviations in the occupancies of the metal
sites from unity when freely refined.

7. Electronic Structure. We performed DFT calculations
of In_Cl and Bi_Cl using 1 X 2 X 2 supercells; this allowed us
to capture the experimentally observed halide vacancy disorder
and the alloying that occurs between Au** and M** at the edge-
center sites to form CsgAuysM,X,3 as proposed by the
structural model (Figures 3, S8, and $26). Using the cubic
Pm3m unit cell as a starting point, structural relaxations were
carried out with the Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional as implemented with VASP
(see the SI for details).””>" In agreement with the PDF analysis
and Rietveld characterization, our DFT—PBE calculations of
In_Cl predict axial elongation of Au—Cl bonds and a
metrically tetragonal structure when one Cl atom bound to
the corner Au is removed per unit cell (Figure S27).
Additionally, the [AuCl]*>” units move closer to the vacant
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Cl sites upon relaxation with DFT, consistent with the
proposed structural model intuited from experimental
observations (Figures 3D and S27; see Structure of the
Cubic Phase). Analogous relaxations of the 1 X 2 X 2 supercell
of Bi_Cl yield a similar structure, with a slight elongation of
the lattice constants resulting in a ca. 2.5% increase of the
supercell volume with respect to that of In_ClL.

Although we underestimate the experimental bandgap
values, as expected using DFT—PBE, our calculations show
that replacing In** with Bi** reduces the bandgap by 0.57 eV,
similar to the 0.5 eV reduction observed experimentally. Both
the valence and conduction bands contain Cl p-orbital states
(Figure S28 and Table S15) and the low-lying conduction
bands of In_ClI also have significant Au d-orbital character,
whereas In has a negligible contribution to the band extrema
(Figure 7A). In contrast, the band structure of Bi_Cl indicates
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Figure 7. Calculated DFT—PBE band structures of the relaxed 1 X 2
X 2 supercells with the formula CsgAu; M, ;Cl,; of (A) In_Cl and
(B) Bi_Cl showing contributions from Au (left) and In or Bi atoms
(right). The In p-orbital contribution to the valence bands is <1% in
part A. All bands are shifted to align the Cs Ss bands and the zero
energy is set to the valence-band maximum of In_Cl. The valence-
and conduction-band extrema are denoted by the blue dashed lines.

that Bi s-orbital states are hybridized with the valence bands
and raise the energy of the valence-band maximum to reduce
the bandgap relative to that of In_Cl (Figure 7B). Comparing
this edge-alloyed structure to an analogous 1 X 2 X 2 supercell
of Bi_Cl where Bi is only present at the body center and is not
alloyed at the edge-center sites, we find the Bi s states are no
longer present at the valence-band maximum and the bandgap
is reduced by 60 meV (Figure S28 and Table S15). These
results indicate that increasing the Au content decreases the
bandgap; indeed, a similar calculation using a 1 X 2 X 2
supercell of the hypothetical CsgAusCl,;, constructed analo-
gously to the 1 X 2 X 2 supercells used for In_Cl and Bi_Cl,
yields a metallic band structure (Table S15). We can further
understand the bandgap trends by calculating the gaps of
hypothetical compounds with M*" cations replacing all Au®**
cations: we find bandgap values of 2.17 eV for Csgln;Cl,; and
1.36 eV for CsgBisCl,; for relaxed single unit cells (Table S16;
see the SI for details), supporting the lower bandgap of Bi_Cl
compared to that of In_CL
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B CONCLUSIONS

The CsgAu,M™X,, (M = In**, Sb*, Bi**; X = CI7, Br~, I")
gold-cage compounds exhibit a novel structure in the halide
perovskite family. By maintaining stoichiometric halide
vacancies, this material also provides the only counter example
to the postulate that all halide perovskites maintain an average
B-site charge of 2+ (averaging over both occupied and
unoccupied B sites). The placement of the halide vacancies can
be controlled through the crystallization kinetics, with fast and
slow cooling affording fully disordered and partially ordered
halide vacancies, respectively, around the corner Au. We
propose a structural model that explains the X-ray diffraction,
XAS, and PDF data and elemental analyses and is supported by
DEFT calculations. This structure offers several other deviations
from the typical perovskite lattice, including containing
exclusively trivalent B-site metals, ordering homovalent
chemical species onto distinct crystallographic sites, and
ordering halide vacancies along crystallographic planes.

These semiconductors have absorption onsets spanning the
visible and near-infrared, affording colored solids from
translucent yellow (CsgAu,InCl,;) to opaque black
(CsgAu,Bil,;). Partial alloying at the metal sites plays an
important role in the optical absorption of these materials.
Alloying Au® affords a yellow-to-black color change in
CsgAuyInCly; and an intervalence charge-transfer absorption
band centered at 2.0 eV. The optical absorption onsets of the
new CsgAu,MX,; perovskites span the ideal bandgap ranges
for absorbers in single-junction solar cells (1.4 eV) and for
absorbers in tandem solar cells (e.g., ca. 1 €V for the bottom
absorber in an all—g)erovskite device and 1.8 eV for the top
absorber with Si).>* As such, the dynamics of photogenerated
carriers in these materials warrant further study. With
unprecedented structure and absorption that is tunable across
the visible spectrum, the CssAu™,M"™'X,; family of perovskites
presented in this work expands ordered mixed-metal perovskite
compositions beyond the prototypical elpasolite B'*—B**
pair’® and demonstrates the promise of studying new
perovskite architectures.
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