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ABSTRACT:  

The metal halide ionic octahedron, [MX6]  (M = metal cation, X = halide anion), is considered to 

be the fundamental building block and functional unit of metal halide perovskites. By representing 

the metal halide ionic octahedron in halide perovskites as a super ion/atom, the halide perovskite 

can be described as an extended ionic octahedron network (ION) charge balanced by selected 

cations. This new perspective of halide perovskites based on ION enables the prediction of 

different packing and connectivity of the metal halide octahedra based on different solid-state 

lattices. In this work, a new halide perovskite Cs8Au3.5In1.5Cl23 was discovered based on a BaTiO3-

lattice ION {[InCl6][AuCl5][Au/InCl4]3}8-, which is assembled from three different ionic octahedra 

[InCl6], [AuCl6], and [Au/InCl6] and balanced by positively charged Cs cations. This success of 

this ION design concept in the discovery of Cs8Au3.5In1.5Cl23 opens up a new venue for the rational 

design of new halide perovskite materials. 
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Halide perovskites have been extensively studied as emergent semiconductor materials due to their 

remarkable optoelectronic properties,1,2 and wide applications in solar cells3–6, light-emitting 

diodes7,8, photocatalysts9, radiation detectors10, etc. The halide perovskite family has the general 

formula of APbX3 (A = Cs+, Rb+, etc., X = Cl-, Br-, I-), which consists of a network of corner-

sharing [PbX6] octahedra. The metal halide ionic octahedron is considered to be the fundamental 

building block and functional unit of halide perovskites11, with dimension of 5-6 Å. Besides the 

lead halide perovskites, more complex structures appear when replacing Pb2+ with other metal 

cations. The design principle for many lead-free halide perovskites is generally based on charge 

balancing12,13 (Figure S1). For example, when the divalent site (Pb2+) is replaced with a 

monovalent and a trivalent cation (like Ag+ and Bi3+), the two cations will arrange in a rock-salt 

(NaCl) type structure, in the space group of Fm3�m.14,15 Other structures form in perovskites with 

trivalent or quadrivalent metal cations coupled with vacancies, like Cs3Bi(III)2X916 and 

Cs2Sn(IV)X617. The emergence of lead-free halide perovskites provides more functional and 

environmentally friendly choices for various device applications.18–20  

 

Inspired by the charge balancing design principle and the NaCl-type double halide perovskite, 

charge-ordered double perovskites, where the metal cations are mixed valence of the same element, 

including Au+/Au3+, Tl+/Tl3+, and In+/In3+, have also been investigated (Figure S2). 21–23 A 

pressure-induced semiconductor-to-metal phase transition of the charge-ordered Cs2In(I)In(III)Cl6 

has also been spectroscopically observed in our previous work.24 While many structures have been 

synthesized based on this design principle of charge balancing, recently we have turned our 

attention to the packing and interconnectivity of the [MX6] building block itself in order to discover 

new types of halide perovskites. To this end, we consider the ionic [MX6] octahedron as a super 
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ion/atom. Just as different atoms and ions can pack to form different crystal lattices, these ionic 

[MX6] octahedra can in principle pack into different types of negatively charged, extended ionic 

octahedron networks (IONs), with and without corner sharing. Halide perovskite crystal structures 

are eventually formed when this negative charged ION is stabilized by counter cations (Scheme 

1a). For example, the prototypical CsPbX3 perovskites can be considered as a simple cubic lattice-

based ION balanced by Cs cations, i.e., in the context of this ION concept, there is one [PbX6] 

corner-shared octahedron and one Cs cation within the unit cell. 

 

Scheme 1b summaries seven cubic IONs with different packing and interconnectivity. Vacancy-

ordered double perovskites like Cs2SnCl6 can be viewed as having a face-centered-cubic-lattice 

ION, and there are 8 Cs cations and 4 [SnCl6] octahedra within the unit cell. On the other hand, 

double halide perovskites like Cs2AgInCl6 correspond to a NaCl-lattice ION. There are again 8 Cs 

cations, and 4 [AgCl6] and 4 [InCl6] octahedra within one unit cell. The body-centered cubic-lattice 

ION (BCC) is not close packing, thus resulting in octahedron tilting in Cs4PbBr6 to stabilize the 

crystal structure (Figure S3).  

 

With this general principle of the ionic octahedron network in mind, one could start to ask the 

following questions: what if we start to arrange these [MX6] octahedra into lattices other than 

simple cubic, BCC, FCC or rock-salt? Will that lead to the discovery of new crystal structures for 

the halide perovskite family? For example, the CsCl-type ION could result in a structure with 

formula of Cs8M(I)M(III)Cl12, in the space group of Pm3�m or slightly deviated because of 

octahedron rotation. ReO3-type ION would result in a structure with the compositions 

Cs8M(I)M(III)3X18 or Cs8M(IV)M(II)3X18, in the space group of Pm3�m. In this particular case, 
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corner-shared [M(I/IV)X6] and [M(III/II)X6] octahedra would form a large ionic cage structure. 

Likewise, Perovskite-lattice (BaTiO3-lattice) ION leads to a complex halide perovskite structure 

with the Cs8M(IV)M(III)M(III)3X24 composition, in the space group of Pm3�m. Similarly, three 

octahedral units form a BaTiO3-lattice ION according to the following formula: 

{[M(IV)X6][M(III)X6][M(III)X6]3} just like in BaTiO3 {ABX3}, which is then balanced by the 8 

Cs cations. After consideration of interconnectivity of the octahedral units, the final composition 

can be reduced to Cs8M(IV)M(III)M(III)3X24.  It is important to point out that so far in our 

discussion we have not considered the possible formation of halide vacancies in the structure, 

which is quite common in many inorganic halide perovskite lattices25. For example, it is 

conceivable that one can assemble a BaTiO3 lattice-based ION using all trivalent cations by 

creating a halide vacancy in the structure, which would end up with a Cs8M(III)M(III)M(III)3X23 

stoichiometry. These halide perovskites predicted based on the CsCl, ReO3, and BaTiO3 lattice 

ION, however, have not been reported previously and yet to be confirmed experimentally. Here 

we detail our discovery of a new halide perovskite based on this predicted BaTiO3 lattice ION. 

This packing and interconnecting of the sub-nano metal halide ionic octahedron building blocks 

represent a new line of thinking for the rational design of complex halide perovskite crystal 

structures. 

 

We started with Au3+ and In3+ halide octahedra building blocks to test our idea of new design based 

on this ION principle, because they possess the same charge, similar radii, but different 

coordination behaviors (Figure S2). Simply by dissolving HAuCl4, InCl3, and CsCl into HCl 

solution, yellow octahedral shaped single crystals crystallized out of solution with slow cooling 

(Figure 1a, see Methods). Interestingly, the powder X-ray diffraction (PXRD) patterns show that 
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the resulting crystals have a simple cubic unit cell with a = 10.48 Å, doubled from the lattice 

parameter for CsPbCl3 perovskites (Figure 1b). This observation is quite different from the 

Cs3M(III)2X9 hexagonal structure with trivalent cations, and any other reported halide perovskites 

with two B-site cations in FCC (Figure S4). As seen in Figure 1b, there are diffraction peaks 

(labeled in red) in the PXRD patterns that should be systematically absent in the Fm3�m space 

group but present in the simple cubic lattice. Energy-dispersive X-ray spectroscopy (EDS) 

confirms that the crystals have the composition of Cs8Au3.5In1.5Cl23 (Figure S5). To further 

characterize the oxidation states of the Au and In in the final crystals, X-ray photoelectron 

spectroscopy (XPS) is used to probe the Au 4f and In 3d core levels (Figure 1c,d) and the spectra 

confirms both elements exist dominantly as the trivalent oxidation state (Figure S6). During 

measurements, the surface and sub-surface Au3+ species can be reduced under X-ray irradiation, 

such that the shoulder peak which is attributed to the Au+ will increase in intensity as the exposure 

time increases. This is quite common for the Au3+ compounds26, including CsAu(III)Cl4 (Figure 

S7). In order to further confirm the oxidation states of the Au ions, X-ray absorption near edge 

structure (XANES) is also measured on the Au L3-edge. For transition metals like Au, the L3-edge 

XANES is dominated by a rising-edge27. Figure 1e shows exactly the same rising feature for both 

Cs8Au3.5In1.5Cl23 and the reference sample CsAu(III)Cl4 in the Au L3-edge XANES. The In K-

edge XANES is also measured and is characterized by a strong white line peak feature 

corresponding to the transition of 2s core electrons into empty 5p states.28 Figure 1f shows the 

white line feature of In in Cs8Au3.5In1.5Cl23 overlaps pretty well with the In3+ standard compound, 

Cs2In(III)Cl5·H2O. The XANES confirms that both cations (Au and In) exist as +3 oxidation states 

in our crystals. 
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Single-crystal X-ray diffraction (SCXRD) is then used to resolve the crystal structure of the 

Cs8Au3.5In1.5Cl23. A simple cubic unit cell in space group of Pm 3�m was determined. The 

diffraction pattern also shows weak diffraction for (100), (110) and (210) peaks (Figure S8). The 

crystallographic table of Cs8Au3.5In1.5Cl23 (marked as Cs8Au3.5In1.5Cl23-Yellow) is listed in Table 

S2. The final crystal structure is determined as a new halide perovskite with a BaTiO3-type ION 

in the formula of Cs8{[InCl6][AuCl5][In/AuCl4]3 (Figure 2a,b), as we have predicted and discussed 

in Scheme 1. A vacancy is formed at one of the Cl atom-sites to balance the overall charge. The 

calculated powder diffraction patterns from the determined crystal structure matches perfectly with 

the experimental PXRD results (Figure 1b). From the SCXRD, we can identify the metal species 

of each octahedron in the BaTiO3-type (or more generally ABX3-type) ION (Figure 2c). The super-

“A” site is an isolated [InCl6] isotropic octahedron, the center metal is 100% occupancy of In, with 

In-Cl bond length of 2.530 Å. The super-“B” site is the [AuCl6] isotropic octahedron with only 5/6 

occupation for the six bridging Cl atoms, the bond length of Au-bridging Cl is 2.392 Å. The super-

“X” site is an elongated [Au/InCl6] metal halide octahedron. The metal occupancy is identified as 

5/6 Au + 1/6 In from the electron density, which is in agreement with the occupancy of the bridging 

Cl. Bond length of M-Cl5/6 (Bridging Cl) is 2.851 Å, while that of M-Cl is 2.308 Å. Bridging Cl 

atom links the “B” and “X” site octahedra. As a result, the Cs8Au3.5In1.5Cl23 is a new halide 

perovskite, with all ionic octahedra packed in the perovskite-type ION to yield the final 

stoichiometry Cs8{[InCl6][AuCl5][In/AuCl4]3}, consistent with the prediction we made in Scheme 

1. For the ABX3-lattice ION, [InCl6][AuCl5][In/AuCl4]3 carries 8 negative charges and is balanced 

by the Cs cations within the lattice. This new structure represents the first example of rational 

design of new halide perovskites based on our concept of extended ION (Scheme 1). 
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While tuning the single crystal growth conditions, we discovered that when we use 6M HCl instead 

of 12M HCl, orange (rather than yellow) crystals are formed, with an extended absorption tail at 

longer wavelengths (Figure 3a, b). When we further apply heating (>95℃) during the synthesis, 

the resulting crystals are black. This could be attributed to the formation of Au(I) complexes during 

the synthesis. The [Au(III)Cl4]- complex in acidic solution could decompose or be reduced into 

[Au(I)Cl2]- under heating or irradiation.29,30 As a result, there could be a small amount of this Au(I) 

complex formation in the solution, and its concentration can be influenced by heating and by the 

HCl concentration. The introduction of Au(I) into this particular ionic network could result in the 

change of the electronic structure, and consequently their optical properties. 

 

With this hypothesis on the role of mixed-valency in this extended ionic network, controlled 

reduction experiments were carried out by adding small amounts of reducing agents such as L-

ascorbic acid (AA) before the crystallization of the crystals. Figure 3a shows that we can grow 

different colored crystals with the addition of AA. Figure 3b shows systematic red shifting of the 

absorption across theses crystals and indicates bandgap narrowing with an increasing amount of 

reduced Au(I). The results confirmed that introduction of the Au(I) dopants would reduce the 

absorption bandgap of the Cs8Au3.5In1.5Cl23 new halide perovskites from 2.37eV to 1.43eV, a value 

that is quite comparable with that of Cs2Au(I)Au(III)Cl6.31 The Au(I) dopant concentration 

produced with different molar ratios of AA can be estimated from the decrease in intensity of the 

characteristic absorption peak of [AuCl4]- at 313 nm.32 This analysis suggests that less than 3% of 

the [AuCl4]- will be reduced with AA when the molar ratio of AA is less than 5% (Figure S9). 

XANES on the Au L3 edge also indicates only negligible Au(I) exists in the doped crystals (Figure 

3c). Both inductively coupled plasma atomic emission spectroscopy (ICP-AES) and mass 
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spectroscopy (ICP-MS) measurements confirmed no significant changes in Au:In ratio upon Au(I) 

doping (Table S1). PXRD shows no changes in the simple cubic structure across the various 

crystals and only a slight modification in lattice parameter to 10.49 Å with Au(I) dopants (Figure 

3d). SCXRD measurements were also collected on the black crystals (Table S2, Cs8Au3.5In1.5Cl23-

Black) and showed the structure is still essentially the same overall structure as 

Cs8{[InCl6][AuCl5][In/AuCl4]3. Raman measurements (Figure 3e) show the emergence of new 

vibrational modes with the presence of Au(I) dopants in the crystal structure, as well as second 

harmonic features which are also observed in Cs2Au(I)Au(III)Cl6 halide perovskites.34 This set of 

experiments suggest that once we establish the overall ionic octahedron network, BaTiO3-lattice 

in this case, it is possible to further modify the optical and electronic properties by introducing 

mixed-valency within this interconnected network. Further detailed studies including electronic 

structure calculations of these new halide perovskites are in progress. 

 

In conclusion, we propose here a new perspective and design principle of halide perovskites based 

on a collection of extended ionic octahedron network (ION) balanced by counter cations. Using 

this new design concept, we have discovered a new halide perovskite structure, Cs8Au3.5In1.5Cl23, 

or Cs8{[InCl6][AuCl5][In/AuCl4]3}, which can be considered as a BaTiO3-type ION charge 

balanced with Cs cations. This is the first reported example of halide perovskites predicted based 

on this ionic octahedron network concept. With this powerful ION design principle, one can further 

replace one of the trivalent cations with a quadrivalent cation, to achieve the 

Cs8M(IV)M(III)M(III)3X24 halide perovskites with the BaTiO3-type ION as we have discussed in 

Scheme 1. There are potentially more new perovskite structures to be discovered based on this 

ION design principle, including new halide perovskite structures based on CsCl-type and ReO3-
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type ION, e.g., Cs8M(I)M(III)X12, Cs8M(I)M(III)3X18 or Cs8M(IV)M(II)3X18. We now have an 

enormous synthetic space to design and synthesize new halide perovskite crystal structures, 

considering that we can explore many different ways of packing and interconnectivity of the 

octahedral units with different halide ions and balancing counter cations. Additionally, introducing 

mixed-valency into this overall extended ION network design enables further structural and 

electronic tunability. 
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Scheme 1. Ionic Octahedron Network (ION). (a) Metal halide perovskites can be considered as extended Ionic Octahedron Networks 

(IONs) stabilized with positively charged cations. (b) Seven different lattices of octahedron packing and the predicted IONs and metal 

halide perovskite structures. Examples: The CsPbBr3 halide perovskites can be considered as [PbBr6] octahedron placed in a simple 

cubic ION stabilized with Cs+ cations; the vacancy ordered halide perovskite Cs2SnCl6 can be considered as the [SnCl6] octahedron 

placed in a face-centered cubic (FCC) ION stabilized with 8 Cs+ cations. All of the crystal structures are plotted with VESTA software.35 
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Figure 1. Characterization of Cs8Au3.5In1.5Cl23 crystals. (a) Optical microscope image (scale 

bar: 200 μm), (b) Experimental and calculated synchrotron powder x-ray diffraction patterns, (c, 

d) XPS on Au 4f and In 3d core level of Cs8Au3.5In1.5Cl23 crystals, respectively, XPS peaks for 

Au3+, Au+ are labeled. (e, f) XANES on Au L3 edge and In K edge of Cs8Au3.5In1.5Cl23 crystals, 

respectively. Au(0) foil, Au(I)Cl, Cs2Au(I)Au(III)Cl6 and CsAu(III)Cl4 are used as reference 

samples for Au L3-edge XANES, In(0) foil, In(I)Cl, Cs2In(I)In(III)Cl6 and Cs2In(III)Cl5·H2O are 

used as reference samples for In K-edge XANES,  
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Figure 2. Single-crystal structure of Cs8Au3.5In1.5Cl23. (a) ION based on BaTiO3 lattice packing, 

(b) View of the unit cell of Cs8Au3.5In1.5Cl23, (c) Each metal halide ionic octahedron and there 

representation  in the ABX3 based ION. (i) Super “A” site: Isotropic [InCl6] octahedron colored in 

purple; (ii) Super “B” site: [Au(Cl5/6)6] isotropic octahedron colored in yellow, centric Au atoms 

bonded with six bridging Cl atoms, which is only 5/6 occupied; (iii) Super “X” site is an elongated 

[Au/InCl4(Cl5/6)2] octahedron colored in blue, the metal occupancy is 5/6 Au + 1/6 In.  
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Figure 3. Au(I) induced bandgap narrowing in Cs8Au3.5In1.5Cl23 structure. (a) Optical 

microscope images (scale bar:100 μm), (b) UV-Vis-NIR absorption spectra, (c) XANES on Au L3 

edge, (d) powder XRD pattern, and (e) Low-frequency Raman spectra of Cs8Au3.5In1.5Cl23 crystals 

synthesized with different amounts of L-ascorbic acid (AA). CsAu(III)Cl4 and 

Cs2Au(III)Au(III)Cl6 are used as reference samples in Raman experiments. 
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