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ABSTRACT: Lead toxicity and poor stability under operating
conditions are major drawbacks that impede the widespread
commercialization of metal—halide perovskite solar cells. Ti(IV)
has been considered as an alternative species to replace Pb(II)
because it is relatively nontoxic and abundant and its perovskite-
like compounds have demonstrated promising performance when
applied in solar cells (7 > 3%), photocatalysts, and nonlinear
optical applications. Yet, Ti(IV) perovskites show instability in air,
hindering their use. On the other hand, Sn(IV) has a similar
cationic radius to Ti(IV), adopting the same vacancy-ordered
double perovskite (VODP) structure and showing good stability in
ambient conditions. We report here a combined experimental and
computational study on mixed titanium—tin bromide and iodide
VODPs, motivated by the hypothesis that these mixtures may show a stability higher than that of the pure titanium compositions.
Thermodynamic analysis shows that the cations are highly miscible in these vacancy-ordered structures. Experimentally, we
synthesized mixed titanium—tin VODPs as nanocrystals across the entire mixing range x (Cs,Ti;_,Sn, X X = I or Br), using a
colloidal synthetic approach. Analysis of the experimental and computed absorption spectra reveals weak hybridization and
interactions between Sn and Ti octahedra with the alloy absorption being essentially a linear combination of the pure Sn and Ti
compositions. These compounds are stabilized at high percentages of Sn (x of ~60%), as expected, with bromide compositions
demonstrating greater stability compared to the iodides. Overall, we find that these materials behave akin to molecular aggregates,
with the thermodynamic and optoelectronic properties governed by the intraoctahedral interactions.

B INTRODUCTION design principle, replacing Pb with a combination of chemically
similar cations.” Among these novel lead-free perovskites
developed over the past decade, titanium-based vacancy-
ordered double perovskites (VODPs) (Cs,TiXg; X = I, Br, or
Cl) have attracted particular attention following the recent
demonstration of high performance in solar cell devices, with a
3.3%" power conversion efficiency, the current best perform-
ance for a Sn- and Pb-free perovskite structure. The elemental
abundance of Ti’ and its low toxicity'’ make it a viable
replacement for Pb.

Beyond photovoltaic applications, the A,BX( structural
family exhibits features associated with both zero-dimensional

The development of solution-processed optoelectronic materi-
als based on abundant and nontoxic elements is of great
interest for sustainable technological progress. In particular,
lead halide perovskites are at present the best performing
solution-processed photovoltaic materials, with a power
conversion efficiency record of 26% in 2023." Nevertheless,
both regulatory concerns due to the presence of lead and poor
stability under ambient operating conditions pose major
barriers to their commercialization. Lead is toxic, and when
released from the perovskite structure into the soil, it is 10
times more bioavailable than other natural lead sources.””"
The exceptional optoelectronic properties of lead halide

perovskites, along with these stability and toxicity drawbacks, Received: August 1, 2023
have spurred major research interest in "perovskite-inspired Revised:  September 15, 2023
materials".>® These are materials with similar structural and/or Published: October 19, 2023

chemical properties to the prototypical halide perovskites but
avoiding the presence of lead. Within the perovskite-structured
subclass of these materials, ionic substitution is employed as a
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and three-dimensional materials (such as low thermal
conductivity,'' high compressibility, and strong exciton
binding despite relatively small electronic band gaps),"*”"
which makes them potential candidates for a range of
alternative applications, such as potential thermoelectric
materials,'" white-light emitters/phosphors,'®'” photocata-
lysts,"® high-entropy semiconductors'’ and more, as well as
offering a highly tunable playground to study physical
phenomena associated with strong Frenkel excitons.'””"?
Moreover, these materials have been reported to show
nonlinear optical activity, being in fact the only known third
harmonic generation (THG)-active lead-free perovskite
structures.”’

The stability of titanium-based vacancy-ordered perovskites
has attracted significant debate. While the chloride (Cs,TiCly)
has been reported to show slow decomfosition in air, only
detectable after a couple of weeks,’””' for the bromide
(Cs,TiBrg) and iodide (Cs,Tils) compositions, there is less
consensus. Chen et al.® reported Cs,TiBrg thin films to show
stability in air, while Mendes et al. detected amorphous
titanium oxide and cesium bromide on the surface of nascent
large-grain Cs,TiBry samples.22 Kong et al,”" Euvrard et al,*
and He et al.”* found moderate to fast decomposition rates
when synthesized in a powder form, and more recently,
Grandhi et al”® and Liga et al.'”***® reported Cs,TiBr,
nanocrystal (NC) films to decompose within hours to minutes.
Regarding Cs,Til, while Ju et al.”” found that it is stable in a
powder form, Kupfer et al.”® found the powder to be unstable,
and Liga et al.” observed fast decomposition of the NC films
in air. The high instability in air for Ti-based vacancy-ordered
perovskites significantly hinders the characterization of their
properties (particularly for techniques that require contact with
air) as well as their application in devices.

On the other hand, the Cs,SnXy (X =, Br, or Cl) family has
been shown to be mostly stable in air and under thermal stress,
water, and photostresses.”” " In fact, these compounds are the
decomposition products typically witnessed for the unstable
tin(1l)-based ABX; single perovskites (CsSnX3; X = 1, Br, or
Cl). Consequently, this subclass has received much more
research attention over the past few years, particularly when it
comes to device applications.”* > The iodide (Cs,Snl¢) has
been found to show some instability under air, though with
relatively slow decomposition, as Saporov et al.*’ reported
cesium jodide (CsI) peaks appearing in X-ray diffraction
(XRD) measurements after 60 days in air.

Since Sn and Ti have comparable ionic radii,*® we
hypothesized that mixing tin with titanium in the same host
perovskite-like structure could stabilize the final mixed
composition. Thus, we prepared mixed compositions of tin—
titanium bromide and iodide VODPs (Cs,Ti;_,Sn X4; X = I or
Br) across the entire mixing range x and studied their
properties. We synthesized all of the mixed compositions as
colloidal nanocrystals (NCs) using the hot-injection method.
We employed a combined approach, characterizing the
properties of these materials both computationally and
experimentally to elucidate the behavior and impact of cation
mixing on the stability and optoelectronic properties of this
series of novel vacancy-ordered double perovskites. While not
the focus of this study, we note that the pure Sn and Ti
chloride VODPs were also synthesized and characterized in
our previous work,'” and so, the same computational analysis
was performed for Cs,Ti,_,Sn,Cls, appended to the SI
(Figures S14 and S15).

B MATERIALS AND METHODS

Chemicals. Cesium acetate (CsAc 99.9% trace metals
basis), titanium(IV) isopropoxide (Ti(O-i-Pr),, 97.0%), oleic
acid (OA, technical grade 90%), 3-(N,N-dimethyl
octadecylammonio)propanesulfonate (DMOP, 99.0%), bro-
motrimethylsilane (TMSBr, 97%) and acetone (99.5%) were
purchased from Sigma-Aldrich. Tin(IV) acetate (SnAc, 98%)
and iodotrimethylsilane (TMSI, 97%) were purchased from
Fischer Scientific. Toluene (anhydrous, 99.8%) was purchased
from Scharlabs. 1-octadecene (ODE, 90%) was purchased
from Alfa Aesar. All chemicals were used without further
purification.

Experimental Methods. Preparation of Cesium Oleate
Solution. Cesium oleate was prepared following a previously
reported method.”” Cesium acetate (0.768 g, 4 mmol) was
loaded in a 50 mL three-neck flask together with 7.56 mL of
OA and 18.72 mL of ODE. The solution was degassed through
3 cycles under argon and vacuum and heated at 110 °C for 30
min under argon. Afterward, the solution was left under
vacuum for 3 h at 110 °C. The as-prepared solution was stored
under nitrogen.

Synthesis of Cs,Ti;_.Sn,Xs NCs (X = | or Br). Synthesis of
Cs,5nXs. Cs,SnX4 (X = I or Br) NCs were prepared following
our previously published procedure.'” For the synthesis of
Cs,Snl; NCs, 112.8 mg of Sn(IV) acetate (0.31 mmol) and 60
mg of DMOP were weighed in a glovebox and loaded in a 50
mL three-neck flask together with 4 mL of the cesium oleate
solution (0.62 mmol), 2 mL of ODE, and 2 mL of OA. The
solution was degassed through 3 cycles of argon and vacuum
and heated at 110 °C for 35 min under vacuum. At this point,
273 uL of TMSI (1.86 mmol) was injected under argon at 140
°C, and the reaction was carried out for 20 s and then
quenched by diluting the solution in 10 mL of toluene. The
synthesis of Cs,SnBrs NCs was carried out following the above
procedure, except that the Cs:Sn:X precursor ratio used was
2:2:9 instead of 2:1:6, which means that 225.6 mg (0.62
mmol) of Sn acetate and 380 uL (2.8 mmol) of TMSBr were
used in the synthesis.

Synthesis of Cs,TiX, For the synthesis of Cs,TiXs (X =1 or
Br), 4 mL of cesium oleate (0.62 mmol) and 60 mg of DMOP
were weighed in a glovebox and loaded in a 50 mL three-neck
flask together with 2 mL of ODE, 2 mL of OA, and 238 uL of
titanium(IV) isopropoxide (0.78 mmol). The solution was
degassed through 3 cycles of argon and vacuum and heated at
110 °C for 35 min under vacuum. At this point, for the case of
Cs,Tilg synthesis, 1238 uL (8.436 mmol) of TMSI was
injected, and after 20 s, the reaction was quenched by diluting
the solution in 10 mL of toluene. For the synthesis of
Cs,TiBrg, 574 pL (4.218 mmol) of TMSBr was injected, and
the reaction was quenched as for Cs,Til4 synthesis.

Synthesis of Cs,Ti;_SnJs. Mixed titanium—tin iodide
VODPs were prepared using the same method used for the
preparation of pure tin and pure titanjum VODP NCs. Four
mL of cesium oleate and 60 mg of DMOP were loaded in a 50
mL three-neck flask together with Sn(IV) acetate and Ti(IV)
isopropoxide in a different ratio, 2 mL of ODE, and 2 mL of
OA. Since the difference in precursor ratios between pure
Cs,Tils and pure Cs,Snl,; was quite large (Cs:Ti:I = 2:2.5:27
and Cs:Sn:I = 2:1:6), the percentage concentrations of tin and
titanium precursors in the sample names refer to their pure
synthesis ratios, such that the 50% sample was synthesized
using a precursor ratio of Cs:Ti:Sn:I = 2:1.25:0.5:27. For all
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the mixed phases, an iodine ratio of 27 was used to avoid the
formation of CsI. Table S1 lists the precursor ratios used for all
iodide alloy syntheses. The solution was degassed through 3
cycles of argon and vacuum and heated at 110 °C for 35 min
under vacuum. At this point, 1238 uL (8.436 mmol) of TMSI
was injected, and after 20 s, the reaction was quenched by
diluting the solution in 10 mL of toluene.

Synthesis of Cs,Ti;_,SnBrs NCs. For the synthesis of mixed
titanium—tin bromide VODPs, 4 mL of cesium oleate and 60
mg of DMOP were loaded in a S0 mL three-neck flask together
with Sn(IV) acetate and Ti(IV) isopropoxide in different ratios
(while the total Cs:B ratio was kept 2:2.5), 2 mL of ODE, and
2 mL of OA. The solution was degassed through 3 cycles of
argon and vacuum and heated at 110 °C for 35 min under
vacuum. At this point, 574 uL (4.218 mmol) of TMSBr was
injected, and after 20 s, the reaction was quenched by diluting
the solution in 10 mL of toluene.

Washing of the NCs. In the first step of the washing
procedure, S mL of methyl acetate was added as an antisolvent
to 5 mL of all the NC solutions except for the case of Cs,Til,
which does not need the addition of an antisolvent to
precipitate during centrifugation and decomposes into a
whitish product in the case of addition of it. The solutions
were centrifuged at 5800 rpm for 10 min. Afterward, the
supernatant was discarded, and the precipitate was redispersed
in 4 mL of toluene. The solution was centrifuged again at 5800
rpm for 10 min, and the supernatant was again discarded, while
the precipitate was redispersed in 3 mL of toluene. Finally, the
solution was centrifuged at 1400 rpm for 4 min to remove
possible aggregates, and the supernatant was filtered using a
0.22 pum PTEFE filter. The solutions were stored under an inert
atmosphere.

B COMPUTATIONAL METHODS

To study the mixed compositions (Cs,Ti;_,Sn,Xg; X = I, Br, or
Cl), the special quasi-random structure (SQS)* approach was
employed, whereby supercells are generated with the Sn/Ti
cations arranged “quasi-randomly”, such that the atomic pair
correlation functions give as close a match as possible to that of
an ideal infinite random distribution.”” The use of this
approach and the assumption of random cation mixing are
validated by the nearly negligible mixing enthalpies observed
(Figure 2), demonstrating minimal interoctahedral interactions
and thus negligible short-range ordering effects. The icet
package*”*' was used to generate 72-atom SQS supercells via a
Monte Carlo simulated annealing algorithm, which gave the
best objective function score (closest match to random cation
distribution) with a nondiagonal expansion matrix of the 9-
atom Fm3m primitive cell:

-1 0 O
T=(0 -2 2
-2 2 2

The associated total energy calculations were performed
primarily using density functional theory (DFT) within the
Vienna ab initio simulation package (VASP).** Scalar-
relativistic pseudopotentials were employed to describe the
interaction between core and valence electrons, via the
projector-augmented wave (PAW) method.”” The Cs_sv
(5s%5p%6s'), Sn_d (4d"°ss*5p?), Ti_pv (3p®4s*3d?), 1
(5s*5p°), Br (4s*4p°), and Cl (3s*3p°) PAW potentials were
used, with parentheses listing the valence electron config-

urations of each. These choices were tested and validated in
our previous work on the end point compositions (Cs,SnXg
and Cs,TiX)."”

The structural properties of these materials are well-
described with the HSEO6 range-separated hybrid DFT
functional** including dispersion corrections (Grimme’s D3
with the recommended PBEO+BJ parametrizations)*** to
account for van der Waal’s interactions between the isolated
octahedra.'” As such, the same computational setup was used
for the DFT calculations in this study, with a plane-wave
energy cutoft of 300 eV and a I'-centered k-point sampling
density of 0.27 A™" in reciprocal space (corresponding to a k-
point mesh of 3 X 3 X 3 for the 9-atom primitive unit cell),
previously obtained using vaspup2.0*’ to give energies
converged to <0.1 meV/atom. A convergence criterion of
0.01 eV/A was imposed on the forces on each atom during
structural relaxation, with relaxations continually iterated until
cell volumes were unchanged, to avoid Pulay stress effects.

In analyzing the thermodynamics of cation mixing, the
enthalpy of mixing (AH,,,) is defined as

AI_Imix = ECSZTil_,‘SnXX6 - ('x(ECslsnXﬁ) + (1 - x)(ECszTixﬁ))

where Eco1; s, x, is the energy per atom of the mixed system,
Ecg,snx, and Ecg rix, are the energies per atom of the pure-phase
Sn and Ti end point compositions, and x is the Sn mixing
fraction in Cs,Ti,_,Sn X4 X = I, Br, or ClL. The entropy of
mixing AS,;, was computed considering the configurational
entropy contribution, given by the following equation:

AS,_; = — kg(x In(x) + (1 — x) In(x))

mix

where x is the cation mixing fraction as above and AS,,;, is the
configurational entropy per mixed site. Note that this equation
assumes random cation mixing in the alloyed material, and this
approximation is validated by the extremely low mixing
enthalpies computed (see Results).

Electronic band structures and independent-particle optical
absorption spectra were calculated with the HSEO06 hybrid
DFT functional, including spin—orbit coupling effects
(HSE06+SOC) due to the presence of heavy-atom elements,
see Kavanagh et al.'"> and Cucco et al.** for discussions on the
impact of SOC on the electronic structure of these materials.
For optical calculations, the number of empty virtual states was
increased using vaspup2.0*” until the high-frequency dielectric
constant &, was converged to a precision of 0.01, and
tetrahedron k-point smearing was used. Electronic densities of
states (Figures S4 and S5) and unfolded band structures
(Figures S6 and S7) were plotted using sumo® and
easyunfold,*® respectively.

To analyze the intrinsic thermodynamic stability of these
vacancy-ordered perovskites, the CompetingPhases module of
the doped®’ defect analysis package was used to query
Materials Project and identify all compositions bordering the
chemical stability region of the material within the given the
Cs—M—X (M = Sn or Ti; X = I, Br, or Cl) chemical system.
Within these bordering phases, all polymorphs with energies
above hull less than 0.1 eV/atom according to the Materials
Project™ energies (doped default) were then rerelaxed using
the HSE06 hybrid DFT functional including van der Waal’s
dispersion corrections (D3)*** with the same plane-wave
energy cutoff as before (300 eV) and converged k-point
sampling determined using vaspup2.0*” in each case. Notably,
the Pm3m polymorph was found to be the ground state for all
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Figure 1. X-ray diffraction (XRD) patterns of (a) Cs,Ti,_,Sn,Brs and (d) Cs,Ti,_,Sn,Js nanocrystals (NCs). (b,e) Zoomed in to the 25—35° and
40—50° ranges to observe the peak shifts with an increasing tin fraction for (b) Cs,Ti,_,Sn,Brs and (e) Cs,Ti;_,Sn,Js NCs. In (a) and (b), the
narrow peak at 32.97°, which overlaps with the perovskite peak, originates from the silicon substrate. (c,f) Trends in the cubic lattice constant
determined using Rietveld refinement of the XRD peaks, compared to that calculated using hybrid DFT for (c) Cs,Ti,_,SnBrs and (f)
Cs,Ti;_Sn,J¢, with rigid upshifts of +0.075 and +0.14S A, respectively, to allow direct comparison of the trends. The crystal structure inset in (c)
depicts the rigid intraoctahedral bond lengths and variable interoctahedral atom distances.

CsX (X = I, Br, or Cl) with our HSE06+D3 model in
agreement with experiment, despite this phase being 0.03 eV/
atom above the convex hull according to the Materials Project
database, demonstrating the importance of considering all
phases within a reasonable error range of the convex hull when
pulling initial structures from databases. For the extrinsic
decomposition pathways, a similar workflow was followed
where all bordering phases in the Cs—M—X—H—0 (M = Sn or
Ti; X = I, Br, or Cl) chemical system, with energies above hull
< 0.1 eV/atom, were pulled from the Materials Project using
doped and rerelaxed with HSE06+D3 with the same energy
cutoff and converged k-point sampling. Additionally, using the
ComputedReaction class in pymatgen,” potential exothermic
decomposition reactions of Cs,MX; (M = Sn or Ti; X = I, Br,
or Cl) in the presence of H,0(,), O, and/or Hyy were
screened using the Materials Project energies. For gaseous
species (O,, Cl,, H,0, HBr, HCl, and HI), energies were
determined by computing the internal energy of an isolated
molecule in a 30 X 30 X 30 A® cell and adding the thermal
enthalpic and entropic contributions as computed using
vaspkit.”* All gases were calculated in their magnetic ground
state (i.e., singlet (S = 0) in each case except for O,, which has
a triplet (S = 1) spin in the ground state). Partial pressure
contributions to the internal energies of gaseous phases were
computed by using the ideal gas law relation:

AU = kgT loge(P)

The analysis and plotting functionalities of doped, pymatgen,
and mctools” were then used to analyze the thermodynamic
stability and extrinsic decomposition calculations.”” The
vasppy package’® was used to calculate the radial distribution
functions of the relaxed mixed-cation supercells (Figure S3).

All computational data and analysis from this study are
openly available at https://doi.org/10.5281/zenodo.8348189.

B RESULTS AND DISCUSSION

Structural and Chemical Characterization. Figure 1a,d
shows the XRD patterns of the bromide and iodide alloys,
measured in a nitrogen-filled sample holder. All of the samples
show Fm3m space group symmetry, as expected for vacancy-
ordered double perovskites. Since Sn** (0.69 A) is larger than
that of Ti*" (0.61 A),>" the lattice parameter increases by
inserting more tin in the structure, so that all the diffraction
peaks shift to lower angles as x in Cs,Ti;_,Sn X, increases.
However, the difference in lattice parameters between pure
titanium and pure tin compositions, both for the bromide (X =
Br) and iodide (X = I), is quite small, around 0.2 A for the
iodide and 0.13 A for the bromide, so this shift is visible only
when zooming in to a narrower angular range (Figure 1b,e).

The peaks of all the alloys are visibly broader than those of
the pure Sn and Ti compositions, with Cs,TiX4 having larger
full-width half-maxima (fwhm) than Cs,SnX,. We believe that
the different peak broadening in the diffraction pattern of the
samples originates from the characteristic strain that the crystal
lattice undergoes in NCs with different sizes and compositions.
Indeed, the shape and size distribution of the NCs varied
significantly with the composition, with, for instance, Cs,Snlg
showing a narrower size distribution and more symmetrical
shapes than the mixed compositions and Cs,Til, (Figures S1
and S2), which would explain the narrower fwhm witnessed for
Cs,Snlg. The strain has an effect not only on the width of the
peaks but also on their position, which could therefore not be
used to calculate the percentage of Sn by using Vegard’s law.

For this reason, the amounts of Sn and Ti in the NC
solutions were measured using inductively coupled plasma-
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optical emission spectroscopy (ICP-OES). Table 1a,b lists the
lattice parameters of each sample, extracted from Rietveld

Table 1. (a,b) Lattice Parameters and Sn % Concentrations
(x in Cs,Ti;_,Sn,X;) as Measured by Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES) for Each
Sample

(a) (b)
ICP- ICP-

sample lattice par. OES sample lattice par. OES

name (A) Sn% name (A) Sn%
Cs,TiBrg 10.706(3) 0 Cs,Tilg 11.468(5) 0
10% Sn 10.761(S) 23 25% Sn 11.537(4) 43
20% Sn 10.800(2) 44 50% Sn 11.5730(14) 64
30% Sn 10.891(6) 60 75% Sn 11.594(5) 82
50% Sn 10.831(4) 90 Cs,Snlg 11.6786(10) 100
Cs,SnBr,  10.840(3) 100

refinement (the refinement parameters are provided in Table
S2) along with the percentage concentration of tin, where the
Sn % corresponds to x in Cs,Ti;_,Sn,Xs. For both halides (X =
I or Br), the amount of tin that is incorporated to the NC (as
measured by ICP-OES) is higher than the precursor ratio of tin
loaded in the flask at the beginning of the synthesis (indicated
under “sample name” in the table), indicating that the
formation of the Sn-based compound is more favorable than
that of the Ti-based one.

Comparisons of the experimental and computed trends in
the lattice parameters as a function of the mixing ratio x are
shown in Figure lcf In the idealized bulk computational
model for these compounds, a perfectly linear trend in the
lattice parameters is predicted, in accordance with Vegard’s
law. We attribute the nonlinearity in the experimental structure
parameters to the nanocrystal strain effects described above. A
small (~1%) systematic underestimation of the lattice
parameter is witnessed with our static computational model,
likely related to the neglect of thermal expansion in these
calculations, and thus, we apply rigid upshifts of +0.075 and
+0.14S A for the bromide and iodide, respectively, to allow
direct comparison of the trends. A discussion on the
performance of various DFT functionals in modeling the
structural properties of Cs,(Sn/Ti)X, is provided in ref 12. As
shown in Figure S3, analysis of the optimized crystal structures
for the mixed compositions reveals that while the volume
increases linearly and monotonically with an increased Sn
content, the intraoctahedral M—X bond lengths remain
essentially fixed, with d(Sn—X) and d(Ti—X) in Cs,Ti,_,Sn, X4

retaining the same values as in Cs,SnX4 and Cs,TiXs While
d(Sn—X) is ~5% larger than d(Ti—X) for all X = I, Br, or Cl,
due to the larger ionic radius of Sn* compared to Ti*,">* the
metal—halide bond lengths individually vary by less than 0.005
A (~0.2%) within each (Sn/Ti)Xs octahedron across the
mixing range x. Instead, as depicted in the inset of Figure lc
and shown in Figure S3, it is the vacant interoctahedral space,
which is found to vary as the Sn/Ti ratio changes, while the
differently sized MX, octahedra behave as rigid building blocks
with minimal disruption of local bonding environments upon
mixing.

Computational analysis of the cation mixing thermody-
namics confirmed that Sn and Ti vacancy-ordered perovskites
are highly miscible. From hybrid density functional theory
(DFT) calculations of the mixed compositions, it was observed
that the mixing enthalpies AH_; for the Sn/Ti alloys are
extremely low (Figure 2): <1 meV/mixed site. A low energetic
cost to cation mixing is to be expected in these vacancy-
ordered structures consisting of isolated rigid octahedra due to
the extremely weak interactions between B-site cations (with
metal—metal distances on the order of 8 A) and negligible
disruption of M—X bonding mentioned above. As discussed in
ref 12, the fully oxidized cations (B*" compared to B*' in
prototypical ABX; perovskites) here have essentially no
bonding covalent interactions between B-site cations, aiding
for instance the emergence of ultrastrong excitons, and thus,
the mixing of isovalent species results in minimal disruption to
both ionic and covalent bonding interactions, yielding an
almost “ideal mixture” behavior for the alloys. Consequently,
the configurational entropy contribution AS_; dominates the
free energy of mixing AG,, for these alloyed vacancy-ordered
perovskites as shown in Figure 2, with cation mixing predicted
to be thermodynamically favorable (AG,,;, < 0) at essentially
all finite temperatures. Notably, this ideal mixing behavior
explains and facilitates the recent low-temperature synthesis of
high-entropy semiconductors from these vacancy-ordered
perovskite compounds.'”

Electronic and Optical Characterization. The measured
absorption spectra of the bromide and iodide alloys, together
with the pure titanjum and tin spectra, are shown in Figure
3a,d. A key difference between the bromide and iodide
compounds is that while the difference in the band gap
between Cs,TiBrs and Cs,SnBrg is ~1.1 eV, the band gap
difference between Cs,Tilg and Cs,Snl is only ~0.3 eV and
thus shows a smaller variation in the absorption onset
wavelength. From the bromide absorption spectra, the samples
containing up to 60% of tin still show the characteristic
excitonic peaks of the TiBrs 2 octahedra in Cs,TiBrs,'~ and

@ AHpix
—TASpx (T=300K)
@ AGpnix (T=300K)

Mixing Energy (meV / mixed site)
T

_20 1 ] ! ]
0.0 0.2 0.4 0.6 0.8 1.0

Sn/Ti CompositionRatio (x in Cs,TiySn,Bre)

@ AHpix
—TASyix (T=300K)
@ AGpix (T=300K)

Mixing Energy (meV / mixed site)
T

_20 ] 1 ! ]
0.0 0.2 0.4 0.6 0.8 1.0

Sn/Ti CompositionRatio (x in CsyTiq.«Snylg)

Figure 2. Calculated mixing enthalpies AH,,, entropies AS_, and free energies AG,,, as a function of the Sn/Ti composition ratio x in (a)

Cs,Ti;_,Sn,Brs and (b) Cs,Ti;_,Sn,]s perovskites, at T = 300 K.
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Figure 3. Measured and computed absorption spectra of (a—c) Cs,Ti,_,SnBrs NC solutions and (d—f) Cs,Ti,_,Sn,I; NC solutions. (b,e)
Expected absorption spectra from taking a linear combination of the pure-phase spectra computed using GW+BSE (including excitonic effects)
reported by Kavanagh et al;'* (¢,f) explicitly calculated independent-particle (excluding excitonic effects) absorption spectra of the mixed-cation
supercells with hybrid DFT (HSE06) including spin—orbit coupling. Absorption spectra in (a,b,d,e) have been individually renormalized, while
those in (c,f) have not, and so, the relative spectral intensities for different mixed compositions in (c,f) are physically meaningful.

only when 90% of titanium is replaced by tin, these peaks are
not visible anymore. The same behavior is witnessed for the
iodide alloys, where the excitonic peaks of the Til;"* octahedra
in Cs,Tils remain visible at the highest mixed Sn fraction of
82%. Consequently, the absorption onset energy remains
effectively constant as Sn*' is mixed into the Ti-based
compounds, all the way up to alloys with a high Sn*" mixing
percentage (>80%), until the low-energy Ti excitonic peaks
disappear.

Likewise, in the independent-particle absorption spectra of
the mixed compounds calculated using hybrid DFT with spin—
orbit coupling (HSE06+SOC) (Figure 3c,f), we find minimal
peak shifting or mixing, with the total absorption essentially
being a linear combination of the tin- and titanium-related
absorption features, weighted by the mixing fraction x. These
calculations reveal that Ti-rich compounds have much stronger
absorption intensity than the Sn-rich vacancy-ordered perov-
skites due to reduced band dispersion and an increased
number of electronic states for Ti d vs Sn s (i.e., 10 vs 2),"*
which contributes to the dominance of the TiXy excitonic
peaks in the absorption spectra of the mixed compounds even
at very low percentage concentrations of Ti. While these
single-particle spectra individually are not quantitatively
reliable due to the presence of strong excitonic effects as
shown in our previous work,'” they allow us to qualitatively
assess the impact of cation mixing on the quasi-particle
electronic structure, here demonstrating additive behavior and
minimal hybridization. The lack of cation orbital mixing or
hybridization is further exemplified by the electronic densities
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of states (DOS) and band structure plots in Figures S4—S7,
which show negligible hybridization of the Ti d and Sn s states,
with only their relative intensity varying as a function of the Sn
fraction x. If we take these insights and plot the linear sum of
the pure-phase excitonic absorption spectra, previously
calculated using GW+BSE@HSE06+SOC,"” we in fact find a
good match with the experimentally measured spectra of the
alloyed materials (Figure 3b,e) despite the naivety of this
approach, further demonstrating the molecular aggregate type
nature of this family. The validity of this approach here is
further demonstrated by comparing the explicitly computed
independent-particle (HSE06+SOC) absorption spectra of the
mixed-cation supercells with the linear sum of the pure Sn/Ti
absorption spectra, shown in Figure S8, where almost identical
spectra are obtained apart from some small differences due to
weak halide band broadening in the mixed-cation supercells.
We note here that explicit GW+BSE calculations for the 72-
atom mixed-cation supercells used in this work are far from
computationally tractable, with such calculations already at the
limit of current computational capacity with the 9-atom unit
cells of the pure-phase materials.

Overall, we see that the absorption features of the pure Sn-
and Ti-based phases are maintained in the spectra of the mixed
compositions, both experimentally and computationally, where
the strong titanium peaks dominate until the Ti fraction drops
below a certain concentration threshold, at which the tin-based
features emerge. This somewhat uncommon behavior can
again be ascribed to the weak and noncovalent metal—metal
interactions in these systems, arising from the effectively zero-
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dimensional crystal structure with isolated BX; > octahedra.
The lack of covalent metal-metal interactions in these
vacancy-ordered perovskites results in minimal orbital hybrid-
ization or tuning of the electronic structure upon cation
mixing, yielding this additive behavior for the properties of the
mixed compositions, as also witnessed in ref 19.

Stability. To study the ambient stability of the synthesized
alloys, they were exposed to air, and their XRD patterns were
measured after several time intervals. Pure titanjum VODPs
were found to decompose within the time of the XRD
measurement (around 10 min), so that only CsBr and CsI (for
the bromide and iodide, respectively) are visible when
measuring their XRD in air (Figure S9). Focusing on the
bromide alloys, with 23 and 44% tin compositions, CsBr
diffraction peaks appeared from the first minutes of air
exposure. At this point, the VODP peaks are still visible,
though slightly shifted to lower angles suggesting a preferential
loss of Ti over Sn from the mixed structure (Figure S10). As
expected, when the tin content is increased to 60%, the
stability increases significantly to 5—8 h in air (Figure S11a).

Since it has been reported that the instability of these
vacancy-ordered perovskites in air is hi%her in a humid
atmosphere due to their hygroscopic nature, 426 we also tested
storing this 60% Sn bromide sample in a desiccator with 5%
humidity. Under these conditions, the same sample was stable
for over 1 week, while a CsBr diffraction peak became visible
after 2 weeks (Figure S11b). The same experiments were
carried out for the iodide alloys with similar trends observed,
though the iodides are in general less stable than the bromides.
Indeed, only the alloy containing 82% Sn was found to be
stable for longer than a few minutes, though after 1 h, a CsI
peak was clearly visible in the XRD pattern, even when storing
the sample in a desiccator with 5% humidity (Figure S9).

The thermodynamic stability of these compounds was also
computed using hybrid DFT, with the results tabulated in
Table 2. First, we find that all Cs,(Sn/Ti)Xs (X = I or Br) are
thermodynamically stable with respect to decomposition into
their competing phases within the Cs—Sn/Ti—X chemical
space (i.e., stable in vacuum), as indicated by the positive
(endothermic) decomposition energies for the intrinsic
decomposition reactions, matching experimental observations
of stability under inert atmospheres (Figure la,d and Figures
S9 and S12). In agreement with thermogravimetric analysis
(TGA) experiments”>"****** and semilocal DFT calculations
from Ju et al.”” and Liu et al.>® for Cs,Tils and Cs,Til¢_,Br,,
respectively, we find that MX, and CsX (M = Sn or Ti; X =1
or Br) are the lowest-energy intrinsic decomposition products.
The chemical stability regions showing the competing phases
and chemical potentials within the Cs—Sn/Ti—X phase space
are plotted in Figure S13, with much narrower stability regions
for the iodides, as expected. We note here that van der Waals
dispersion interactions between the isolated octahedra are
found to contribute significantly to the stability of these
compounds.'” Using hybrid DFT (HSE06) without the D3
vdW dispersion correction to perform geometry relaxations
and total energy calculations, we find decomposition energies
378 and 216 meV lower for Cs,Snly and Cs,Tily, respectively.

In the presence of oxygen, however, we find that oxidation
to SnO,/TiO, is highly thermodynamically favorable, with
negative (exothermic) decomposition energies. In the presence
of water, we find that the most favorable aqueous
decomposition reaction is Cs,;MXg + 2H,0 = MO, + CsX
+ 4HX o (M = Sn or Ti; X = I or Br), in agreement with the

Table 2. Calculated Decomposition Reactions and Free
Energies for (a) Cs,SnX; (X = I or Br) and (b) Cs,TiX; in
Vacuum and in the Presence of Oxygen and Water, at T =
300 K*

(a)
reactants products AG (eV)

Intrinsic decomposition

Cs,Snlg Snl, + Csl +0.477

Cs,SnBrg SnBr, + CsBr +1.107

Oxidation

Cs,Snlg + Oy SnO, + 2CsI + 41, —2.43

Cs,SnBrg + Oy SnO, + 2CsBr + 2Bry( —0.10

Hydration

Cs,Snlg + 2H,0  SnO, + 2Csl + 4HIy +2.56 (pgar) = 1 atm)

—0.99 (pmy = 107" atm)

Cs,SnBrg + 2H,O  SnO, + 2CsBr + 4HBr,)  +2.49 (p(HBr) =1 atm)
—1.06 (p(upy) = 107" atm)

(b)

reactants products AG (eV)
Intrinsic decomposition
Cs,Til, Til, + CsI +0.567
Cs,TiBrg TiBr, + CsBr +1.017
Oxidation
Cs,Tilg + Oy TiO, + 2CsI + 4Ly —4.49
Cs,TiBrg + Oy TiO, + 2CsBr + 2Bry() -1.70

Hydration

Cs,Tilg + 2H,0  TiO, + 2Csl + 4HI, +0.49 (p@n) = 1 atm)
—3.05 (p(y = 10 atm)
Cs,TiBrg + 2H,0  TiO, + 2CsBr + 4HBr(,) +0.88 (Paasny = 1 atm)
—2.67 (p(upy) = 107" atm)
“For oxidation reactions, the partial pressure of O, has been taken as

that in air (0.2095 atm).

conclusions of He et al.”* Due to the formation of gaseous
HX(,) (X =1 or Br) as a reaction product in this case, the free
energy of this decomposition is dependent on the partial
pressure of HX(,) in the reaction environment, as shown in
Table 2 and plotted in Figure 4. The effect of the gaseous-
product partial pressure on the reaction equilibrium indicates
that aqueous decomposition will be inhibited in closed
containers. Our decomposition energies qualitatively match
those calculated by Kaewmeechai et al.>’ for Cs,TiX;
however, their calculations did not include gas partial pressure
contributions (thus corresponding to pyy = 1 atm for H,O
decomposition), which dictate the aqueous decomposition
energies.

In agreement with the experimental observations, we find
that stability increases as we move up the halogen periodic
group from iodine to bromine, and the Sn VODPs are more
stable than the Ti-based compounds for both oxygen and
aqueous decomposition. The greater instability of Cs,TiXg
compared to Cs,SnXj is attributed to the stronger thermody-
namic driving force (more exothermic formation energy) for
TiO, compared to SnO,. Given the large (~1.5 eV) difference
in free energies of decomposition for Sn and Ti vacancy-
ordered perovskites compared to the configurational entropy
contribution for cation mixing (~20 meV), the thermody-
namic stabilities of the alloys are predicted to follow the linear
combination of the pure tin and titanium phases, weighted by
the mixing fraction x, such that
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Figure 4. Calculated free energy of decomposition as a function of partial pressure of HX(y for (a) Cs,Snlg, (b) Cs,SnBr, (d) Cs,Tily, and (e)
Cs,TiBrg at T = 300 K. For oxidation reactions, the partial pressure of O, has been taken as that in air (0.2095 atm). (c,f) Evolution of measured
XRD patterns for the 60% Sn alloy of Cs,Ti;_,Sn,Br, after (a) exposure to air (~50% humidity) and (b) when stored in a desiccator with 5%
humidity. The narrow peak at 32.97° originates from the silicon substrate.

AGe,mi,_sn x4 = 2(AGggsax,) + (1 = %)(AGgymix,) + AGy,

~ x(AGesux,) + (1 — 2)(AG rix,)

Thus, a greater Sn fraction in the alloyed composition is
predicted to yield increased stability with respect to
decomposition in air and water, as witnessed experimentally.
While empirically, we expect more rapid decomposition with
more exothermic (negative) reaction energies, we note that
these calculations do not account for reaction kinetics. The
hygroscopic nature of these compounds suggests that surface
hydration could have a catalytic effect on decomposition rates,
contributing to the accelerated decomposition in humid
environments.

B CONCLUSIONS

In summary, we have studied a series of novel lead-free
vacancy-ordered double perovskites (VODPs) based on
titanium and tin, with the chemical formula Cs,Ti;_,Sn X
(X =1 or Br). We have synthesized these alloys as nanocrystals
(NCs) following a colloidal route and characterized their
structural, electronic, optical, and thermodynamic properties
using a combined experimental and computational approach.
We have also computationally characterized the mixed-cation
chloride VODPs (X = Cl; Figures S14 and S15) finding
consistent trends in behavior. We find that all phases retain
Fm3m symmetry, with lattice parameters slightly increasing in
going from pure titanjum to pure tin compositions. In

agreement with our experimental observations, calculations
reveal the B-site cations to be highly miscible in this structure,
with BX, 2 octahedra behaving as rigid blocks and the vacant
interoctahedral space varying to accommodate the changes in
cation (octahedron) sizes.

We show that the mixed compositions have absorption
features essentially equal to the linear combination of the pure
Sn and Ti VODP phases, with this behavior ascribed to the
lack of orbital mixing and weak interactions between the
isolated BX; ™2 octahedra in the effectively zero-dimensional
crystal structure. From XRD measurements over time in air, we
observe that Cs,SnX NCs are stable in air, while Cs,TiX; NCs
show decomposition after a few minutes of air exposure.
Moreover, we observed that stability increases with higher
values of x in Cs,Ti,_Sn X, as expected and predicted
computationally, with the bromide mixtures showing higher
stability compared to that of the iodide ones.

Opverall, our results further elucidate the unique properties of
these compounds, where much of their behavior is reminiscent
of molecular aggregates,60 despite a three-dimensional
structural connectivity in the solid. The combination of facile
cation mixing and weak octahedral interactions/orbital hybrid-
ization demonstrated in this work, with resultant intriguing
optoelectronic properties such as strong excitonic binding,
could lend itself to several alternative applications beyond
those mentioned in the introduction. One example is potential
hosts for photoluminescent defects with quantum computing
applications, for which minimal interaction with the host
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environment is desired for long coherence times.”' Another is
high-entropy semiconductors with low-temperature synthesis
routes, aided by the ready miscibility of the cation site, as
recently demonstrated in ref 19.
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