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Abstract

Lead halide perovskites (LHPs), have attracted considerable attention across
various applications owing to their exceptional optoelectronic properties. How-
ever, the main challenge hindering the broad adoption of lead halide perov-
skites lies in their stability and toxicity. In this review, we summarize the
outstanding properties of platinum (Pt) halide perovskites, with a particular
focus on the stability and applications of Cs,Ptl and its derivatives. Cs,Ptlg
has shown promising efficiency for photovoltaic devices, as well as photoelec-
trochemical water splitting with stable behavior in acid or basic conditions.
Cs,Ptls also shows promise in gas sensing and thermoelectric devices. The
emergence of 2D Pt (II) halide perovskites opens up new avenues for environ-
mentally friendly materials for photonic and optoelectronic devices like room
temperature phosphoresce and triplet-triplet annihilation (TTA) based

up-conversion.
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1 | INTRODUCTION

In recent decades, lead-halide perovskites (LHPs) have
emerged as a prominent class of materials due to their
advantageous properties, including low-temperature pro-
cessability and exceptional optoelectronic characteristics
such as tunable and broadband light absorption, high
extinction coefficient, long carrier lifetime, and defect
tolerance.'> While LHPs have demonstrated significant
promise in applications like light emitting diodes (LEDs),
photocatalysis, detectors, and photovoltaics (PV),°*°
their commercial potential remains limited due to pres-
ence of toxic lead and limited stability."®'* The pursuit
of non-toxic metal halide perovskites (MHPs) that retain
the excellent properties of LHPs is crucial. Over the past

lead-free halide perovskite, metal halide perovskites, photoelectronic chemistry,
photovoltaic, transition metal

years, considerable efforts have been directed towards
substitution of Pb with elements such as tin (Sn), germa-
nium (Ge), bismuth (Bi), antimony (Sb), and silver
(Ag) to create Pb-free metal halide perovskites.'>"’
Beyond these emerging alternatives, Pt as the transition
group metal has also been demonstrated in 0D
perovskites.

In 2020, our research group successfully synthesized
vacancy-ordered double perovskite Cs,Ptls and utilized it
as a photo-absorber in thin-film solar cells.” Since then,
numerous experimental and theoretical investigations
into platinum halide perovskites have emerged.'® > Plat-
inum can exist in Pt>" and Pt*" oxidation states, how-
ever, the traditional 3D perovskite APtX; (A = MA, Cs;
X =Cl, Br, and I), is structurally unstable due to
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limitations imposed by lattice parameters (Goldschmidt
and Bartel tolerance factors, and the factor of octahe-
dra).**?* Consequently, existing studies on platinum
halide perovskites have mainly focused on 0D vacancy
ordered double perovskite Cs,Ptls and its analogues with
ionic substitutions in the A site and X site of A,PtXq
(e.g., A =Cs, K, In, Tl, Rb; X = Cl, Br, and I).

In the subsequent sections, we provide a review of the
properties and applications of Pt halide vacancy-ordered
double perovskites, covering aspects such as biocompati-
bility, stability, electronic structure, thermoelectric figure
of merit, and their exceptional potential for applications
such as water splitting. A brief overview is also provided
on our recent discovery of stable 2D-Pt halide perovskites
that exhibit generation of triplet excitons via singlet-
triplet intersystem crossing and phosphorescence and
show significant potential for triplet-triplet annihilation
(TTA) up-conversion.

2 | Pt-BASED VACANCY ORDERED
DOUBLE PEROVSKITES

2.1 | Biocompatibility

While lead halide perovskites exhibit numerous advan-
tages in various applications owing to their exceptional
optoelectronic properties, they are still hindered from
widespread commercialization due to significant environ-
mental risks associated with lead toxicity and stability
issues. For instance, lead halide perovskites used in pho-
tovoltaic panels are susceptible to UV light, water, mois-
ture, and thermal stress, leading to the formation of
water-soluble Pb-halide salts.'®'* The dissolved lead
poses high bioavailability risks and a variety of toxicity to
plants, animals, human beings, and microbes."*>*>3
Accumulation of lead in the human body, particularly in
femoral bone stores, can result in adverse health effects
such as renal dysfunction, reproductive system defects,
and blood-brain barrier dysfunction.'® In contrast, plati-
num exhibits excellent biocompatibility suitable for bio-
medical use, such as medical implants, drug delivery, and
cancer therapy.>”® Shinde et al. explored the biocompat-
ibility of Cs,PtXys (X = Cl, Br, and I) vacancy ordered
double perovskites and their interaction with Shewanella
oneidensis MR-1 bacteria.** Cs,PtXs did not affect the
bacteria growth rate, and also S. oneidensis MR-1 bacteria
did not degrade the vacancy ordered perovskite Cs,PtXe.
The biocompatibility of Cs,PtXs with the bacterium
enables the design of biohybrid system, which can act as
a platform to enable crucial redox reactions essential for
environment, such as the conversion of carbon dioxide
for sustainable fuel production.*

2.2 | Structure and composition

Cs,Ptly crystallizes in face-centered cubic phase with
Fm3m (no. 225) space group, and lattice constant of
11.37 A.*° Cs atoms occupy the 8c Wyckoff positions at
coordinates (1/4, 1/4, 1/4), Pt located at the 4a Wyckoff
positions with coordinates (0, 0, 0), and I atoms are sit-
uated at the 24e Wyckoff positions with coordinates (x,
0, 0), where x is approximately 0.20 (Figure 1A). Pt
atoms occupy both the corners and face-center posi-
tions of the cube, and form [PtI;]*~ octahedra. The
Pt—I interaction exhibits traits of covalent bonding,
underscored by pronounced charge sharing in the Pt—I
bond, attributable to a modest electronegativity differ-
ence of 0.38.>° Cs atoms positioned within the octahe-
dral cage physically bind with the [Ptls]*~ octahedra,
with considerable ionic bond contribution between Cs
and Pt/I. Through ion substitution of A site and/or X
site, extensive experimental and theoretical investiga-
tions have also been conducted on the vacancy-ordered
Pt halide double perovskites. Theoretical study by
Abdeiaziz et al.*° and Ye et al.>’ have predicted the
structure of Cs,Ptls_,Cly, Cs,Ptls_yBry, Cs,PtBre_,Cl,
through X-site anion substitution, where halide mixed
within the single [PtX¢]*~ structure (Figure 1B). Ham-
dan et al. fabricated Cs,PtXs (X = Cl, Br, and I) through
hydrothermal method, all crystallizing in Fm3m space
group. A peak shift towards higher 20 in the x-ray dif-
fraction (XRD) pattern of Cs,PtXs was observed as the
halide (X) changed from iodide to bromide to chloride.
(Figure 1C). This shift is ascribed to the smaller ionic
radius of Cl (1.81A) relative to Br (1.96 A) and I (2.2 A),
consistent with reported increases in lattice parameters
(Cs,PtClg: 10.19A, Cs,PtBrs: 10.67A, and Cs,Ptlg:
11.37 A). Furthermore, they investigated the tunability of
mixed halides in Cs,PtClgBry by employing anion
exchange techniques with Br salt solution, resulting in
core-shell heterostructures where the particles surface is
Br rich with the bulk containing Cl (Figure 1D). Notably,
the anion exchange from the particle shell to the core
produced two distinct types of octahedral structures
([PtClg]*~ and [PtBrg]*"), as evidenced by the peak
variations in XRD and Fourier transform infrared
spectroscopy (FTIR) with respect to immersion time
(Figure 1E,F), rather than mixed halides within a single
[PtXs]*~ structure. Peng et al. reported the synthesis of
ligand-free Cs,PtBrs nanocrystals (NCs).”> The process
resulted in highly uniform and monodispersed NCs.
These nanocrystals have an average diameter of 3.8
+04nm and exhibited high crystallinity. The lattice
spacing is 1.9 A, which is consistent with the (440) plane
of the Cs,Ptlg structure, which has a lattice parameter of
10.74 A.
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FIGURE 1

Structural properties. (A) Schematic crystal structure of Cs,PtXs (X = Cl, Br, and I). Reproduced with permission: Copyright

2022, John Wiley and Sons.*! (B) The crystal structures of Cs,Ptlg, Cs,PtI,Br,, Cs,Ptl,Bry, and Cs,PtBrg, respectively. Reproduced with
permission: Copyright 2022, Elesvier.”® (C) x-Ray crystallography (XRD) patterns of Cs,Ptls (X = C1~, Br~, and I"). (D) Anion exchange
mechanism of core-shell conversion of Cs,PtCls to Cs,PtBrg. (E) XRD patterns showing the shell conversion of Cs,PtClg to Cs,PtBrg.

(F) FTIR peaks variation showing the shell conversion of Cs,PtCls to Cs,PtBrs. The (C)-(F) are reproduced with permission: Copyright 2022,
John Wiley and Sons.'® (G) x-Ray diffraction patterns of A,Ptl; (A = Cs™, Rb™, or K™). Reproduced with permission: Copyright 2021,
American Chemical Society.>* (H) The tetragonal crystal structure of TI,Ptlg, K,Ptlg, and cubic crystal structure of Rb,Ptls, and Cs,Ptg,

respectively. Reproduced with permission: Copyright 2022, Elsevier.*

Jayaraman et al. synthesized A,Ptls (A = Cs*, Rb™,
K*) demonstrating A-site ion substitution.”’ Replacing
Cs"' (res, = 1.88 A) into Rb " causes the XRD peaks to
shift to higher 20 values, attributed to the smaller ionic
radius (rgpy = 1.72 A) (Figure 1G). Despite this shift,
the cubic phase of the material is retained. However,
replacing the cation with K™ (1.64 A) leads to dis-
tortion of the [Ptlg]*~ octahedra, with the diffraction
pattern revealing a tetragonal crystal structure for
K,Ptl¢. This indicates that A site could tune the crystal
structure of vacancy-ordered perovskites. Although
the A cation is not directly involved in the electronic
band structure, it primarily interacts physically with
the [Ptls]*~ octahedra. Theoretical investigation con-
ducted by Sa et al. revealed a consistent conclusion:
K,Ptl¢ is favored in tetragonal phase, whereas Rb,PtI,
Cs,Ptly and In,Ptl; are demonstrated with cubic
phase (Figure 1H).*' The structure and lattice parame-
ters of A,PtXys double perovskites are summarized in
Table 1.

2.3 | Thermal, chemical, and phase
stability

Pb-based halide perovskites have demonstrated remarkable
photovoltaic power conversion efficiency, however, device
photostability, susceptibility to moisture and oxygen remain
formidable challenge for successful integration into energy
conversion systems.”>*>** Oxygen in the atmosphere tends
to impede photogenerated electrons in conduction band,
forming superoxide (O ), followed by organic cation
deprotonation process (e.g., methylammonium (MA) in
organic-inorganic halide perovskite (e.g., MAPbI;). Mois-
ture can also induce material decomposition, even in
dark leading to the formation of a hydrated phase.***
Inorganic double halide perovskite Cs,PtXs stands
out for its exceptional stability under ambient conditions
and various pH aqueous media. Hamdan et al. observed
negligible change in the XRD patterns of as-synthesized
Cs,Ptls stored under ambient conditions for a year,
confirming its long-term ambient stability as shown in
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Compound Lattice parameters (A) Structure
Cs,Ptlg 11.37 Cubic
Cs,Ptl, 6.56 for (220) plane Cubic
Cs,Ptl, 11.37 Cubic
Cs,Ptlg 10.67 Cubic
Cs,Ptl, 11.77 Cubic
Cs,PtBrg 10.74 (1.9; 440 surface) Cubic
Cs,PtClg 10.19 Cubic
Cs,PtClg 10.19 Cubic
In,PtClg 10.02, 10.18 Cubic
In,PtBrg 10.47 Cubic
In,Ptly 11.19 Cubic
TL,PtCl, 10.07, 10.02 Cubic
TL,PtBr; 10.53,10.49 Cubic
TL,PtI, 11.26, 11.25 Cubic
Rb,Ptlg - Cubic
Rb,Ptl, 11.54 Cubic
K,Ptlg - Tetragonal
K,Ptl, 11.40 Cubic

Figure 2A.*° Additionally, the Cs,Ptls based solar cell
prepared by Yang et al. retained 80% of PCE at 82.8°C up
to 60 days in ambient conditions as well as in 100% rela-
tive humidity (RH), and UV-irradiation (Figure 2B).*
Thermogravimetric analysis revealed exceptional thermal
stability for Cs,Ptls (Figure 2C), withstanding tempera-
tures up to 364°C, surpassing Cs,Snlg by over 100°C.*°
Despite their high photovoltaic efficiency, conventional
halide perovskites suffer from poor stability in aqueous
electrolyte media, which limits their application in elec-
trochemical (EC) or photoelectrochemical (PEC) systems.
Notably, Cs,Ptls exhibited remarkable stability in aque-
ous electrolyte media (with no sign of decomposition
when immersed in water for 40 days (Figure 2D),*
remaining intact even under extremely acidic or basic
conditions (pH 1-13) over 24 h, making it promising for
EC or PEC applications.”® Furthermore, Cs,Ptl, displayed
stability through at least 100 electrochemical cycles and
6 h of H, production in aqueous solution at pH 1. Con-
stant voltage measurements indicated over 12 h of PEC
stability without performance degradation, even without
surface protection or ligand modification.

The clues to the extraordinary stability of Cs,Ptls can
be found in many aspects: (1) its close proximity to
ideal cubic crystal structure according to Goldschmidt

_ _Tatrx i
tolerance factor t= V3rairs) (0.89 <t <1 for cubic). The

tolerance factor of Cs,Ptlg is 0.962, which is near 1, sug-
gesting that Cs,Ptls is stable as a symmetric cubic

TABLE 1 Structure and lattice
parameters of A,PtX, Pt halide double
perovskites.

References
40
18
32
32
41
23
32
89
28
28
28
28
28
28
21
41
21
41

crystal.*»** (2) The covalent nature of Pt-I bonds in
[PtIs]>~ octahedra, which may inhibit hydrated phase
formation.® (3) Negative formation energies (E; and

Ey,) suggesting thermodynamic structural stability and

_ Ecs,pitg—2Ecs—Ep—6E]
(B, =—2—g—"— and

Ef, =Ecs,pi, — 2Ecst —Ep,). The negative Ep, value
implies that experimental synthesis of the material is fea-
sible, whereas the negative Eg, value confirms its thermo-
dynamic structural stability.**' (4) A stable oxidation
state of Pt*". (5) A phonon dispersion that is well-
converged and shows positive frequencies across the
entire Brillouin zone demonstrates the material's
dynamic stability.*

ease of  synthesis

Theoretical studies have predicted that when Cs,Ptly
undergoes substitution doping with a smaller-radius hal-
ogen such as Cl and Br, the formation energy decreases,
thus further enhancing structural stability in order
of Cs,PtCls (AH = —11.25) > Cs,PtBry (AH = —10.11)
> Cs,Ptly (AH = —7.44).>' This prediction aligns with
experimental observations by Muhammed et al., who
found that thermal stability increases as the halide
changes from I to CL.'® Thermogravimetric analysis per-
formed under nitrogen revealed that Cs,PtCls maintained
95% of its weight up to about 600°C, while Cs,PtBrg
retained 95% of its weight at 458°C. Both of Cs,PtBrs and
Cs,PtClg show higher thermal stability than Cs,Ptlg
(~ 350-364°C) (as shown in Figure 2C). The greater
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FIGURE 2 Stability. (A) x-ray diffraction patterns of Cs,Ptls showing extraordinary stability under ambient conditions over 1 year.

(B) Longtime stability of the Cs,Ptl¢ solar cell under ambient conditions without encapsulation, at high temperature, at high humidity, or
under UV radiation. (C) Thermogravimetric analysis of Cs,Ptls, Cs,PtBrs and Cs,PtCly (under nitrogen), respectively. Reproduced with
permission: Copyright 2022, John Wiley and Sons.'® (D) x-Ray crystallography (XRD) diffraction patterns of Cs,Ptl; powder before and after

40 days in water. The (b) and (D) are reproduced with permission: Copyright 2020, American Chemical Society.** (E) XRD patterns of

Cs, Pt after exposing them to aqueous solutions of various pH values for 4 h. (A) and (e) are reproduced with permission: Copyright 2020,
John Wiley and Sons.?® (F) The formation energy of Cs,PtXe (X = Cl, Br, and I). The abscissa represents the ratio of two halogens in the
compounds. Reproduced with permission: 2022, John Wiley and Sons.*

thermal stability observed in Cs,PtClg is attributed to the
stronger Pt—Cl bonds in comparison to Pt—Br and Pt—I
bonding. Reported bond energies for Pt—Cl and Pt—Br
in K,PtCls and K,PtBrg, respectively, were 1551 and
1545 kJ/mol.*® Cs,PtBr and Cs,PtCle, like Cs,Ptlq, also
exhibit exceptional acidic and basic aqueous stability
across pH range from 1 to 13, and they demonstrate
good performance in water splitting.'***

Experimental studies on A-site substitution are scarce,
with simulations indicating its significant influence on sta-
bility (e.g., Cs,Ptls > Rb,Ptls > K,Ptlg > TL,Ptlg), primarily
through structural modifications.*' Experimental evidence
reveals that substituting Cs* with ions of smaller ionic radii,
such as Rb* and K™, reduces the thermal stability of the
vacancy-ordered perovskite A,Ptls. Cs,Ptls can withstand

temperatures ranging from 350 to 364°C, however, Rb,Ptl4
and K,Ptlg are stable up to 328°C and 308°C, respectively.
Additionally, while Cs,Ptls maintains stability in solutions
with pH levels between 7 and 11, Rb,Ptly and K,Ptl dis-
solve or decompose immediately under similar conditions.
These findings highlight the critical role of A-site in deter-
mining their stability and performance.”’ More information
about the stability parameters of A,PtXs Pt halide double
perovskites is summarized in Table 2.

2.4 | Electronic structure and properties

As an efficient photovoltaic material, Cs,Ptls demon-
strates advanced electronic properties, including a high
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FIGURE 3

Photoelectronic properties. (A) The calculated electronic structures of Cs,Ptls. (B) CBM and VBM of Cs,Ptl,. The (A) and

(B) are reproduced with permission: Copyright 2020, American Chemical Society.?* (C) UV-Vis absorption coefficient and PL emission
spectra of Cs,Ptls. Reproduced with permission: Copyright 2020, John Wiley and Sons.'” (D) Mott-Schottky plots for Cs,Ptls in pH 9
solution. Reproduced with permission: Copyright 2021, American Chemical Society.?! (E) Mott-Schottky plot of the Cs,PtCl, Cs,PtBrg, and
core-shell materials at various conversion times. Reproduced with permission: 2022, John Wiley and Sons.'® (F) Mott-Schottky curve of
Cs,Ptls. (G) XPS Pt 4d spectrums of the Cs,Ptls (w/wo HI). The (F) and (G) are reproduced with permission: Copyright 2020, American
Chemical Society.*® (H) XPS spectra showing the standard banding energy of Pt°, Pt>*, and Pt**, respectively. Reproduced with permission:

Copyright 2021, The Royal Society of Chemistry.>

absorption coefficient exceeding 10° cm ™' across a wide
wavelength range (as shown in Figure 3C), a suitable
bandgap of approximately 1.4 eV, aligning well with the
Shockley-Queisser limit where bandgap for optimal effi-
ciency of photovoltaic materials falls within the range of
1.3-1.4eV," and a carrier lifetime exceeding 2 ps.'” In
Cs,PtX compounds, the outermost p-orbitals of the halo-
gen atoms typically contribute to the valence band maxi-
mum (VBM), while the conduction band minimum
(CBM) is predominantly composed of the d-orbitals of Pt
combined with the outermost p-orbitals of the halogen
atoms. In Cs,Ptl, as shown in Figure 3A,B, the VBM
mainly comprises the 5p-orbitals of iodine, while the

CBM primarily results from the interaction between Pt
eg-orbitals with I 5p-orbitals.*

Doping with halogen atoms has been reported to alter
the band structure type of Cs,PtXs, though it does not
fundamentally change its main characteristics.*’ Theoret-
ical studies suggest that doping Cs,PtCls with bromide or
iodide to generate Cs,Pt,Cls., and Cs,Ptl;Cls., can shift
the band structure type from direct to indirect.*’ More-
over, increasing the content of bromide and iodide leads
to a greater contribution from the heavier halogens with
higher energy orbitals (Br-4p and I-5p compared to Cl-
3p), shifting the projected density of states (PDOS)
towards higher energies and closer to the Fermi energy,
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resulting in a reduced bandgap. Thus, the bandgap fol-
lows the trend Cs,Ptls < Cs,PtBrg < Cs,PtClg, consistent
with experimental observations. Hamdan et al. reported
band gaps for Cs,Ptls, Cs,PtBrs, and Cs,PtClg are 1.3,
1.88, and 2.16 eV respectively.'*"*' The variation in band-
gap can be attributed to differences in electronegativity
(Cl> Br > I) and atomic radius (I > Br > Cl). The sub-
stantial difference in Pt-Cl bond length relative to Pt-Br
and Pt-I results in a larger bandgap for Cl-doped perov-
skites compared to those doped with other halogens.’
Although the A-site ions (e.g., Cs*, Rb™, and K™) do
not directly participate in forming energy bands at the
CBM and VBM, as in lead halide perovskite, instead they
indirectly influence the band structure through structural
distortion.”® For example, substituting Cs™ ions into ions
of smaller ionic radii (Rb* and K*) was experimentally
observed to increase the band gap. The bandgaps for
Cs,Ptls, Rb,Ptls, and K,Ptls were reported as 1.3, 1.33,
and 1.36 eV, respectively.*' This rise in the bandgap was
ascribed to the octahedron distortion, which influences
the interaction between Pt and I in the crystal lattice.
Additionally, there is controversy regarding whether
Cs,PtXy semiconductors exhibit n-type or p-type charac-
teristics. The synthesized Cs,Ptlg, Cs,PtBrg, and Cs,PtClg
by the Chandiran group, employing chloroplatinic acid
hexahydrate (Pt in 4+ oxidation state) with Pt content
exceeding 37%, consistently exhibiting a positive slope in
the Mott-Schottky plot (Figure 3D,E)."® This analytical
method, measuring the impedance response at a fre-
quency of 100 Hz within a voltage range of 0-0.5V
(vs. Ag/AgCl), reliably indicated the n-type conductivity
of Cs,PtXs (X = Cl, Br, and I). Moreover, the incorpora-
tion of a Cs,Ptls additive into Csg o5(FAg95MAg 05)0.95Pb
(Tp.95Brg.9s5)3-based perovskite solar cell has been demon-
strated to elevate the surface potential.*®> A notable sur-
face potential increase of 60-70 mV compared to control
films was reported. This increase in surface potential was
ascribed to the n-type conductivity of the Cs,Ptls addi-
tive, which caused an upward shift in the Fermi energy
level and thereby enhances the n-type conductivity of the
absorber. Such findings corroborate similar observations
reported by Chen et al. of Cs,Ptls-based NO gas detectors,
where the N-Pt bond demonstrates a transfer of 0.22 neg-
ative charge from Pt to N, attributing to n-type doping of
Cs,Ptl.!® DFT calculations also indicate the electron
transport in Cs,Ptl, is better than hole transport (effec-
tive masses m’ =0.48m,, m; =1.57mg;* u, = 62.6 cm’.
V-ts ™), in line with its n-type characteristics. How-
ever, Yang et al. exhibit a contrasting p-type behavior for
Cs,Ptlg, substantiated by the negative slope observed in
the Mott-Schottky plot (Figure 3F).>* Remarkably, the
Cs,Ptly here is synthesized from PtI,, suggesting the poten-
tial to modulate charge carrier behavior through nuanced

precursor selections or material synthesis methodologies.
Comparison of XPS data for Pt 4d peak with standard bind-
ing energy (Figure 3H),® suggests that here Cs,Ptl com-
prises of a certain proportion of Pt° (Figure 3G), suggesting
oxidation transformation of 2Pt*" — Pt** + Pt° in the
presence of HI and DMSO. Our recent investigations
have shown formation of 2D layered perovskite phase,
CsPtI;(DMSO), with PtI, precursor in DMSO solvent.
The 2D phase transforms to mixed phase of Cs,Ptly and
Pt at temperature of 181.5°C, which decomposes to CsI
and Pt at 382.5°C.”" Synthesis of mixed Cs,Ptls and Pt
has also been reported from Ptl, precursor with different
annealing conditions and solvent engineering.”*" Excess
Pt sites in Cs,Ptls may serve as electron traps, impeding
electron-hole recombination through facilitated charge
transfer and electron accumulation.’®>* Moreover, the
effective charge transfer from Cs,Ptls to Pt holds promise
for various applications in photocatalysis, particularly in
processes such as water splitting where Pt can serve as a
catalytic site for reaction 2H,q — H,.>**>* Peng et al.
also stated that the Cs,PtBry exhibits the p-type property
since the enhanced photocurrent intensity with the
increase of cathodic potential.®® In conclusion, the
Cs,PtXy double perovskite can exhibit both n- and p-type
conductivity depending upon processing and chemical
potential change from Pt-poor to Pt-rich conditions. More
studies about the photoelectronic properties of A,PtXs Pt
halide double perovskites are summarized in Table 3.

2.5 | Other transition metal vacancy
ordered double perovskites

Vacancy-ordered halide double perovskites exhibit broad-
spectrum visible light absorption and stability, even when
exposed to acidic and basic aqueous solutions, typically
used in photoelectrochemical (PEC) studies. In addition
to the extensively studied platinum-based vacancy-ordered
double perovskites, recent research has also increasingly
focused on rhenium (Re),” osmium (Os),”**’ palladium
(Pd),®*® ruthenium (Ru),®* and zirconium (Zr),"*®° as
shown in Figure 4 and summarized in Table 4. These mate-
rials also show significant potential for applications like
PEC or near-infrared light-emitting diodes (NIR-LEDs).

2.5.1 | Pd-based vacancy ordered double
perovskites

Sakai et al. first report the solution processable
Cs,PdBr,.° It also shows a space group Fm3m (no. 225)
as Cs,PtXy. DFT-HSE analysis revealed an indirect funda-
mental bandgap of 1.56eV (I' — X), however, the lowest
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TABLE 3 Photoelectronic properties of A,PtXy Pt halide double perovskites.

Compound Bandgap (eV) Type CBM (eV) VBM (eV) References

Cs,Ptl, 1.37 (indirect) - —4.3 —5.67 22

Cs,Ptlg 1.26 n-type 18

Cs,Ptlg 1.25 n-type - - 20

Cs,Ptl, 1.3 n-type ~ 0.5 (vs. NHE) ~1 21
(vs. NHE)

Cs,Ptlg 1.36-1.4 (indirect) 17

Cs,Ptl, 14 - —0.12 (vs. NHE) 1.3 26
(vs. NHE)

Cs,Ptlg 1.35 P type - - 25

Cs,Ptlg - P type 30

Cs,Ptl, 1.39 (indirect) - - - 32

Cs,PtI4Br, 1.6 - —0.09 (vs. NHE) 1.5 (vs. NHE) 26

Cs,PtLBr, 1.7 - —0.02 (vs. NHE) 1.7 26
(vs. NHE)

Cs,PtBry 2.6 = —0.03 (vs. NHE) 2.3 26
(vs. NHE)

Cs,PtBrg 1.32 p-type —3.67 —4.99 23

Cs,PtBryg 1.88 (indirect) n-type —3.84 (vs. Ag/AgCl) —5.72 19
(vs. Ag/AgCl)

Cs,PtBryg 2.33 (direct) —4.4 —6.73 32

Cs,PtClg 2.16 (direct) n-type —4.28 (vs. Ag/AgCl) —6.44 19
(vs. Ag/AgCl)

Rb,Ptl, 1.33 - - - 21

K,Ptl, 1.36 = = = 21

In,PtClg 2.290 (indirect) - - - 28

In,PtBrg 1.926 (direct) - - - 28

In,Ptl, 1.301 (indirect) - - - 28

TLPtClg 3.238 (indirect) - - - 28

TIL,PtBr, 2.452 (indirect) - - - 28

TIL,PtBrg 1.295 (indirect) - - - 28

Abbreviations: CBM, conduction band minimum; VBM, valence band maximum.

direct bandgap (1.59eV at X) is only 30 meV larger than
the indirect bandgap, as shown in Figure 4A. The VBM
(—6.47 eV) is made of Br-p orbital and CBM (—4.86¢eV) is
made of Pd-4d orbital and Br-4p orbital, while nonbond-
ing character of the electrons localized on Cs. Cs,PbBrg
behaves as n-type semiconductor with smaller effective
mass of electrons (0.53 m,) than light holes (0.85 m,) and
heavy holes (19.9 m,), and Fermi level (—4.95¢V) is close
to the CBM. The optical band gap of 1.6 eV, derived from
UV-Vis absorption and steady-state photoluminescence
(PL) measurements, is consistent with the values
obtained from DFT-HSE calculations, with a carrier life-
time of 1.85 and 79ns for single crystal and thin film,
respectively, estimated using a mono-exponential function
fit for TRPL decay data. Cs,PdBrg is also proved as a water

stable compound without obvious phase change and chemi-
cal decomposition through water immersion test. Zhou
et al. also synthesized ligand-free Cs,PdBrs and Cs,PdI
cubic perovskite nanocrystals.”™ The Cs,PdBrs nanocrystals
exhibit a higher optical bandgap (1.69 V) compared to their
microcrystalline powder form (1.49eV), due to quantum
confinement effect. Cs,PdBrs nanocrystals exhibit excellent
stability when subjected to long-term light exposure (1 sun
for over 1000 h), moisture (70% humidity for 2 months), and
high temperatures (120°C for 600h). Through an anion
exchange reaction, Cs,PdBrg nanocrystals can be converted
to Cs,Pdl¢ nanocrystals, which have a smaller bandgap
(1.41eV). Ultrafast transient absorption (TA) spectroscopy
measurements revealed rapid trapping processes due to sur-
face defects, resulting in relatively short PL decay lifetime
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FIGURE 4 Other transition metal-based vacancy ordered double perovskite. (A) Electronic band structure of Cs,PdBre. Reproduced

with permission: Copyright 2017, American Chemical Society.®® (B) Contour plot of the transient absorption for a Cs,PdBr; thin film

showing significant oscillations, indicative of coherent phonon dynamics. (C) Raman activity of Cs,PdBrs. The (B) and (C) are reproduced

with permission: Copyright 2023, American Chemical Society.*® (D) Schematic energy diagram of Cs,ZrCls and Cs,ZrClg:Bi**. (E) Energy

level diagram for the fluorescence mechanism of Cs,ZrClg and Cs,ZrClg: Bi*". The (D) and (E) are reproduced with permission: Copyright

2020, John Wiley and Sons.® (F) Schematic diagram of PL mechanism of Cs,ZrCls NCs. Reproduced with permission: Copyright 2020, John

Wiley and Sons.®® (G) Night-version application of Cs,ZrCls: Te*"/Ln>* phosphors. Reproduced with permission: Copyright 2022, John

Wiley and Sons.®* (H) The wavefunctions of t,g and e, states. In an octahedra crystal field, the five d states orbital will split into a triplet t,q

(dyy» dxs, and dy,) with lower energy and double e, (d,>_,» and d2) level with higher energy. The crystal field splitting is basically due to

electrostatic attractive and repulsive interactions from negative charge at each vertex of an octahedron. Reproduced with permission:

Copyright 2018, American Physical Society.®® (I) Absorption spectra reveal transitions associated with ligand-to-metal charge transfer
(LMCT) and d-d transitions within Os-5d orbitals. Reproduced with permission: Copyright 2022, John Wiley and Sons.>” (J) Absorption
spectra of Cs,ReClg and Cs,ReBr,. Reproduced with permission: Copyright 2023, The Royal Society of Chemistry.>® (K) Absorption spectra

of Cs,Ru,Pt; _,Cls. Reproduced with permission: Copyright 2024, John Wiley and Sons.®*

(tave = 1.5 n1s for microcrystal and 7,.. = 0.9 ns for nanocrys-
tal) and low photoluminescence quantum yield (PLQY) of
0.3%.>® The observation is in line with the combined spec-
troscopic and electrical studies by Scholz et al. on Cs,PdBr,
which conclude a trap-mediated electron-hole recombina-
tion mechanism.® The defect energy was found to be
E4=1.23¢V, which is 0.33 eV below the indirect band gap.
These deep defects, Vg, and Vpq, act as nonradiative recom-
bination sites and decrease the device Vc. Moreover, a
strong electron-phonon coupling is indicated by pro-
nounced coherent oscillations, as shown in Figure 4B. DFT
analysis identifies the A;; Raman-active optical phonon
mode (Figure 4C) as the source of substantial kinetic oscil-
lations. This mode involves the symmetric stretching of
Pd—Br bonds within the octahedral cages, driven by the

coordinated movement of the bromide ions. The electron-
phonon coupling can also result in non-radiative recombi-
nation in addition to deep defect states. Consequently,
despite Cs,PdBry exhibiting a wide absorption spectrum
and good stability, it falls short as an ideal photovoltaic
absorber due to its indirect band gap, deep trap states, and
pronounced electron-phonon coupling.

2.52 | Zr-based vacancy ordered double
perovskites

Cs,ZrClg was early explored about its luminescence by
Bryan et al. for making efficient luminophores.”* The
emission of Cs,ZrClg requires high-energy wavelength
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(Continued)

TABLE 4

References

VBM (eV) Stability

CBM (eV)

Bandgap (eV)

Type

Compounds

61

~570°C (TGA 95% weight)

1.8
1.9
2.23

n-type
n-type
n-type

Cs,Ruy 5Pty sClg

61

Cs;Rug 25Pto 75Clg

Cs,PtClg

61

680°C (TGA 95% weight)

1.82 (Ag/AgCl)-

—0.41 (Ag/AgCl)-

Abbreviations: CBM, conduction band minimum; VBM, valence band maximum.
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excitation. To expand the application, efforts are made
for modifying the optoelectronic properties of Cs,ZrClg
through doping technique. Xiong et al.*® and Liu et al.®®
successfully heterovalently doped Cs,ZrClg with activator
Bi*" (B site doping) for controllable bandgap engineering
and ionoluminescence. Pristine Cs,ZrClg crystallizes in a
cubic structure with space group Fm3m and a lattice con-
stant of 10.438 A.°® Figure 4D illustrates that the VBM is
primarily derived from Cl 3p orbitals, and the CBM
is predominantly formed by Zr 4d and CI 3p orbitals. In
Bi*"-doped Cs,ZrCle, the CBM still consists of Zr 4d and
Cl 3p orbitals, but the VBM is influenced by Bi 6s
orbitals. Increasing the Bi*" atomic concentration from
0 to 0.1 reduces the bandgap from 3.57 to 3.36eV. An
increase in Bi*" atomic concentration to 0.3 causes the
bandgap to slightly increase to 3.39eV. As depicted in
Figure 4E, the undoped Cs,ZrClg displays a blue self-trap
exciton (STE) emission at approximately 454nm with
PLQE of 31% and full width at half maximum (FWHM)
of 103nm. Bi*" doping modifies the electron dynamics,
leading to a narrower ionoluminescence peak at about
456nm (FWHM =63nm) and an enhanced PLQY of
around 50%. The Bi** doped Cs,ZrCls shows thermal sta-
bility over 373 K and 423 K for 30 min, however decompo-
sition triggered by water and moisture. Liu et al. also
synthesized Cs,ZrBr,Clg_, (X-site halogen anion substitu-
tion) nanocrystals with adjustable PL emission.®
Cs,ZrClg NCs show a bandgap of 4.86 eV, with a broad-
band PL emission peaked at 446 nm with a FWHM of
138 nm and a large Stokes shift of 201 nm. The significant
Stoke shift and broad emission spectrum imply that the
PL could be attributed to STEs. Due to the flexible lattice
structure of metal halides, photoelectrons interact with
lattice vibrations at the excited-state energy level. This
interaction causes transient lattice distortions, alterations
in nuclear coordinates, and the formation of localized
STEs.”” The emission mechanism is illustrated in
Figure 4F. A fast decay component is also assigned to the
intersystem crossing (ISC) from singlet STEs to triplet
states, with long-lived triplet excited state (138.2 ps) and
PLQY of 60.37%.%> The Cs,ZrCls nanocrystals also show
excellent thermal stability up to 650°C and remain stable
in air for more than 6 months. By substituting halogens
in Cs,ZrBr,Clg-x NCs (where 0<x<1.5), the optical
characteristics of these nanocrystals were modified.
Increasing the bromine content reduces the optical band
gap from 4.86 eV in Cs,ZrClg to 4.76 €V in Cs,ZrBr; sCly s,
shifts the emission color from blue to green, and shortens
the triplet emission lifetime due to the heavy-atom effect.
Chang et al.®* and Sun et al.®® reported their effort on
B-site doping Cs,ZrCls with Te*™ and Ln** (Er’*, Nd*¥,
and Yb*"). With Te*" doping, an efficient singlet-triplet
energy transfer emission was also observed, and a green
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yellow (575nm) triplet STE emission of Te*' ion with
high PLQY of 49% was obtained.®*> At reduced tempera-
ture, the relative intensity of triplet STE emission rises
because the weakened electron-phonon coupling facili-
tates the ISC process. The band gaps of pure Cs,ZrClg, 1%
Te:Cs,ZrCls, and 50% Te:Cs,ZrClg are 3.45, 3.22, and
2.92eV, respectively. An increase in the Te*' content
within Cs,ZrClg results in a reduced bandgap. This
change is due to the higher energy level of the lowest Te
5p orbital and the lower energy level of the highest Te 5s
orbital. Rb* A-site alloying was proved to increase stabil-
ity. Lanthanide (Ln>") ions like Yb**, Nd**, and Er** are
capable of emitting near-infrared photons. However,
their emission is constrained by low absorption coeffi-
cients arising from the parity-forbidden transitions in
their 4" electron configurations.®> With co-doping of
Te**/Ln*' in Cs,ZrClg, the intense NIR luminescence in
various wavelength originating from the intra-4fN transi-
tion of Yb**, Nd**, and Er*" ions were achieved through
sensitization by Te*".* The Te*" singly-doped and Te**/
Ln*" co-doped Cs,ZrClg MCs also shows good structural
thermal stability (565°C) and long-term stability (3 month
in ambient). LED devices was fabricated by encapsulating
Cs,ZrCle: Te*"/Ln’' phosphors onto a commercial
392nm near-ultraviolet light (NUV)- LED chips, reveal
the great potentials in diverse areas such as NIR spectros-
copy, food testing, bioimaging, and night vision, as
shown in Figure 4G.°"%

2.5.3 | Os-based vacancy ordered double
perovskites

Shanmugam et al. investigated the osmium-based
vacancy-ordered double perovskites Cs,0sXg (Where
X =Cl", Br7, and I"), revealing their distinctive optical
and photoelectrochemical characteristics, particularly the
d-orbital splitting and d-d transition.”” Cs,0sX, also
adopts a zero-dimensional (0D) structure with an Fm3m
space group. In these compounds, osmium is in the
-+4-oxidation state, exhibiting a 5d* electronic configura-
tion. Compared to 3d elements, the 5d elements have
spatially more extended d orbitals, resulting in strong
hybridization with neighboring ligand atoms and leading
to significant crystal field splitting.°® As illustrated in
Figure 4H, the five d orbitals split into a triplet t, level
and a double e, level under octahedra crystal field effect.
For 5d elements, the crystal field splitting is significantly
greater than the spin pairing energy, causing the d orbital
electrons to first pair up and fill the lower energy i,
orbitals, while the higher energy e, orbitals remain unoc-
cupied in the d'-d® configurations.”® In the case of
Cs,0sX6, the e; and ty, levels split further under Oy
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symmetry and additional symmetry lowering. As shown
in Figure 41, the VBM is made of the filled p-orbitals of
halide (X-np), while the CBM is made of empty Os-5d e,
orbital, band positions are summarized in Table 4. The
partially filled Os-5d t,, orbital (], T, and 1) sits between
as mid-gap state. The electronic configuration is reflected
in the absorption spectroscopy shown in Figure 4I. The
pronounced absorption in the 300-600 nm range is asso-
ciated with ligand-to-metal charge transfer (LMCT-1)
from the X-np VBM to the Os-5d e, orbital at CBM.
Meanwhile, the infrared peak near 920nm is attributed
to LMCT-2, involving charge transfer between the VBM
and the Os-5d t,, mid-gap state.”” The broader infrared
peak observed in range of 1800-2500 nm is attributed to
d-d transitions involving the partially filled Os-5d t,,
orbital and empty Os-5d e, orbital. Substituting I into Br
and Cl increases the lattice parameter, red-shift the
LMCT-1 absorption, and decreases the bandgap by mov-
ing up the energy level of VBM. Electrochemical imped-
ance (EIS) measurements revealed the n-type
characteristics with positive slope in Mott-Schottky (M-
S) plot. Cs,0sX¢ also exhibits excellent stability under
ambient conditions (10 months), varying pH levels in
aqueous solution (24h between pH1 and pH11), and
high temperatures (400°C for Cs,0sls, 500°C for
Cs,0sBrg, and 650°C for Cs,0sClg).

2.5.4 | Re-based vacancy ordered double
perovskites

Chandra et al. reported two n-type rhenium-based
vacancy-ordered double perovskites, Cs,ReClgs and
Cs,ReBrg, also in Fm3m space group.® In these mate-
rials, tetravalent rhenium (Re*") possesses a 5d° valence
state, also belonging to the d'-d® configuration. Conse-
quently, there is also a d-orbital splitting with the t,,
orbitals are partially filled (T, T, and 7), while the e,
orbitals remain unoccupied, similar to Cs,0OsXg. This con-
figuration permits optical transitions from the valence
orbitals of the ligand (halide p-orbitals) to either the par-
tially filled t,, orbitals or the vacant e, orbitals. As a
results, the absorption spectrum, shown in Figure 4J, dis-
plays two ligand-to-metal charge transitions processes,
LMCT1 and LMCT2. LMCT1, observed as absorption at
500nm for Cs,ReClg and 600nm for Cs,ReBrg, corre-
sponding to transitions between halide p-orbitals (VBM)
and the vacant metal e, states (CBM). LMCT2 is
characterized by two red absorption peaks resulting from
transitions between halide p-orbitals (VBM) and the non-
degenerate t, orbitals (mid-gap states), where the t,,
orbital may exist in two distinct energy levels. Addition-
ally, d-d transitions between the partially filled t,, and
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empty e, levels lead to transition in the IR region. This
behavior contrasts with Cs,PtXe, where platinum in the
+4-oxidation state has a 5d° electronic configuration with
fully occupied t,, orbitals and empty e, orbitals. This con-
figuration accounts for the lack of LMCT2 transitions in
the absorption spectrum of Cs,PtX,.'”*! Besides excellent
visible and NIR absorption, Cs,ReXs vacancy-ordered
double perovskite also exhibits high stability under ambi-
ent conditions, in acidic to basic aqueous environments
(pH1-pH 11), and at temperatures up to around 600°C.
Attributing to the demonstrated stability in these harsh
environments, suitable band positions and conductivity,
this material is a potential photoanode for solar water
oxidation in alkaline media. It was confirmed with clear
light dependent current in the photoelectrochemical
system.>”

2.5.5 | Ru-based vacancy ordered double
perovskites

Halpati et al. successfully synthesized vacancy-ordered
halide double perovskites Cs,RuXs and Cs,Ru, Pt; 1, Xe
(X =CI" and Br™) and demonstrated their application in
solar water oxidation.®" The Cs,RuClg and Cs,RuBr crys-
tallize in same crystal structure as Cs,PtXg, showing a
n-type characteristic. The optical absorption spectrum
also uncovers the LMCT from Cl-3p or Br-4p orbitals to
Ru-4d orbitals, along with the d-d transitions between
the e, and t,, states of the metal d orbitals. This is evident
from the strong absorption at short wavelengths and low-
intensity absorption in the infrared range (1200-
1700 nm), as illustrated in Figure 4K. Cs,PtXs shows
extraordinary basic pH stability (to pH 14), better than
Cs,0sXg and Cs,ReXg, and better photovoltage, thus was
incorporated in the Ru-based vacancy ordered double
perovskite for Cs,Ru, Pt; X (X = Cl™ and Br™). Plati-
num displays markedly weaker d-d transitions in com-
parison to ruthenium-based compounds. Since the
energy level of Pt-5d orbitals are positioned higher than
that of Ru-4d, a decrease in bandgap was observed with
high Pt content. Cs,RuXg also demonstrated exceptional
stability across a wide pH range, from pH 1 to pH 11,
though it is not as stable as Cs,PtXs, which maintains sta-
bility from pH 1 to pH 14. Partial substitution of Ru*"
with Pt*" enhanced the photoelectrochemical (PEC) per-
formance of these materials, achieving a higher PEC
water oxidation current at Ru*": Pt** = 1:1 compared to
the pure phases. This improvement is due to a combined
effect, where reduced charge-transfer resistance to
the electrolyte and increased photovoltage boost PEC
performance.

3 | APPLICATIONS AND
PERSPECTIVE OF Pt HALIDE
PEROVSKITES

3.1 | Single-junction perovskite
solar cells

The primary obstacle hindering the commercial viability
of lead-based perovskite solar cells is their toxicity and
poor stability. In light of these concerns, Pt halide perov-
skites emerge as promising alternatives due to their non-
toxicity and remarkable stability. Our research group has
pioneered the experimental synthesis of Cs,Ptls halide
double perovskite.'” Featuring an absorption coefficient
of 4 x10°cm ™' (hv> 1.5eV) and holes lifetime over
2 ps, the material exhibits a low defect density coupled
with a 1.4 eV bandgap that aligns well with the Shockley-
Queisser limit.*” We developed solar cells in F:SnO,/
CdS/Cs,Ptls/carbon/Cu configuration with ethylenedia-
mine (EDA) for passivating, yielded promising power
conversion efficiency (PCE) of 13.88%. The EDA treat-
ment demonstrated enhanced carrier lifetimes, which in
turn contributed to improved device fill factors
(FF) through enhanced carrier collection. The solar cell
exhibits a high open-circuit voltage (Vo) of 1.07 V with
the additive EDA, along with a short-circuit current den-
sity Jsc of 20 mA/cm?. This results in a maximum exter-
nal quantum efficiency (EQE) of 65%.'” Planar Cs,Ptl,
devices exhibit low Vc-deficit and no hysteresis in both
forward and reverse scans, indicating low trap densities.
Cs,Ptls devices showed a decrease in fill factor and open-
circuit voltage after 500 h at AM1.5G and 65°C due to
device shunting. After our initial attempt, further experi-
mental and simulation studies have been conducted on
Pt halide perovskite-based solar cells. Yang et al.*
reported their fabrication of Cs,PtIg solar cells, employing
a conventional planar heterojunction structure compris-
ing ITO/SnO,/Cs,Ptls/Spiro-OMeTAD/Au. The device
exhibits a PCE of 0.72%, accompanied by V¢ of 0.73 V,
Jsc of 1.2 mA/cm?, and FF of 0.82.%% The observed lower
performance has been attributed to the co-presence of
Pt°, indirect bandgap, and suboptimal film quality are
also proposed.

Additional simulation studies have evaluated the pho-
tovoltaic properties of Cs,Ptls. Shamna et al. conducted a
comprehensive study of Cs,Ptly based perovskite solar
cell using solar cell capacitance simulator one-
dimensional (SCAPS-1D) for different electron transport
layers (ETLs), hole transport layers (HTLs), and metal
contacts.”” The proper selection of a suitable ETL and
HTL is necessary for the extraction of charge carriers
formed by the photogeneration process to enhance the
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TABLE 5 Experimental and theoretical performance of Cs,Ptl¢-based perovskites solar cells.

Device architecture Voc (V)
FTO/CdS/Cs,Ptls with EDA/Carbon/Cu 1.07
FTO/CdS/Cs,Ptls/carbon/Cu 1.20
ITO/Sn0O,/Cs,Ptl¢/spiro-OMeTAD/Au 0.73
FTO/CdS/Cs,Ptls/MoO3/Cu 1.11
FTO/CdS/Cs,Ptly/Cu,0/Cu 11
FTO/CdS/Cs,Ptl/Cul/Cu 1.12
FTO/ICZSO/Cs,Ptls/Cu,0/C 1.13
FTO/ZnSe/Cs,Ptls/Cu,0/C 1.12
FTO/WS,/Cs,Ptls/Cu,0/C 1.1
FTO/WS,/Cs,Ptls/Cs,0/C 1.3
FTO/Sn0,/Cs,Ptls/M003/GO 1.05
FTO/Sn0,/Cs,Ptls/Mo0;/C 1.12
FTO/Zn0O/Cs,Ptls/MoO;/Cu 1.39
FTO/Zn0O/Cs,Ptls/MoO5/C 1.41

—Wl LEY 15 of 23

Jsc (mA/cm?) FF (%) PCE (%) References
19.84 65.03 13.88 17
20.20 41.51 10.06 17
1.2 82.00 0.72 22
20.14 61 13.9 26
20.4 62 14.2 26
20.13 60 13.7 26
22.2 59.2 14.8 26
22.3 58 14.7 26
28.1 52.4 16.3 26
28.15 61 22.4 26
26.94 76.99 21.95 27
26.95 78.08 23.52 27
16.11 75.54 16.85 69
16.11 90.01 20.45 69

performance of the solar cell. Using FTO and Cu as
the front and back contact material, FTO/ZnO/Cs,Ptl¢/
MoOs;/Cu configuration was first predicted to yield the
best photovoltaic parameters of Vgoc=1.39V,
Jsc = 16.11 mA/cm? FF = 75.54%, and PCE = 16.85%
with MoO; as HTL and ZnO as ETL and optimized
parameters. By replace Cu with high work function car-
bon as back contacts, an improvement in PCE =20.45%
was achieved with Ve =141, Jgc=16.11 and
FF = 90.01%. Additionally, a simulation study by Abdela-
ziz et al. proposed an optimized structure, FTO/WS,/
Cs,Ptl (400 nm)/Cu,O/Carbon, for Cs,Ptls-based perov-
skite solar cells, achieving a PCE of 22.4%.>° The struc-
ture is also predicted with Jsc of 28.15 mA/cm?, Voc of
1.3V, and FF of 61%.%® Amjad et al. further predicted a
groundbreaking PCE of 23.52% and QE of 98.9% in n-i-p
device architecture (FTO/SnO,/Cs,Ptls/M005/C), with
Voc = 112V, Jsc = 26.95 mA/cm?, and FF = 78.08%.%’
The second-optimal configuration with graphene oxide
(GO) as back contact (FTO/SnQ,/Cs,Ptls/M00O3/GO) also
achieve performance of PCE = 21.95%, Voc =1.05V,
Jsc = 26.94 mA/cm?, and FF = 76.99%.>” These findings
provide important theoretical insights for enhancing the
performance of Cs,Ptls-based solar cells, emphasizing
their strong stability. Despite the promise of high PCE
and stability, the cost of Cs,PtXs (X =1 and Br) is a bar-
rier to commercialization for utility scale PV applications.
Alternately applications such as photocatalytic devices,
gas sensors, and photovoltaic devices for space and aero-
space applications are promising.

Moreover, beyond the fabrication of perovskite solar
cells, Cs,Ptls has emerged as a promising additive for

enhancing solar cell performance. Yang et al. demon-
strated over 23% PCE for lead-based planar perovskite
solar cell through bulk heterojunction design, incorporat-
ing Cs,Ptl; as a multifunctional perovskite modifier.*
This inclusion significantly improved perovskite crystal
quality, leading to notable enhancements in photovoltaic
device parameters attributed to reduced recombination
and superior film quality. The devices showed champion
PCE of 23.56% with Voc of 1.18 V, Jsc of 25.17 mA/cm?
and FF of 79%.%° The inclusion of Cs,PtI; with high car-
rier mobility promoted the perovskite crystals growth,
reduced trap-assisted recombination at grain boundaries,
and improved carrier collection and transport efficiency.
Encouragingly, unencapsulated devices also exhibited
less than 10% degradation in performance after 2000 h of
storage in ambient humidity (~30%), underscoring the
durability of the optimized design. Table 5 shows a com-
parison of the up-to-date experimental and theoretical
performance of Cs,Ptls-based perovskites solar cells.

3.2 | Photoelectrochemical (PEC) and
photocatalytic application of Pt-based
halide perovskite

As discussed in the previous sections, Cs,Ptls offers
extensive visible light absorption, suitable CBM and VBM
for catalytic processes, efficient charge transfer kinetics,
and remarkable stability in aqueous electrolytes across a
broad pH range without the necessity for extra protective
coatings. The inherent stability enables direct application
for water splitting. The water splitting into hydrogen and
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FIGURE 5
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Photoelectrochemical (PEC) and photocatalytic application. (A) Cyclic voltammogram of Cs,PtI recorded at pH 3.

(B) Variation in the band edge positions with applied voltage at pH 3. (C) The chopped light measurement of Cs,PtIs at 0.384 V vs. Ag/AgCl
confirms the generation of a current that depends on light exposure. The (A)-(C) are reproduced with permission: Copyright 2020, John
Wiley and Sons.? (D) The PEC device configuration features a tandem photoanode architecture comprising BiVO, and A,Ptl,. (E) Chopped
light measurements of BiVO,/Cs,Ptls at 0.5 V versus Ag/AgCl (to 1.23 V/RHE). The (D) and (E) are reproduced with permission: 2021,
American Chemical Society.?! (F) Photoelectrochemical (PEC) water oxidation measurements for Cs,PtClg, Cs,PtBrg, and core-shell
structure formed after 2 h. Reproduced with permission: Copyright 2022, John Wiley and Sons.'® (G) The Photocurrent of A,Ptls (A = Cs™,
Rb*, and K*) varies with light intensity, illustrating its response to different levels of illumination. Reproduced with permission: Copyright

2021, American Chemical Society.?' (H) Line sweep voltammograms plots of perovskite Cs,PtBrs photoanodes. The inset is the diagram of
the energy level alignments for Cs,PtBrg NCs. (I) PEC response of the Cs,PtBrgs NC/GCE in detection buffer for 30 cycles. The (H) and (I) are

reproduced with permission: Copyright 2021, John Wiley and Sons.**

oxygen involves two half-reactions: (1) Reduction half-
reaction: 2H,0 +2e¢~ — H, + 20H™ (H,O/H,, 0V
vs. RHE); (2) Oxidation half-reaction: 2H,0 — O, + 4H"
+ 4e” (H,0/0,, 1.23 V vs. RHE). Muhammed et al. pio-
neered the utilization of Cs,Ptls as a photoanode on FTO
glass for PEC solar water oxidation.”® Through cyclic
voltammetry (CV) measurements in dark conducted in
various aqueous solutions ranging from pH 1 to 14, they
showed distinct redox processes and stability profiles on
the photoanode. At pH 3, upon applying a positive poten-
tial bias of approximately 0.6 V (vs. Ag/AgCl), reversible
oxidation of 10d1de (I7) to triiodide (I3) occurs, forming
CsyPtlg 515, (Flgure 5A). This process causes electron
depletion 1n the conduction band while increasing hole

concentration in the valence band at the interface, where
the valence band is primarily made up of iodine orbitals
in Cs,Ptls (Figure 5B). Subsequently, water oxidation
initiates at higher positive biases (e.g., above 1V
vs. Ag/AgCl). Negative bias potentials around —0.46V
(vs. Ag/AgCl) trigger reversible reduction of Pt*" to Pt*™,
while higher bias around —0.8 V leads to water reduction.
Further scanning down to —1.5V (vs. Ag/AgCl) results in
H' reduction to H, accompanied by Pt*" — Pt° reduc-
tion. Cycling between 0 and — 0.8V achieved reversible
Pt>" /Pt** conversion, indicating stability in this reduc-
tion regime. At pH 13 and 14, suppression of I oxidation
at positive potentials and reduced Pt*'/Pt*" reduction
was observed, prompting the authors to conduct PEC
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water oxidation using the n-type Cs,Ptls as a photoanode
at pH11. Cs,Ptly demonstrated a photocurrent of
0.8mA/cm?® at 1.23V (vs. RHE, 0.384V vs. Ag/AgCl)
under simulated AM 1.5G sunlight, the system demon-
strated over 12h of PEC stability, maintaining consistent
performance without degradation during constant volt-
age tests (Figure 5C). Subsequently, this research team
further enhanced PEC water oxidation by developing a
Cs,Ptl¢/BiVO, heterojunction as a photoanode (Figure 5D),*'
achieving elevated photocurrent densities without the need
for moisture barrier. With Pt as a counter photocathode, at
1.23V (vs. RHE) and pH 9, bare BiVO, exhibited a photocur-
rent density of 0.6 mA/cm? whereas the BiVO,/Cs,Ptl het-
erojunction  photoanode  demonstrated  0.92 mA/cm’.
Introduction of an IrO, co-catalyst resulted in an increase in
photocurrent density to 2mA/cm” at 1.23 V (vs. RHE). Com-
paratively, pure BiVO, required a 560mV overpotential to
achieve 2mA/cm?, while the BiVO,/Cs,Ptls heterojunction
required only 250 mV overpotential for the same photo-
current density. This improvement in photocurrent stems
from enhanced charge separation efficiency from BiVO,
to Cs,Ptl,, facilitated by appropriate band alignment and
complementary absorption characteristics. Chronoam-
perometric (CA) measurements performed at 0.5V
vs. Ag/AgCl (to 1.23V vs. RHE) in electrolyte at pH9,
alongside chopped light measurements, showed dynamic
photocurrent responses. When the shutter was opened,
the photocurrent rapidly increased and then quickly
stabilized at 0.2 mA/cm? within 1s. This transient fluctu-
ation may be attributed to the limited influx of reactants
to the surface of Cs,Ptls during the oxidation (Figure 5E).
The constant current remained around 0.2mA/cm? dur-
ing the 300s run of multiple shutter open/close cycles.
Additionally, beyond Cs,Ptls, attempts were made
with Cs,PtCls and Cs,PtBrg as photoanodes for solar
water oxidation.'® Electrochemical stability was shown to
improve from Cs,Ptlg to Cs,PtCls, based on the onset of
oxidation peak in CV measurements. PEC water oxida-
tion experiments were conducted on Cs,PtBrg, Cs,PtClg,
and Cs,PtClg/Cs,PtBrg core-shell systems at pH of 11.
Notably, at 0.384 V versus Ag/AgCl (1.23 V vs. RHE) and
one sun illumination intensity, Cs,PtClg displayed a pho-
tocurrent density of 0.21 mA/cm?, while Cs,PtBr, exhib-
ited a photocurrent density of 0.12 mA/cm? Long-term
PEC stability was assessed for Cs,PtClg, Cs,PtBrg, and
Cs,Ptlg using chronoamperometry at 0.384 V versus
Ag/AgCl (to 1.23V vs. RHE) over 2 h. Cs,PtCls and
Cs,Ptly maintained a current density of 0.16 mA/cm?,
while Cs,PtBrg retained 0.1 mA/cm? (Figure 5F). Dark
current measurements conducted over 5 min showed a
current density below 1 pA/cm? which is markedly
lower than the photocurrent density. Moreover, Rb,Ptlg
and K,Ptl¢ exhibited a moderate photocurrent response

at 0.75 V (vs. Ag/AgCl), with CV studies indicating redox
processes involving I"/I;~ halides and platinum (Pt%)
with minimal influence from the A site (Figure 5G).

In contrast to serving as a photoanode, Peng et a
explored the utilization of Cs,PtBrs perovskite nanocrys-
tals as a photocathode, with platinum wire as the counter
electrode. Upon illumination, the Cs,PtBrs-modified glassy
carbon electrode (GCE) exhibited an immediate increase
in current, whereas positive potentials caused minimal
change in photocurrent, contrasting sharply with the dras-
tically enhanced photo-response observed with negative
biases (Figure SH). However, further negative potentials to
deeper region (e.g., over —0.8 V) resulted in irreversible
Pt° formation, leading to material degradation, akin to
findings by Muhammad et al. To safeguard material integ-
rity, a —0.6 V bias-potential was applied. At pHS,
Cs,PtBrg NC/GCE produced a pronounced cathodic pho-
tocurrent at —0.6 V Ag/AgCl, achieving a current density
of 335 pA/cm® when irradiated with 365-370 nm light at
intensity of 10.18 mW/cm?. The repeatability and stability
of the PEC system was evaluated by analyzing the consis-
tent photocurrent response during repeated light on/off
cycling. The Cs,PtBrg NCs electrode maintained stable
performance over 30 cycles, demonstrating its operational
stability under illumination.

Anticipated advancements in Cs,PtX, perovskite-
based water splitting photoelectrodes and devices offer
promising avenues for future research. Key areas of
exploration include: (1) Refine the membrane prepara-
tion process to ensure secure adhesion and improve
charge transport efficiency. (2) Modified halide substitu-
tion to tailor material electronic properties and enhance
stability through precise precursor mixing. (3) Co-catalyst
integration, such as Pt doping, to augment catalytic activ-
ity by optimizing reactant adsorption (e.g., H,q) and
improving charge carrier separation and transfer dynam-
ics. (4) Modulation of both n-type and p-type semicon-
ductors to fine-tune device performance and efficiency.
(5) Optimization of the entire system, encompassing both
photoanode and photocathode, and elucidating their
interactions (e.g., formation of Z-scheme) to maximize
overall efficiency while ensuring efficient H, and O, sep-
aration. These research directions underscore the multi-
faceted nature of advancing perovskite-based water
splitting technologies, offering exciting opportunities for
innovation and progress in the field.

1.2

3.3 | Pt-based halide perovskite
thermoelectric devices

Conversion of waste heat into electrical energy is impor-
tant for waste heat recovery and sustainable energy
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generation.””’" Efficient thermoelectric materials with
high ZT figure of merit are essential for effectively har-
nessing this waste heat. To optimize the thermoelectric
figure of merit (ZT), a material should have a high See-
beck coefficient (S), high electrical conductivity (¢), and
low thermal conductivity (k) according to the formula
ZT =50 3 Recently many lead-free halide double perov-
skites, including Rb,NaCoX, (X=I, Br, and Cl),”?
(CH5NH,),AgInCl,”? (Na,AgSbXe) (X =1, Br, and Cl),”*
(CH5NH;),AgLnBrs,”” and XSOA, (X=Na, K; A=Cl,
Br, and 1),’*”” have been indicated as effective thermo-
electric materials and potential candidates for thermal
energy storage and harvesting. Besides these materials,
theoretical studies have identified the extraordinarily sta-
ble vacancy-ordered double perovskite Cs,Ptly is also a
promising thermoelectric material. In vacancy-ordered
perovskites, the absence of polyhedral connectivity
enables higher degrees of freedom, causing lattice anhar-
monicity. Previous discussions have noted substantial
charge sharing between Pt—I bonds, attributed to their
small electronegativity difference, which indicates cova-
lent bonding. In contrast, Cs does not exhibit charge
sharing with Pt or I, suggesting a purely physical interac-
tion with [Ptls] octahedra. As a result, the electron den-
sity around Cs and I is not spherical, contributing to the
phonon anharmonicity.*® The anharmonic lattice dynam-
ics enhance electron-phonon coupling, as electrons inter-
act with lattice vibrations through polarons formation.
Cs,Ptl¢ exhibits significant anharmonicity, coupled with
low group velocities and high phonon scattering rates
(attributed to heavy atoms acting as phonon scatterers),
resulting in ultralow lattice thermal conductivity of
0.15W/mK at 300K.** The computed average thermo-
electric figure of merit (ZT) of 0.88,> and 1.03,* respec-
tively, underscores its promising applications in energy
harvesting. The next crucial step involves translating
these findings into real-world applications through exper-
imental studies and the fabrication of thermoelectrical
devices for waste thermal energy harvesting.

3.4 | Gas sensor based on Pt halide
perovskite

In recent years, research on perovskite materials has
expanded beyond the realms of solar cells and optics, also
garnering increasing attention in the field of gas sensing.
Halide perovskites, in particular, have demonstrated
remarkable capabilities in detecting various substances at
room temperature, including nitrogen dioxide, acetone,
ammonia, oxygen, ethanol, hydrogen sulfide, and so
on,”®®* with promising detection limits and selectivity.
Cs,Ptlg represents a pioneering application of halide

perovskites for nitrogen dioxide sensing.'® It was revealed
that NO binds to Pt*" via Pt—N bonds at the I-vacancy
site, resulting from the interaction between Pt 5s and N
2s with a high adsorption energy (0.72 eV). Additionally,
Pt 5d electron back-donation to N 2px and N 2pz anti-
bonding orbitals, with 0.22 charge transferred from Pt to
NO, induces the conductivity change enabling sensing.
At 400 ppb NO, noteworthy properties include a response
time of 130s and a recovery time within 315s under N,
purging, comparable to benchmark NO sensors. The lon-
ger recovery time reflects the moderate binding strength
of NO, leading to slow desorption at room temperature.
It is also indicated that a faster recovery could be
achieved by increasing the sensing working temperature
to 60°C."® Thermal stability tests at 10, 30, 50, and 60°C
indicate no degradation in response intensity, with accel-
erated desorption at higher temperatures contributing to
decreased response times. Remarkably, the device dem-
onstrates extremely high selectivity for NO at 10 ppm
compared to ammonia, carbon dioxide, sulfur dioxide
and various volatile organic compounds at the same con-
centration.'® With a detection concentration of NO as
low as 100 ppb, Cs,PtIg surpasses most traditional meatal
oxide materials. Moreover, the NO sensor demonstrates
long-term stability, maintaining performance over a span
of 60 days across varying NO concentrations, with no dis-
cernible changes in film crystallinity or stoichiometry
before and after sensing.

4 | 2D Pt(II) HALIDE PEROVSKITE
AND INTERSYSTEM CROSSING FOR
TRIPLET EXCITON GENERATION

Platinum halide perovskites represent a fascinating ave-
nue for eco-friendly alternative to lead-halide perovskites,
offering notable characteristics such as solution process-
ability and stability. Theoretical analyses reveal the
inherent instability of pristine 3D APtX; (A = MA, Cs;
X = Cl, Br, I, Pt in *" oxidation state) due to limitations
imposed by lattice parameters including factors such as
Goldschmidt tolerance factor (e.g., t = 0.912 for CsPtls),
Bartel tolerance factor (t = 4.586 for CsPtlI3), and the fac-
tor of octahedra (u = 0.364 for CsPtl;). Empirical obser-
vations indicate the optimal parameters for 3D perovskite
(ABX3) lies within the range of 0.8 << 0.9, 0.442 <
i < 0.895, and 7 < 4.18.>** Consequently, recent research
efforts have predominantly centered on double vacancy
halide perovskites like Cs,Ptls and its analogues, where Pt
is in 4+ oxidation state.

Compared to their 3D counterparts, reducing
structural dimensionality (to 2D or 0D) often leads to
improvements in environmental stability and significant
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alterations in bandgap, band dispersion, and exciton bind
energy, and so on. These effects stem from the change in
lattice connectivity and quantum confinement experienced
by charge carriers in lower-dimensional structures.***
Recently we reported our progress on the synthesis
and characterization of the 2D CsPtI;(DMSO) perovskite
phase,”’ which exhibits unique and promising features.
Notably, 2D-CsPtI;(DMSO) circumvents the lattice toler-
ance factor limitations observed in 3D APtX; perovskites,
stabilizing the material in the Pt (II) state rather than the
Pt(IV) state found in A,PtXs compounds. Uniform 2D
CsPtI;(DMSO) thin film was fabricated with 1.3 pm in
thickness. XRD patterns suggest a lamellar structure with
well-defined periodic lattice spacing of 8.3 A, while UV-
Vis spectra exhibits an exciton-like feature peak near the
absorption edge of 600 nm, due to quantum confinement
effects. Further analysis of photoluminescence spectra
unveils two distinct emission peaks: a weak emission
around 610 nm attributed to singlet exciton recombina-
tion and an intense emission around 850 nm resulting
from triplet exciton decay via ISC and singlet-to-triplet
energy transfer. Moreover, FTIR spectroscopy highlights
Pt—S coordination, facilitating rapid intersystem crossing
of excitons. ISC and singlet-to-triplet energy transfer indi-
cated the potential application of 2D CsPtI;(DMSO)
for room temperature phosphorescence or triplet-triplet
annihilation (TTA) based up-conversion devices.*®®®
Additionally, our investigation delves into the thermal or
laser induced phase transition of 2D CsPtI3(DMSO) to
mixed phase of Cs,Ptl¢/Pt, that holds great potential for
designing novel structures in photocatalysis applications.

5 | CONCLUSION

Platinum halide perovskites, particularly Cs,Ptlg and its
derivatives, hold immense potential across various appli-
cations due to their stability, efficiency, and versatility.
Continued research and development efforts are needed
to optimize their performance and scalability, exploring
new avenues for utilization in sustainable technology
and scientific discovery. The successful synthesis and
characterization of Cs,Ptlg and its derivatives have paved
the way for their practical applications, showcasing their
ability to address critical challenges in renewable energy
generation, environmental monitoring, thermoelectric
power generation and more. The cost of Pt is a challenge
for utility and residential photovoltaics, but applications
such as power generation in space, defense and aerospace
applications, radiation tolerant electronics, gas sensing,
and photocatalytic and thermoelectric devices are prom-
ising. We also postulate that modification of structural
dimensionality can enable new search of Pb-free halide

 _WILEY_[®"=

perovskites with unique optoelectronic properties for sta-
ble tandem solar cells.
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