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Abstract

Perovskite nanocrystals (PNCs) are solution-processable quantum materials with defect
tolerance, tunable electronic structures and strong light-matter interactions, enabling
applications in optoelectronics and photocatalysis. Integrating high-entropy
configurations into PNCs unlocks a vast chemical space for multicomponent synergy
and functional expansion beyond conventional stoichiometry. However, their synthesis
has been fundamentally constrained by mismatched multi-precursor kinetics and a
trade-off between entropic stabilization and enthalpic phase segregation. Here we report
a precoordination-directed strategy for the colloidal synthesis of high-entropy vacancy-
ordered double perovskite nanocrystals with high phase purity, near-equimolar
stoichiometry and elemental homogeneity. We show that the participation of excess
chloride energetically encourages the formation of well-defined metal-halide
octahedral units in the precursor, thereby promoting the topological conversion to a
high-entropy double-perovskite phase after hot-injection. The elemental synergy of
high-entropy PNCs renders them versatile catalysts, delivering ~14-fold improvement
in photocatalytic coupling of benzyl alcohol to hydrobenzoin, ~17-fold in oxidative
coupling of methane to ethane, and ~35-fold in oxidation of toluene to benzaldehyde,

relative to their low-entropy analogues.



Introduction

Halide double perovskites are gaining attention as lead-free alternatives in
optoelectronic!™ and photocatalytic*® applications due to their structural stability,
chemical robustness’, and compositional tunability®. The recent discovery of high-

)11 wherein five or more distinct metal cations

entropy double perovskites (HEDPs
share a single crystallographic sublattice, has opened an unprecedented compositional
space towards material discovery'?, property optimization'’, and advanced
applications'* ', For instance, the co-existence of multiple octahedra in perovskites
brings forth unique energy transfer interactions between confined exciton states,

tailored multichannel luminescence, and improved structural stability that cannot

readily be achieved in their low-entropy counterparts'’.

The availability of stable colloidal solutions of HEDP nanocrystals (NCs) would enable
unique optoelectronic properties and novel device architectures that can further enhance
the performance in sensors'®, catalysis!®, and light-emitting devices?®*!. While low-

entropy perovskite NCs can be synthesized through hot-injection’?* or

reprecipitation>2°

in a well-controlled manner, the synthesis of nanoscale HEDP-NCs,
to our knowledge, has not yet been reported. The major impediment for the synthesis
of high-entropy materials lies in the chemical complexity of the multielement system,
wherein the competition between enthalpy and entropy often causes immiscibility and
phase segregation®’?®, In solution-phase synthesis of high-entropy NCs synthesis, the
formation process is further complicated by the poorly understood interactions between
ligands, solvents, and precursors?®. Large discrepancies in solubility, reactivity, and
coordination behavior of different precursors usually yield undesirable precipitation,

secondary phases or amorphous products*’, which challenge the production of HEDP-
NCs.

In this work, we propose a precoordination-directed strategy for synthesizing colloidal
high-entropy double-perovskites nanocrystals with compositional homogenization. We

find that the multi-element precursors cannot transform into perovskite crystals during



synthesis, while the pre-incorporation of halide anions can effectively suppress the
entropy stabilization effect and promote the amorphous-to-crystalline transformation.
Elemental synergistic effects endow Csz{TeSnZrHfPt}Cls high-entropy nanocrystals
with universally boosted photocatalytic performance over low-entropy Cs>TeCls
nanocrystals across three photocatalytic reactions, delivering ~14-, ~17-, and ~35-fold
product formation rates for benzyl alcohol (BA) coupling to hydrobenzoin (HB),
methane coupling to ethane, and toluene photo-oxidation to benzaldehyde (BAD),

respectively.
Results

Synthesis and characterization of HEDP-NCs

Vacancy-ordered double perovskite (Cs:MCls, M= Te, Sn, Zr, Hf, Pt, Se) is a
prototypical phase that can accommodate multiple elements at M site, and can be grown
through a mild solution process according to the work by Folgueras et al’. We selected
CsoMClg perovskite single crystals (SCs) as the precursor for the colloidal synthesis,
whose crystallographic structure and phase-purity of the Cs:MCls SCs were validated
by powder X-ray diffraction (XRD) measurements (Figure S1). The hot-injection
process in this work involved the dissolution of SCs in Cs2MClg (M= Te, Sn, Zr, Hf, Pt,
Se) and the injection of trimethylsilyl chloride (TMS-CI) at an optimized temperature
in the ranges of 373—453 K (Figure 1a). In the presence of Cs, M and Cl elements, we
successfully synthesized high-entropy Cs2{TeSnZrHfPt}Cls NCs, whose -crystal
structure and lattice parameters were ascertained by Rietveld refinement analysis of
XRD patterns (Figure 1b and Table S1). However, we found that the HEDP-NCs can
only be obtained from Cl-containing precursor solutions: when metal acetate (Figure
S2), metal oxide (Figure S3) and metal nitrate (Figure S4) were used as Cl-free
precursors, the colloidal products were amorphous and non-luminescent even after
injection of excess TMS-CI. This is strikingly different from the conventional synthetic

protocols of PNCs, such as CsPbX3, where only two of the elements are pre-introduced



into the precursors®'*. In fact, this method has been shown to be compatible with the
synthesis of single metal CsxMCls perovskites, like Cs>ZrCls NCs* (Figure S5). These
observations emphasize the critical role of coordination mode and entropy effect in the

coordination chemistry and formation mechanism of high-entropy Cs:MCls NCs?’.

Under ultraviolet (UV) illumination, the colloidal Cs2{TeSnZrHfPt}Cls solution
exhibits bright golden photoluminescence (PL) emission with an emission peak at 580
nm, an emission lifetime of 530.4 ns and a Commission Internationale de 1’Eclairage
(CIE) chromaticity coordinate of (0.49, 0.48)**% (Figure 1c, Figures S6 and S7),
corresponding to Cs2{TeSnZrHfPt}Cl¢ SCs (Figure S8). The high-entropy
enhancement endows the material with long-term PL stability that can maintain its
original PL intensity over 20 hours at room temperature in air (Figure S9). A high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image
of Cs2{TeSnZrHfPt}Cls NCs revealed uniform and monodisperse octahedral
nanoparticles with an average particle size of 38.1 + 8.9 nm (Figures 1d and 1e), in
agreement with dynamic light scattering (DLS) analysis (35.5 £ 4.9 nm, Figure 1f).
High-resolution TEM images reveal lattice fringes with a spacing of 0.73 nm that
corresponds to the (110) plane of Cs;MClg perovskite’ (Figure S10). Elemental
homogeneity within a single particle was verified by energy-dispersive X-ray
spectroscopy (EDS) elemental maps, which show co-localization of Cs, M and CI
signals in the same area (Figure 1g). The pie chart displays similar atomic ratios of Te,
Sn, Zr, Hf and Pt (Figure 1h), agreeing with that derived from inductively coupled
plasma-optical emission spectroscopy (ICP-OES) (Figure 1i) and X-ray photoelectron

spectroscopy (XPS) measurements (Figure S11).

Local coordination environment analysis

To probe the coordination environment of the HEDP-NCs, X-ray absorption near-edge
structure (XANES) measurements were performed, and the results are shown in Figure
2a. The Zr K-edge spectra of HEDP-NCs synthesized from metal chlorides resemble

that of the HEDP-SCs, whose atomic packings have been systematically investigated



by previous studies. Fourier transformed extended X-ray absorption fine structure (FT-
EXAFS) spectra in Figure 2b show a first-shell peak at 2.4 A for both HEDP-NCs and
HEDP-SCs, a spectroscopic characteristic of Zr—Cl bonds. The comparable amplitude
of both peaks implies a similar average Zr—Cl coordination number. The product
synthesized from metal acetates was also measured as a reference. However, the Zr K-
edge data of the product synthesized from metal acetates shifted toward higher energy.
Despite the presence of excess TMS-CI in the solution, there is only one primary peak
in FT-EXAFS spectra centered at 2.0 A that can be assigned to Zr—O bonds from acetate
molecules. These local coordination structures and bond lengths of two different
products are shown in Figure 2¢. Wavelet transform extended X-ray absorption fine
structure (WT-EXAFS) spectra provide further evidence: a distinct Zr—Cl scattering
path appears in HEDP-NCs from metal chlorides and HEDP-SCs, whereas only Zr-O
coordination is observed in metal acetates and ZrO; (Figure 2d). The consistency
between HEDP-NCs and HEDP-SCs corroborates the similarities in their local

structures, including valence state, coordination number and bond length.

Component engineering in NCs

Given the substantial advantages conferred by the multiple elemental synergy, we
investigated whether this synthetic strategy allows controllable manipulation of the
configurational entropy of perovskite NCs. We began by the synthesis of Cs;TeCls NCs
with a low Sconfic 0f only OR (Figure 3a). After stepwise incorporation of Sn, Zr and Hf
elements, the harvested NCs with Sconsie ranging from 0.7R to 1.3R showed remarkable
elemental uniformity as determined by both STEM-EDS and ICP-OES measurements
(Figures 3b and 3¢)*®. Further incorporation of Pt and Se extended the systems into the
high-entropy regime (Sconsic > 1.5R), while the five or six M-site elements still sustained
both spatial homogeneity and balanced stoichiometry in these HEDP-NCs (Figure S12).
One notable observation is that the average particle size of the monodisperse NCs is
not heavily affected by the elemental numbers and combinations (Figure S13),

suggestive of the universality of our synthetic method in regulating perovskite



formation kinetics. XRD patterns of these NCs revealed consistent face-centered cubic
(FCC) phase without detectable structural variations (Figure 3d). Under UV
illumination, most of the colloidal NCs dispersed in toluene exhibited distinct golden
emission (Figure 3e). The excitation-emission mapping and excitation-dependent PL
spectra of Cs2 {TeSnZrHfPt} Cls NCs indicated the existence of a single emission center
with linear dependence on excitation power, which belongs to the emissive feature of
self-trapped exciton (STE) emission (Figures S14 and S15)*7. The decrease in PL
intensity in Cs2{TeSnZrHfPt}Cls NCs may be attributable to internal charge transfer

according to previous PL studies.

One common issue for HEDP-NCs synthesis is the large discrepancies in solubility,
ligand affinity and decomposition kinetics of various metal precursors that result in
asynchronous reaction, uncontrolled aggregation, phase separation or persistent
amorphous intermediates. However, it should be noticed that the conventional method
is suitable for synthesizing of single-component perovskite NCs, such as Cs>ZrCls, but
fails to produce HEDP-NCs (Figure S5). Phenomenologically, the non-crystalline
mixture with Zr, Sn and Hf M-site elements did not convert to perovskite phase after
halide injection, which suggests an entropy stabilization effect of the intermediate non-

crystalline states®%3%37,

Synthetic mechanism

To further probe the crystallization mechanism, we scrutinized the structural evolution
of HEDP precursors of metal chlorides or metal acetates upon the TMS-CI injection
(see experimental details in Supporting information). The atomic ratios of TMS-CI to
metal precursors (Cl:M) are 0~20 for the synthesis. As shown in the XRD patterns of
Figure 4a, increasing TMS-CI addition progressively increased the diffraction peak
intensity during the precoordination-directed synthesis, verifying the transition from
amorphous intermediates to crystalline NCs. In contrast, no observable diffraction
peaks can be seen from the XRD patterns of the sediment obtained from metal acetate

precursors. TEM characterizations visualized the transformation from non-crystalline



irregular aggregates (~1000 nm) to uniform NCs at a Cl injection ratio of 6 for the
samples synthesized from Cl-containing precursors (Figure 4b). Excess Cl input
suppressed the HEDP-NCs growth from 1000 nm to 100 nm, which can be regarded as
a potential route to controlling NCs size. Such size evolution is also supported by the
DLS results: when using Cl-containing precursors, the particle size decreased
monotonically from 1000 nm to ~50 nm upon Cl addition (Figure 4¢). For the samples
synthesized from metal acetates, we obtained micrometer-scale aggregates throughout
all samples, and the morphology did not change at a C1:M ratio of 6, which is equivalent

to a chemical stoichiometry of CsoMClg.

We next applied spectroscopic tools, including Raman spectroscopy, ultraviolet—visible
(UV—vis) absorption, and PL emission measurements, to track the octahedral lattice
dynamics and optical properties during the HEDP-NCs formation. Raman
measurements in Figures 4d and 4e showed that weak M—Cl vibrational modes
appeared in Cl-precoordinating samples even without TMS-CIl injection, supporting the
presence of preorganized M—Cl octahedra in the precursor state. The intensity of all
Raman signals improved upon TMS-Cl injection, and gradually saturated at C1:M ratio
of 10, probably because of complete reaction. For the metal acetate precursor system,
no M—Cl vibrations can be detected upon excess TMS-CI addition. Examination of the
sediments by EXAFS measurements indicated the dominance of M—O bonds from the
carboxylate coordination. Similar phase evolution was also reflected in UV—vis
absorption, PL measurements and photographs of synthesis process under UV

illumination. (Figures S16 and S17).

To further investigate the impact of entropy on the precursor coordination environment,
zirconium acetate was employed as a precursor to synthesize Cs>ZrClg NCs under the
same synthetic conditions. We noticed the emergence of Zr—Cl vibrational signals at a
Cl:Zr ratio of 8 (Figures 4d and 4e), which substantiated the conversion from Zr—Ac
to Zr—Cl coordination. These results lead to the conclusion that the high-entropy

precursor environment with multiple M cations imposes large energetic or kinetic



difficulties in amorphous-to-perovskite transition of NCs. Notably, Cl-precoordination
incorporates M—Cl bonds in the precursor, and bypasses the thermodynamically
unfavorable reaction pathway, providing a robust and reliable approach for the

preparation of HEDP-NCs.

The mechanistic pictures for the synthetic process of HEDP-NCs are interpreted in
Figure 4f. In conventional synthesis, metal acetates remain strongly coordinated to
acetate and long-chain ligands, which yields a high entropy to stabilize the intermediate
non-crystalline products. This stabilization effect is particularly pronounced when the
number of metal elements increases, which resists the structural reorganization and
transition to perovskite phase upon TMS-CI incorporation. By comparison, our pre-
coordination route implants Cl elements within the multi-metal composition in the
precursor state and gives rise to molecular M—Cl octahedral configurations before hot-
injection. In this case, a flattened energetic landscape is anticipated for the amorphous-
to-perovskite transition that enables the successful growth of HEDP-NCs. Overall,
unlike the synthesis of common low-entropy CsPbX3 and Cs2ZrCls NCs, a structural
homology of precursors to perovskite phase is required for the synthesis of HEDP-NC:s,
which substantially compensates the entropy-stabilization effect of the intermediate
states. To gain mechanistic insight into the synthesis, we performed first-principles
density functional theory (DFT) calculations on the Zr and HE systems, in which the
M site is occupied by Zr and by a random mixture of Zr, Hf, Te, and Sn cations,
respectively, to simulate the energy change associated with the transformation from the
precursors to perovskite-like phase during the actual reaction. Three distinct acetate-
distorted configurations were constructed to represent the reaction pathway (Fig. S18)*.
As shown in Fig. 4g, the calculated results show that perovskite-like phase exhibits a
lower overall formation energy in the HE system than in the Zr system, indicating that
the high-entropy perovskite-like phase is thermodynamically more stable, which
consequently renders the subsequent transformation from acetate to chloride

coordination more difficult, in good agreement with experimental observations*!.



Photocatalytic performance

Compositional synergy in high-entropy materials generally enables exceptional
tunability in binding energy for enhanced surface activity and more efficient surface
absorption, thereby substantially accelerating photocatalytic reaction kinetics (Figure
5a)*>*3. We first applied the as-prepared HEDP-NCs to photocatalytic toluene oxidation
reaction, in which toluene is efficiently converted to BAD as the dominant product with
remarkable catalytic performance (Figure Sb). We further evaluated the catalytic
performance of materials with varying configurational entropy (Figure 5c). Under
identical conditions, low-entropy catalysts exhibited limited activity and moderate
selectivity, whereas increasing the number of constituent elements leads to the
formation of a high-entropy phase with markedly enhanced performance. The
Cs2{TeSnZrHfPt}Cls NCs delivered a BAD formation rate of 10250 pmol g! h™! with
92% BAD selectivity, representing a ~35-fold increase compared with Cs;TeCls NCs
(295 pmol ¢! h™! and 62%). The Cs>{TeSnZrHfPt}Cls NCs also showed excellent
stability over five cycles (Figure S19) without structural or compositional changes
(Figures S20-22), confirming robust photochemical stability. We also summarized the
recent advances of photocatalytic toluene oxidation (Figure $23)*¢7. Among all
catalysts, Cs2{TeSnZrHfPt} Cls NCs deliver superior performance in terms of product

amounts and selectivity.

To further verify the universality of the high-entropy catalytic system, we expanded the
photocatalytic experiments to two additional C—C coupling reactions, namely BA
photo-coupling to HB (Figure 5d) and methane photo-coupling to ethane (Figure 5f).
All liquid-phase products were quantified by liquid chromatography with calibrated
standard curves (Figure S24 and S25), while gaseous ethane was measured via gas
chromatography using standard calibration curves (Figure S26). The
Cs2{TeSnZrHfPt} Cls NCs afforded ~14-fold (170 pmol g ' h™! and 55%, BA coupling
to HB) (Figure Se) and ~17-fold (3264 umol g! h™!' and 92%, methane coupling to

ethane) (Figure 5g) activity improvements for the two reactions, respectively. These



results confirm that the formation of high-entropy phases universally boosts the
catalytic activity across different photocatalytic bond-activation systems. To our
knowledge, this is the first demonstration of halide perovskites as photocatalysts for
both reactions, with activity and selectivity comparable to state-of-the-art benchmarks
(144 umol g! h™! and 95%, Ag>S@CdS for BA coupling to HB®; 1700 pmol g ! h™!
and 85%, BOC/TiO; for methane coupling to ethane ¢°).

Using photocatalytic toluene oxidation as the benchmark reaction, we systematically
conducted control experiments to elucidate the inherent correlation between
configurational entropy and photocatalytic performance, motivated by the obvious
entropy-governed activity differences. The results showed that neither low-entropy
double perovskite nanocrystals (LEDP-NCs) (Figure S27), nor medium-entropy
double perovskite nanocrystals (MEDP-NCs) (Figure S28) exhibit comparable
catalytic activity or BAD selectivity, thereby excluding the dominant influence of
specific elemental compositions on the catalytic performance. Ultraviolet photoelectron
spectroscopy (UPS) spectra (Figure Sh and Figure S29) combined with UV—vis
spectra (Figure S30) further indicated similar valence band positions and bandgap
energies for CsyTeClg and Cs>{TeSnZrHfPt}Cls NCs™, suggesting the enhanced
photocatalytic performance is unlikely to originate from differences in intrinsic band

energetics.

To further understand the influence of high-entropy effect on photocatalytic efficiency,
their charge transfer properties were assessed through electrochemical impedance
spectroscopy  (EIS)”!  (Figure S31). The Nyquist plot unveiled that
Cs2{TeSnZrH{Pt} Cls NCs exhibit the smallest semicircle, indicating the lowest charge
transfer resistance and thus superior carrier mobility, contributing to the improved
photocatalytic activity. Cs2{TeSnZrHfPt}Cls NCs dispersed in toluene exhibited lower
PL intensity (Figure S32)’?, combined with the stronger photocurrent responses
(Figure S33), further demonstrating that more photogenerated charge carriers

accumulate and actively participate in surface reduction reactions. Notably, compared



with the previously measured Cs;{TeSnZrHfPt}Cls NCs, the NCs in toluene showed
significantly shortened lifetime, indicating rapid charge transfer between NCs and

toluene.

In-situ attenuated total reflection surface-enhanced infrared absorption spectra (ATR-
SEIRAS) (Figures 5i and 5j) revealed the appearance of vibrational features associated
with methyl C—H bonds (2970 and 2881 ¢cm™'), benzene ring modes (1473 cm™') and
aldehyde groups (1230 cm™!) upon the reaction, which is consistent with the formation
of benzaldehyde and benzyl alcohol intermediates (Figures S34). Compared with
Cs2TeCls NCs, Cs2{TeSnZrHfPt}Cls NCs showed significantly stronger signals,
suggesting enhanced adsorption and activation of methyl groups on the surface of
Cs2{TeSnZrHfPt}Cls NCs, which facilitated C—H bond activation and accelerated
reaction kinetics. To gain deeper insights into photocatalytic toluene oxidation, radical
trapping experiments were conducted to validate the catalytic mechanism (Figure S35).
The addition of superoxide radical (-O2") and hole scavengers significantly suppressed
the reaction, whereas electron and carbon-radical scavengers nearly completely
inhibited the process, highlighting the critical role of photogenerated electrons in
initiating C(sp’)-H bond activation. Electron paramagnetic resonance (EPR)
measurements further confirmed the formation of carbon-centered radicals under
illumination (Figure S36). These results have verified the proposed reaction
mechanism and emphasized the crucial role of the higher surface activity and surface
adsorption obtained through bandgap modulation from high-entropy structure, as well
as the faster photogenerated electron transfer, in enhancing the photocatalytic

performance.

Conclusion

In summary, a precoordination-directed synthesis strategy for HEDP-NC:s is established
by regulating the coordination chemistry of multicomponent precursor systems. We
found that the high-entropy caused by multi-component synergy hinders the conversion

of colloidal precursors into perovskite phase even under chloride-ride conditions.



However, the pre-incorporation of chloride anions in the colloidal precursors induces
self-organized [MClg]*>~ octahedra arrangements, which is a structurally homologous
state that reconfigures the crystallization pathway and promotes amorphous-to-
crystalline transformation to HEDP-NCs. To our knowledge, this is the first successful
synthesis of HEDP-NCs. The as-synthesized NCs enable more efficient surface
absorption and faster electron transfer, making the NCs suitable for photocatalytic
applications. For instance, the Csz {TeSnZrHfPt} Cls NCs exhibit high phase purity and
uniform elemental distribution, delivering a BAD formation rate as high as 10250 umol
g h! with a selectivity of 92% and an approximately 35-fold enhancement in
photocatalytic toluene oxidation performance compared to LEDP-NCs. This work
underscores the critical role of coordination environment engineering in overcoming
entropy-driven limitations in complex systems. The precoordination-directed strategy
is expected to be broadly applicable to the synthesis of complex high-entropy

nanocrystal materials with tunable compositions and functionalities.
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Figure 4. Synthetic mechanism of high-entropy perovskite NCs. (a) XRD, (b) TEM
and (c) DLS characterizations of products obtained via conventional synthesis and
precoordination-directed synthesis routes with different ratios between M and injected
Cl elements. (d) Raman spectra of products obtained via metal acetates and metal
chlorides and Cs2ZrCls¢ NCs obtained via Zr acetate with increasing chloride
concentration and (e) the comparison of Raman intensity. (f) Schematic diagrams of
mechanisms for precoordination-directed synthesis and conventional synthesis. (g)
Formation energies of perovskite-like phases for Zr and high-entropy (containing Zr,
Sn, Te, and Hf) systems using three distinct configurations of metal acetate precursors

and calculated by the density functional theory.
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Figure 5. Photocatalytic performance and mechanism of perovskite NCs. (a) The

comparison of Csz{TeSnZrHfPt} Cls and Cs2TeClg in terms of surface absorption, which

is conducive to enhancing the reactivity for three different reactions. (b) and (c)

Photocatalytic toluene oxidation equation and performance. (d) and (e) Photocatalytic

benzyl alcohol coupling equation and performance. (f) and (g) Photocatalytic methane

coupling equation and performance. (h) Band energy levels of Cs;TeCls and

Cs2{TeSnZrHfPt}Cls NC films. (i) and (j) The comparison of in-situ ATR-SEIRAS

spectra of CsyTeCls and Csz{TeSnZrHfPt}Cls NCs in terms of photocatalytic toluene

oxidation.



Methods

Materials

CsCl (99.9%), TeCls (99.9%), SnCls (99.9%), ZrCls (99.9%), HfCls (99.9%), PtCly
(99.9%), SeCls (99.9%), CH3COOCs (99.9%), Sn(CH3COO0)4 (99.9%), Zr(CH3COO)4
(99.9%), Hf(CH3COO0)4 (99.9%), Se(CH3CO0)4 (99.9%), Cs(NO3) (99.9%), Sn(NO3)4
(99.9%), Zr(NO3)4 (99.9%), Hf(NO3)4 (99.9%), Pt(NO3)4 (99.9%), Cs20 (99.9%), SnO:
(99.9%), ZrO2 (99.9%), HfO2 (99.9%), TeO2 (99.9%), PtO2 (99.9%), 12 mol-L™"' HCI
(37.0%), acetonitrile (99.9%), methyl alcohol (99.9%), ethyl alcohol (99.9%), benzoin
(99.9%), deoxybenzoin (99.9%), R,S-hydrobenzoin (99.9%), R,R-hydrobenzoin
(99.9%), benzaldehyde (99.9%), benzyl alcohol (99.9%) and benzoic acid (99.9%)
were purchased from Sigma Aldrich. Trimethylsilyl chloride (TMS-CI) (99.9%),
hexane (99.9%), toluene (99.9%), ethyl acetate (99.9%), oleic acid (OA) (99.7%),
oleylamine (OAm) (90.0%), l-octadecene (ODE) (90.0%) were purchased from

Macklin. All the reagents were used as received without further purification.

Synthetic procedure for Cs2TeCls, Cs2SnCls, Cs2ZrCls, Cs2HfCls, Cs2PtCl¢ and

Cs2SeClg single crystals

Stoichiometric amounts of TeCls, SnCla, ZrCls, HfCl4 or PtCl4 precursor were dissolved
in a vial containing 12 mol-L™! HCI at 350 K, and the stoichiometric amount of CsCl
precursor was dissolved in a separate vial containing 12 mol-L™' HCI at 303 K. The
CsCl stock solution was then rapidly added to the TeCls, SnCls, ZrCls, HfCl4, PtCls or
SeCls stock solution at 300 K. Cs2ZrClg, Cs2SnCls, Cs2TeCls, Cs2HfClg, CsaPtCls or
Cs2SeClg single crystals (SCs), respectively, precipitated immediately from solution.
Excess solution was removed, and powders were washed with ethanol, blown by N>

gas and stored under vacuum.

Growth of the Cs2{TeSnZrHfPtSe}Cls SCs

Stoichiometric amounts of Cs;TeCls, Cs2SnCls, Cs2ZrCls, CspHfClg, Cs2PtCls and

Cs2SeClg SCs were dissolved in an uncapped vial containing 5 mL of 12 mol-L ™! HCI



at 370 K with stirring at 1,000 rpm for 1 h. Once all powders were dissolved, the stir
bar was removed from the solution and the vial returned to the hot plate, which was
turned down to 350 K for 1 h. The vial remained uncapped and at 350 K during the
entire synthesis process. After the reaction, excess solution was removed, and single
crystals were washed with ethanol, blown by N> gas and stored under vacuum. Other

SCs were also synthesized in accordance with the aforementioned process.

Precoordination-directed synthesis of Cs2{TeSnZrHfPtSe}Cls nanocrystals

The Cs2{TeSnZrHfPtSe}Cls nanocrystals (NCs) were produced by a hot-injection
method using a chloride-driven strategy (Figure 1a). In a typical synthesis, 0.1 mmol
Cs2{TeSnZrH{PtSe}Cls SCs were added into a three-neck flask containing ODE (25
mL), OA (1 mL) and OAm (1 mL), and then were heated at 380 K under vacuum
conditions for 70 min. After switching the system to a N> atmosphere, the mixture was
heated at 450 K. Then, 2 mL TMS-CI was swiftly injected by using a preheated glass
syringe at 400 K. After a 10 s reaction, the reaction mixture was cooled by the ice-water
bath. For purification, the crude solution was washed three times with ethyl acetate and
the NCs were redispersed in hexane. Other NCs were also synthesized in accordance
with the aforementioned process. Traditional synthesis was applied for NCs to highlight
the superiority of chloride-driven synthesis strategy. Stoichiometric amounts of metal
acetates, metal oxides and metal nitrate precursors were used, and the remaining

synthesis steps were unchanged.

Material characterization

The crystallographic information of as-prepared samples was determined by X-ray
diffraction (XRD) from Bruker D8 Advanced Diffractometer with Cu Ka radiation (A
= 1.54178, 40 kV, 40 mA) at the scanning speed of 4 °/min. Transmission electron
microscopy (TEM) was conducted using Thermo Fisher Talos F200X microscope under
200 kV. High angle annular dark field (HAADF)-STEM images were acquired with a

convergence semi-angle of 11 mrad, and inner- and outer-collection angles of 59 and



200 mrad, respectively. Energy dispersive X-ray spectroscopy (EDS) was measured
using four in-column Super-X detectors. Attenuated total reflection surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS) spectra were measured using KBr
pellets from Thermo Fisher Nicolet 6700 in the range of 3200—1200 cm ™. The valence-
band maximum and Fermi level were determined by ultraviolet photoelectron
spectroscopy (UPS, KRATOS AXIS SUPRA) with He source of incident energy of
21.21 eV (He I line). X-ray photoelectron spectroscopy (XPS) was performed on
ESCALAB 250 Xi X-ray photoelectron spectrometer using a monochromatized Al Ka
X-ray source (hv = 1486.6 eV) to investigate surface elements content and valence of
as-prepared samples. The XPS data were calibrated by the binding energy of C 1s peak
at 284.8 eV. Extended X-ray absorption fine structure (EXAFS) and X-ray absorption
near edge structure (XANES) at Zr K-edge were measured at room temperature on the
IW1B beamline at the Beijing Synchrotron Radiation Facility (BSRF). Raman
spectroscopy was recorded using a Renishaw InVia Reflex confocal Raman
spectrometer with a 532 nm laser. Elemental compositions of the NCs were determined
by inductively coupled plasma-optical emission spectrometer (ICP-OES) on Zetium.
The hydrodynamic diameters of the NCs were collected by dynamic light scattering

(DLS) using the Zetasizer Nano ZS system.

Optical characterization

Transmittance spectra of the NCs were measured by using a Cary 500 UV—-vis—NIR
spectrophotometer. Steady-state and time-resolved photoluminescence (PL) and
photoluminescence excitation (PLE) spectra were measured using an Edinburgh

FLS1000 fluorescence spectrometer.

Photocatalytic measurements for oxidation of toluene into benzaldehyde
Typically, 2 mg photocatalyst was dispersed in 5 mL toluene under ultrasonication in a
50 mL quartz reactor. Then the reaction solution was stirred in the dark state for 30 min

to achieve dynamic gas dissolution equilibrium. Subsequently, the above mixture was



irradiated with UV light (A = 365 nm, light intensity of 65 mW cm 2, CEL-HXF300,
Beijing China Education Au-light Co., Ltd) for 3 h. The reaction system was
continuously stirred to ensure uniform irradiation and the temperature was maintained
at 25 °C by a circulating air blowing system. After reaction, the suspension was
centrifuged at 10000 rpm for 3 min, and the organic products in solution were analyzed
by the GC (HPLC, Agilent 1100 equipped with a DAD detector) with a flame ionization

detector (FID).

Photocatalytic measurements for coupling of benzyl alcohol to hydrobenzoin

Typically, 10 mg photocatalyst was dispersed in the mixture of 10 mL acetonitrile and
50 pL benzyl alcohol under ultrasonication in a 50 mL quartz reactor. Before irradiation,
the reactor was evacuated. Then high-purity N2 (99.999 %) was injected as the reaction
gas and the reaction solution was stirred in the dark state for 30 min to achieve dynamic
gas dissolution equilibrium. Subsequently, the above mixture was irradiated by UV
irradiation (A = 365 nm, light intensity of 65 mW cm 2, CEL-HXF300, Beijing China
Education Au-light Co., Ltd) for 8 h. The reaction system was continuously stirred to
ensure uniform irradiation and the temperature was maintained at 25 °C by a circulating
air blowing system. After reaction, the suspension was centrifuged at 10000 rpm for 3
min, and the organic products in solution were analyzed by the GC (HPLC, Agilent
1100 equipped with a DAD detector) with a flame ionization detector (FID), where the

photocatalyst is removed by filtration.

Photocatalytic measurements for oxidative coupling of methane to ethane

Typically, 5 mg catalyst was dispersed onto a glass fibre filter membrane and fixed in
the reactor. The reactor was then purged with a mixture of methane and O; in a ratio of
70:1 to establish adsorption-desorption equilibrium before testing. A 300 W xenon lamp
(Microsolar 300 Xenon lamp, Beijing Perfectlight) was used as the light source. The
gas products were analysed using a gas chromatograph (GC-2014, Shimadzu) equipped

with two flame ionization detectors (FIDs) and a thermal conductivity detector (TCD).



Hydrocarbon products (for example, ethane) were separated using a capillary column
(HP-PLOT/Q, 30 m x 0.53 mm % 40 pm, Agilent) and quantified by external calibration.
For the CO; analysis, the reactor outlet was connected to a gas chromatograph sampling
loop, followed by separation on a Porapak Q packed column (2 m x 2 mm, Solution
Instrument). The eluted CO, was then passed through a methanizer unit, where it was
quantitatively converted into CH4 and subsequently detected by the FID. The rate of
product formation was calculated by dividing the amount of product quantified in the
gas mixture by the catalyst mass, and then further dividing by the time required for the
gas to pass over the catalyst surface.

The product selectivity was calculated using the following equations:

_1,-1. _ X moles of corresponding product
Product amount (umol g™ h™") = , (1)
photocatalyst dosage X time

.. Amount of corresponding product .
Selectivity= Amount of all products *100% @

Photoelectrochemical measurements

Before the preparation of photoelectrodes, indium tin oxide (ITO) glass substrates were
cleaned sequentially for 15 minutes by soap, deionized water, ethyl alcohol, and acetone
in the ultrasonic bath. Then the substrates were treated with ultraviolet ozone for 30
minutes. The NCs solutions were spin-coated on the ITO substrates at 4000 rpm for 30
s. After that, the substrates were annealed at 373 K for 10 minutes. The
photoelectrochemical properties were investigated in a three-electrode quartz cell using
0.1 mol-L™! tetrabutylammonium hexafluorophosphate ((TBA)PF¢). A platinum mesh,
an Ag/AgCl reference electrode (saturated with KCl and protected by a Luggin
capillary), and the as-prepared films on ITO substrates were used as the counter
electrode, the reference electrode, and the working electrode, respectively. A 300 W Xe
lamp (CEL-HXBF 300) was adopted as the light source. Photocurrent responses were
measured at 0 V vs. Ag/AgCl reference electrode. Electrochemical impedance spectra
(EIS) were recorded at the open-circuit potential with frequencies ranging from 107! to

10% Hz. Electron paramagnetic resonance (EPR) spectra were acquired at room



temperature on a Bruker EMXPlus-6/1 spectrometer.

Theoretical calculation methods

The Vienna Ab-initio Simulation Package (VASP)”*® within the projector augmented
wave (PAW) formalism™ is used in the present DFT calculations. The generalized
gradient approximation (GGA) for the exchange correlation functional within the
Perdew-Burke-Ernzerhof (PBE)”® parametrization is employed. The kinetic cut-off
energy was set to 450 eV and coupled with the projector-augmented wave method. Also,
the structure optimizations used a 1 x 1 x 1 Monkhorst—Pack k-point grid. All the atoms
were allowed to relax and the convergence criteria for the maximal force on each
relaxed atom was less than 0.05 eV/A. The energy AE of molecule interacting with

perovskite was calculated as:
AE = Ecs,mcigac — 2Ecsc1 — Emclzac (3)
Where Ecg,mciac Ecsct and Eucr,ac are the energies of the low-entropy system and

the components of the system, respectively. Similarly, the high-entropy system follows

the same steps.

Data availability

All data that support the findings of this study are available in the article and its

Supplementary Information.
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     Product   amount   ( μ mol    g  − 1    h  − 1 ) =    ∑  moles   of   corresponding product  photocatalyst   dosage   ×   time #  ( 1 )


     Selectivity=   Amount of corresponding product  Amount of all products ×100% # # ( 2 ) # # #


     Selectivity=   Amount of corresponding product  Amount of all products ×100% # # ( 2 ) # # #
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