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M(lll) Site-Driven Structural Engineering on Lead-Free
Layered Double Perovskite Nanocrystals with

Enhanced Photoelectrochemical Activity

Yukta, Sunardi Rahman, Qi Shi, Tarek Al Said, Sri Kasi Matta, Tianyi Hu,
Weimin Wang, Amanda Opis-Basilio, Kallol Ray, Kimberly A. Dick, Ténu Pullerits,

and Maning Liu*

Over the past decade, organic—inorganic hybrid perovskites have revolutionized
next-generation semiconductors, driving unprecedented advancements in cost-
effective optoelectronics. While lead-based perovskite semiconductors exhibit
exceptional optoelectronic properties, their inherent toxicity and vulnerability to
environmental degradation remain significant barriers to widespread commer-
cialization. Vacancy-ordered layered double perovskites (LDPs) offer a viable
alternative with direct bandgaps, reduced toxicity, superior stability, and tunable
properties, while their divalent and trivalent cation integration enables precise
control over electronic and photophysical characteristics for efficient optoelec-
tronics. Herein, the M(lll) cation site within the previously reported Cs,Coln,Cl;,
LDP system by substituting In*" with Bi*" and Sb*" is systematically modified,
achieving the first-ever colloidal synthesis of Cs,CoBi,Cly, and Cs,CoSb,Cl;,
nanocrystals (NCs). A detailed investigation of their optoelectronic properties
reveals significant structural distortions induced by different M(lll) cations.
Stability assessments demonstrate that Cs,CoSb,Cl,, exhibits exceptional air and
compositional stability, maintaining its compositional integrity for over 100 days
under ambient conditions. Furthermore, the photoelectrochemical (PEC) per-
formance of these NCs in benzoquinone oxidation is explored, identifying
Cs,CoBi,Cly, as the most efficient candidate, with a stable photoresponse and
enhanced photocurrent generation. Transient absorption studies further confirm
that Cs,CoBi,Cl,;, sustains the largest self-trapped exciton population and
longest half-lifetime, highlighting its potential for sustainable, high-performance
PEC devices.

1. Introduction

In recent years, lead-based halide perovskite
nanocrystals (NCs) have garnered significant
attention for their potential in advanced
optoelectronic applications, attributed to
the exceptional combination of their unique
optical and electronic properties.’ ! Despite
their remarkable optoelectronic properties
and high photoluminescence quantum
yields (PLQYs), their susceptibility to envi-
ronmental degradation, particularly in the
presence of moisture and polar solvents,
coupled with the toxicity of Pb*" ions,
poses major roadblocks to their commer-
cialization.[*”) To address these challenges,
alternative metal cations can be successfully
substituted for Pb while maintaining the
material’s distinctive characteristics to make
environmentally benign perovskites.* ! The
substitution of Pb*" cations through homo-
valent (Sn®" and Ge®') and heterovalent
(Sb>*, Bi*") counterparts is a fruitful strategy
to reduce toxicity as well as to maintain the
distinctive properties of perovskites.'>"*! In
the category of heterovalent cation substitu-
tion, the <111>-oriented vacancy-ordered
layered perovskites with the general formula
A, 1B, X3, 3 (Where n > 2, A—organic/inor-
ganic metal cation, X—halide anions) and B
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consisting of a mixture of different cations belong to a subclass
of heterometallic layered double perovskites (LDPs).'*'* These
materials, represented by the general formula AM(II)M(III),X;5,,
constitute a novel class of lead-free perovskites characterized by a
distinctive layered architecture. Structurally, the perovskite consists
of one layer of [M(II)Xg]*~ octahedral units, flanked by two adjacent
corner-sharing [M(II)Xe]*~ octahedral units, with metal
cations (Cs™) occupying the interstitial sites.!'®!”) Notably,
the direct bandgap nature (almost comparable to traditional
3D CH;3;NH;PbIs), superior structural stability and versatility,
and reduced toxicity distinguish these materials from conven-
tional indirect-bandgap double perovskites and low-dimensional
A;B,X, vacancy-ordered perovskites.!'®

Theoretical predictions suggest that LDPs can adopt several
stable structural configurations, including Fd3m and C2/m
space groups, by incorporating diverse M(II) cations such as
Cu®t, Zn**, Mn?*, Cd**, Co®*, and Sn**, along with M(IIT)
cations like In*", Bi**, and Sb>", and halides (Cl, Br, 1).*"
The pioneering synthesis of layered halide double perovskites
was reported by Solis-Ibarra and coworkers, who developed
Cs4CuSb,Cly, microcrystalline powder with a direct bandgap
of 1.02 eV.I"%! Building on this foundation, a detailed investiga-
tion into Cs,CuSb,Cl;, perovskites was done, leading to signifi-
cant advancements. Most significantly, Chen et al. successfully
synthesized colloidal Cs,CuSb,Cl;, NCs via a conventional
hot-injection method, systematically analyzing their photophys-
ical and structural properties. Later on, the promising photoelec-
trochemical (PEC) response from these NCs was predicted, and
an ultrafast photodetector with a narrow bandwidth (~10 GHz)
and an ultrashort decay lifetime of 150 ps was fabricated.*”!
Interestingly, versatile LDPs are also well suited for energy con-
version applications, as Huang et al. successfully demonstrated
the efficient photocatalytic dehydrogenation of ammonia borane
using Cs,CuSb,Cl;, perovskite NCs.[21 Subsequently, Liu et al.
explored the incorporation of In*' as a substitute for Sb*"
and achieved the first colloidal wet precursor synthesis of
Cs4Culn,Clj, NCs, demonstrating an enhanced PLQY of
1.70%. Moreover, they discovered that moisture exposure indu-
ces a morphological transformation in Cs4Culn,Cl;, NCs, trig-
gering a structural shift from 3D nanocubes to 2D nanoplatelets.
This transition effectively converts nonradiative dark states into
radiative self-trapped exciton (STE) relaxation, offering a novel
strategy for tuning optoelectronic properties in perovskite mate-
rials.?? Successively, Caruso et al. expanded the LDP family by
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synthesizing Cs,ZnSb,Cl;, colloidal NCs, demonstrating precise
control over their size and morphology. This tunability enabled a
comprehensive investigation into the correlation between struc-
tural parameters and optoelectronic properties. Accordingly,
shape-dependent photocatalytic activity was observed, with
9.7 nm nanoplatelets exhibiting exceptional efficiency in photo-
catalytic toluene oxidation.” These nanostructures facilitated
the conversion of toluene to benzaldehyde with a remarkable
reaction yield of 1893 pmol g~ h™", significantly surpassing that
of bulk counterparts synthesized without morphological control.
In a recent study, Liu et al. advanced the lattice engineering strat-
egies to synthesize Cs4;M(II)In,X;, NCs by systematically varying
the M(II) cation from Cu®" (as control) to Zn*" and to Co®".
Their findings revealed significant lattice distortions in these per-
ovskites, leading to an enhanced formation of STEs, particularly
in Cs,ZnIn,Cly, NCs. Surprisingly, Zn**-based NCs exhibited
an impressive PLQY of 11.4%, attributed to the optimized lattice
deformation energy. In both Cs,Coln,X;, and Cs,ZnIn,X;,
systems, the deformation energy remained within an optimal
range, facilitating efficient radiative recombination of STEs.
This study underscores the critical role of lattice distortions
and cation engineering in tuning the optoelectronic properties
of LDPs for next-generation energy applications./**!

Therefore, the strategic co-integration of divalent and trivalent
metal cations broadens the compositional landscape of LDPs,
enabling the design of novel materials with precisely tunable
structural and photo-induced charge transfer properties.!'>*”!
In this work, we in turn systematically modified the M(III) cation
site based on the previously reported Cs,Coln,Cl;, class of
LDPs by substituting In*" with Bi** and Sb**, respectively, lead-
ing to the first-ever successful synthesis of Cs4CoBi,Cl;, and
Cs4CoSb,Cly, colloidal NCs. We conducted a comprehensive
investigation into the optoelectronic properties of these NCs,
analyzing the structural distortions induced by different M(III) cat-
ions. Furthermore, we assessed the air and compositional stability
of all three NCs, revealing that Cs4CoSb,Cl;, retained its stability
for over 100 days under ambient conditions. Our study also
demonstrates that STEs arise due to the variable degree of lattice
distortion in all three NCs; however, they contribute to photolu-
minescence (PL) enhancement only in Cs4Coln,Cl;; NCs. We
fabricated the PEC cells by employing the NCs as the photoanode
for realizing the PEC oxidation reaction. The Cs4CoBi,Cl;, NCs
exhibited the highest photocurrent density of 150 pAcm >—a
1.5-fold increase compared to the reference case of Cs4Coln,Cly,.
Our transient absorption measurements further confirm that
Cs4CoBi,Cl;; NCs feature the largest population of photogenerated
STE states along with the longest half-lifetime compared to the
other two cases, clearly emphasizing the big potential of these
types of lead-free LDP NCs in eco-friendly and high-performance
PEC applications.

2. Results and Discussion

2.1. Optical and structural properties of as-synthesized
Co-based LDP NCs

In the colloidal synthesis, Bi*" and Sb** were specifically introduced
as alternatives for In** at the M(I1I) site, that is, Cs4Coln,Cl;; NCs
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as control, leading to the formation of two new colloidal
Cs4CoBi,Cl;; and CssCoSb,Cl;; NCs in this work.[?4
Furthermore, we hypothesized that the changes in optoelec-
tronic properties could mainly result from the effective struc-
tural (lattice) engineering of the M(III) site cations in this type
of LDP structure. The size-tunable colloidal Cs,CoM(III),Cl;,
NCs were synthesized by employing a modified hot injection
method (see the detailed synthetic procedure in the
Supporting Information (S1)).** Typically, the targeted NCs
were prepared through the rapid ionic metathesis reaction,
which is initiated by the swift injection of a chlorine precursor
into a mixture of metal cation precursor at high temperatures,
that s, 180 °C for In** and Bi** and 230 °C for Sb**. A schematic
illustration of hot-injection synthesis route for Cs,CoM(III),Cl;,
(M=1In, Bi, Sb) NCs is provided in Figure 1a, outlining the
sequential precursor injection process under inert conditions.
The as-synthesized Cs,CoM(III),Cl;, NCs, where M(III) corre-
sponds to In**, Bi**, and Sb>*—yielding the compositions
Cs4ColIn,Cly,, Cs,CoBiCly,, and CsyCoSb,Cly,, respectively—
are hereafter referred to as Coln, CoBi, and CoSb. Figure 1b
presents a schematic illustration of the alternative octahedral
stacking in a typical Cs,CoM(III),Cl;,-layered structure. As the
M(II) site is substituted from pristine In’" to Bi’* and to
Sb**, the color of the NCs changes from turquoise blue to light
blue and then to dark green, indicating a corresponding change
in their bandgap. We first investigated the optical properties of
as-synthesized Cs,CoM(I1I),Cl;, NCs. The absorption spectra of
Coln NCs exhibited a distinct excitonic peak in the ultraviolet
region, occurring at wavelengths shorter than 325 nm (Figure 1c).
In contrast, the excitonic absorption peak of CoBi NCs was red-
shifted to 366 nm, while the CoSb NCs displayed two excitonic peaks
within the range of 300450 nm. Additionally, a broad absorption
band spanning 600-720 nm was observed, characterized by multiple
overlapping peaks. This spectral feature corresponds to the presence
of [CoCl,J*~ tetrahedral ions, which arise due to metal-to-ligand
charge transfer while involving weak d—d electronic transitions.”®!
The broad absorption band indicative of [CoCl,]*~ formation was
consistently observed in both Coln- and CoSb-based NCs but was
clearly absent in the CoBi variant. This indicated the variations in
the local ligand field environment and electronic interactions
governed by the trivalent metal cations (In**, Sb**, Bi**), further
suggesting that in the CoBi system, cobalt ions may adopt an
alternative coordination geometry or experience distinct electronic
coupling effects that inhibit the formation of [CoCl,J*". The optical
bandgap of the NCs was determined using the Tauc plot by extrapo-
lating the linear region of the (othv)? versus hv curve to its intersec-
tion with the photon energy axis, where a represents the absorption
coefficient and hv denotes the photon energy.””! Sequentially, the
bandgap of Coln NCs was calculated as 3.67 eV, whereas a reduction
in bandgap was observed for CoBi (3.23eV) and CoSb (2.88 eV)
NCs, respectively (Figure 1d). This indicates a systematic reduction
in bandgap energy by the substitution of Bi** and Sb** for reference
In** at the M(ITI) site, possibly due to the enhanced spin-orbit cou-
pling and changes in the electronic structure of perovskite NCs.*
These effects can collectively lead to the stabilization of conduction
band states to reduce energy gaps and the redshifted optical
absorption in the Cs,CoM(III),Cl;; NC system.*% The
X-ray diffraction (XRD) patterns of Cs,CoM(III),Cl;, NCs are
presented in Figure le, providing insight into their crystalline
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structure. Here, the experimental XRD patterns were compared
with the diffraction pattern of the reference Cs,CuSb,Cl;,
(CuSb) material (ICSD 243 918) as well as the individually calcu-
lated patterns for each composition.*” When compared with
characteristic CuSb crystalline diffraction patterns, all three
NC systems exhibited distinct peaks at ~24°, 25°, 33.4°, 34.8°,
41.6°, and 43.7°, which correspond to the (311), (020),
(404), (222), (422), and (511) lattice planes, respectively. These
reflections are characteristic of a LDP structure that features
the distorted [M(II)Clg] octahedra. Among the three composi-
tions, CoSb exhibited the highest degree of agreement with
the characteristic XRD pattern of reference CuSb. In contrast,
ColIn and CoBi NCs showed noticeable deviations in their diffrac-
tion patterns. Specifically, the (311)and (020) reflections merge
into a single broad peak, while the (404) and (422) reflections
exhibit an upward shift. These observations suggest subtle lattice
distortions and structural variations within these compositions.
Furthermore, the XRD patterns for the individual CoBi and CoSb
systems (drop-casted thin films and powder precipitates), over-
laid with their respective simulated patterns, are provided in
the SI. We attempted to simulate the single-crystal XRD struc-
tures for the NCs. The major characteristic peaks of each NC
are individually marked (Figure S1, Supporting Information).
The simulated patterns exhibited almost similar XRD profiles
for both the NCs powder, with slight variations in peak intensity.
Notably, the experimental CoSb NCs pattern similarly showed
the highest agreement with the simulated data, whereas CoBi
exhibited slight peak broadening and an upward shift in diffraction
peaks. The lattice parameters calculated from the simulated patterns
are consistent across both NCs, with values of a=7.543 A,
b=7543A, c=13.085A, a=$=106.85°, and y=59.55°. The
simulated structural analysis revealed significant distortions in both
inserted [CoClg] and two adjacent [M(III)Cl] octahedra for all three
NCs. Specifically, the Co—Cl bond distances were measured as
2.269 A (axial) and 3.047 A (equatorial) for Coln, 2.359 A (axial)
and 2.482 A (equatorial) for CoSb, and 2.359 A (axial) and 2.521 A
(equatorial) for CoBi. This variation is a clear indication of Jahn—
Teller distortion in the Co®" ion," providing additional (though
indirect) evidence of the oxidation state of the cobalt atom (Figure
S2a, Supporting Information). The Jahn-Teller distortion in the
[CoClg] octahedra can possibly contribute to the formation of
STEs in these LDP NCs.?2?**2 [n addition, the steady-state
photoluminescence (PL) spectra of the NCs, shown in Figure
S3a, Supporting Information, were recorded in hexane.

After correction with the absorptivity at the excitation wave-
length (first excitonic peak in each case), the highest PL intensity
peak was observed at 403 nm for Coln, while the redshifted
low-intensity emission peaks were noted at 416 and 419 nm,
respectively, for CoSb and CoBi (see Figure S3b, Supporting
Information). Additionally, the PL spectra for all the NCs dem-
onstrated broad asymmetric profiles (full width at half maximum
43 nm for Coln, 48.6 nm for CoBi, and 46.7 nm for CoSb) with a
long tail and feeble intensity hump-like features toward 700 nm,
indicating the presence of multiple emission pathways. The
broad absorption features in LDPs are primarily attributed to
the STE emissions.****** We also carried out the time-resolved
PL measurements and extracted the carrier lifetimes (Figure S3c,
Supporting Information). The PL decays were found to follow the
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Figure 1. a) Schematic illustration of the hot-injection synthetic route for Cs,CoM(l11),Cl;; (M = In, Bi, Sb) NCs. b) Schematic representation of expected
structural packing of LDP Cs,CoM(ll1),Cly,. Bottom photographic representation of NC suspensions highlights distinct color variations for different
M(lIl) cations (In**, Bi*™, Sb>™). ¢) Normalized UV-visible spectra of Coln, CoBi, and CoSb NCs dispersed in hexane; zoomed-out inset image for
wavelength 600-750 nm showing the presence of [CoCl,J*~ tetrahedral ions. d) Tauc plots showing clear bandgap variation for Cs;CoM(Il1),Cly;
NCs with diverse M(l1l) cations (In**, Bi**, Sb®™). e) Comparison of XRD patterns of as-synthesized Cs;CoM (I11),Cl;, NCs with reported characteristic
Cs4CuSb,Cly, perovskite as the reference pattern.

bi-exponential decay kinetics (see Table S1, Supporting Information), ~ decay components before the PL intensity decreased to be half
confirming the presence of multiple recombination pathways.  (50%) of peak intensity, hinting that the number of surface or
Interestingly, all three NCs demonstrated almost identical first ~ shallow traps could be similar among the three NCs, whereas
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their deep or bulk traps indeed differ that causes the moderate
deviation in their average lifetimes in a range of ~183 to 297 ps.

Furthermore, to determine the stoichiometry of as-synthe-
sized NCs, energy-dispersive X-ray spectroscopy (EDS) analysis
was performed. Figure 2a—c presents the field emission scanning
electron microscopy (FESEM) images of as-synthesized NCs.
Accordingly, the EDS analysis was conducted to verify the ele-
mental composition of all three LDP NCs. The atomic weight
ratio calculations confirmed that all these NCs adhered to the
nominal stoichiometric ratio of 4:1:2:12 for Cs, Co, M(III),
and CI, respectively (see corresponding EDS spectra in Figure
S4a—c, Supporting Information). The atomic weight percentage
values for Coln, CoBi, and CoSb NCs are summarized in Table
S2, Supporting Information, further validating the compositional
accuracy. The EDS elemental mapping images presented in
Figure S4d—f, Supporting Information, demonstrated a uniform
spatial distribution of Cs, Co, M(III), and Cl throughout the NCs,

www.small-structures.com

indicating homogeneous composition across the samples.
Additionally, X-ray photoelectron spectroscopy (XPS) was used
to verify the valence states of the metal ion centers, specifically
M(IT1)** and Co*", and to investigate the bonding environment
of Cl, Cs, and Co upon substitution of In* with Bi** and Sb** in
the LDP structure. For Coln NCs, two distinct peaks appeared at
446.6 and 454.2 eV, corresponding to In 3 ds; and 3 d; ; (i.e., two
binding orbitals of In*" ions), respectively. Instead, the CoBi
NCs peaks at 160.5 and 165.9 eV were assigned to Bi*" 4f;,
and 4f;), orbitals, while the CoSb NCs exhibit binding energy
peaks at 531.9 and 540.7eV, attributed to Sb** 3ds ;2 and
3 d3, orbitals, respectively. The XPS data confirmed the success-
ful incorporation of Bi and Sb into the NC lattices (Figure S5a-f,
Supporting Information). Additionally, the Cs 3d binding energy
underwent slight variations following the substitution of In with
Bi and Sb. Given that the ionic radius of In** is comparable to
that of Sb*", only a negligible shift for Cs was observed in the
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Figure 2. a—c) FESEM images of as-synthesized NCs thin films, that is, Cs,CoM (l1),Cl5, M(I1l) cations = In**, Bi**, Sb®* used for the EDS measure-
ments. High-resolution XPS spectra for d) Cs 3 d and e) Cl 2p states for Cs4CoM(Ill),Cl; NCs. f) X-band EPR spectra of Cs,CoM(Ill),Cl;; NCs dis-
persions at a temperature of 12.5 K, recorded with a modulation frequency of 10 G and a microwave power of 0.25 m\W. g—i) Temperature-dependent

infrared spectra of Cs4CoM(l11),Cli; NCs in a range of 20-300 K.

Small Struct. 2025, 6, 2500179 2500179 (5 of 12)

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

85UB017 SUOWILWIOD 3A1e8.D 8|edlidde 8Ly Ag peusenob afe sajolfe YO ‘@S o SainJ 10} Ariq1T8UUO /8|1 UO (SUORIPUOD-PUe-SWB L0 A3 | 1M Al [BuUO//SdNY) SUORIPUOD pue SWe | 83 88S *[520z/TT/0E] Uo AkeiqiTauliuo A8|Im Ind uljeg wnauez-zioyweH Aq 6/T00SZ0Z J1SS/200T OT/I0p/wioo 8| im Are.d | jpul|uoy/sdny wo. pepeojumoq ‘0T ‘520z ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

case of CoSb NCs. However, when Bi*" is introduced in place of
In*", a shift of ~0.20 eV occurred, indicating that Cs experiences
a more electronegative environment due to local lattice strain
induced by differences in the ionic radii of In**, Bi**, and
Sb** (Figure 2d).*>) For Cl, two peaks were recorded at 199.6
and 201.3eV, corresponding to Cl 2ps;, and 2p,,, orbitals,
respectively, in Coln NCs. These peaks shift by ~0.18 eV in
CoSb NCs and 0.27 eV in CoBi NCs, suggesting that chloride
ions experience different chemical environments. This indicated
stronger bonding of Cl with Bi and Sb compared to In in NCs,
likely due to variations in bond lengths, which was consistent
with the bond length calculations from the structural simulation
(Figure S2b, Supporting Information). The observed shift
implied an increase in covalency from the substitution of In
with Bi and Sb in the as-synthesized perovskite NC lattices
(Figure 2e).1®2% While the binding energy shift for Cs was mini-
mal, the shift for Cl was more pronounced. Interestingly, a weak-
intensity and noisy XPS spectrum for Co was detected at the
expected divalent state, with the 2p;, peak appearing at
783.6eV (Figure S6, Supporting Information). However, due
to the small ratios of signal to noise, precise quantification of
the binding energy shift remained challenging, possibly due
to the lower concentration of Co on the surface in a depth of
~7nm.’”) To confirm the presence of Co*" in all three NCs,
electron paramagnetic resonance (EPR) measurements were
conducted. As shown in Figure 2f, the X-band EPR spectra of
Coln, CoSb, and CoBi NCs recorded at 12.5 K exhibit a resonance
peak centered around 120 mT (g ~ 4), a clear characteristic of
high-spin (HS, S = 3/2) Co(Il). Additionally, a prominent signal
at 280 mT (g ~ 2.5) was observed in Coln NCs, indicative of a
low-spin (LS, S = 1/2) Co(II) species. Closer examination reveals
a shoulder around 180 mT, most pronounced in the Coln spec-
trum but also present in the other compositions. This suggested
the presence of an additional HS Co(II) species in all NCs, exhib-
iting slightly different magnetic parameters, likely due to varia-
tions in local coordination environments. As the temperature
increases, the signal amplitudes decrease due to fast relaxation
effects (Figure S7, Supporting Information). HS Co(II) typically
exhibited significant zero-field splitting (ZFS), which separates
the two Kramers’ doublets (ms = +1/2 and mg = +3/2), ensuring
that only the lowest doublet was populated at 12.5 K.*®
Nevertheless, the photon energy used in X-band EPR (x0.3 cm™ ")
is insufficient to induce transitions between these doublets.
Therefore, the observed spectral features were attributed to tran-
sitions within the ground-state doublets, confirming the valence
state of Co®" ions in the as-synthesized NCs.

Figure 2g-i presents the temperature-dependent infrared
spectra of Coln, CoSb, and CoBi NCs over the 20-300 K range,
providing insights into structural distortions induced by the
substitution of In** with Bi** and Sb*" in Cs,CoM(III),Cl;,
NCs. The spectral region between 1300 and 1900 cm™" primarily
corresponded to molecular vibrations of the stabilizing ligands,
that is, oleic acid (OA) and oleyl amine (OAm), while lattice
vibrations of the NCs are expected to appear at lower frequencies
in the far-infrared region. A characteristic vibrational band at
1468 cm™', observed in all NCs, was attributed to the C-H
bending mode of methylene groups in the alkane chains of
OA and OAm ligands.?® Additional C-H vibrational bands
appeared at 1397 and 1492cm™" in Coln NCs and shifted to

Small Struct. 2025, 6, 2500179 2500179 (6 of 12)

www.small-structures.com

1411cm ™" in CoBi NCs, indicating subtle alterations in ligand
binding interactions due to the lattice strain. Furthermore,
the N*-H bending vibrations of OAm, which reflected Cl-H
hydrogen bonding interactions at the NC surface, exhibited a
progressive increase in frequency from 1570 cm ' in Coln to
1615 cm ™" in CoSb.***% This shift suggested an enhancement
in hydrogen bond strength upon In substitution while implying
modifications in the local coordination environment of Cl due to
the structural rearrangement. The carboxyl (C=0) stretching
mode of OA appeared between 1704 and 1714 cm ™' in CoSb
and CoBi NCs but was absent in Coln NCs. Interestingly, in
CoSb NCs, this band was broader and redshifted compared to
CoBi NCs, indicating weaker and less defined hydrogen bonding
of carboxyl groups with the NC surface. These spectral variations
clarified the distinct differences in lattice distortions and surface
interactions among all three NCs. These deviations are plausibly
attributed to variations in ionic radii and electronegativity, which
significantly impact the bonding environment and structural
stability of the perovskite lattice. Moreover, as the temperature
decreased, the sharpening of the C-H alkane and N*-H bending
bands further supported the hypothesized reduced thermal vibra-
tions, suggesting an increased rigidity of the distorted lattice at
lower temperatures.**

2.2. Investigation of Morphological and Magnetic Properties

The transmission electron microscopy (TEM) images presented
in Figure 3a—c depict densely packed NCs of Coln, CoBi, and
CoSD, respectively. The NCs exhibited a primarily quasi-spherical
or hexagonal faceted morphology, with an average particle size
of 39.93nm for Coln. In contrast, the average particle size
decreased to 18.9nm for CoBi, while CoSb NCs displayed a
significant increase in size compared to the Coln case, averaging
82.2 nm. High-resolution TEM (HRTEM) images (Figure 3d—f)
confirmed the well-defined crystalline nature of all three compo-
sitions. Furthermore, compositional analysis using STEM-EDS
reconfirmed the expected stoichiometric ratio of Cs:Co:M(III):
Cl as 4:1:2:12 across all three Cs,CoM(III),Cl;, NC systems.
The elemental weight percentages and corresponding EDS spec-
tra for the Coln, CoBi, and CoSb NCs are provided in Figure S8,
Supporting Information, corroborating the compositional
accuracy of the synthesized NCs. The measured lattice d-spacing
values revealed structural variations: for Coln, a d-spacing of
4.12 A corresponds to the (113) lattice plane, whereas in CoBi,
the spacing decreased to 3.06 A, attributed to the (223) lattice
plane. The CoSb NCs exhibited distinct lattice fringes with
expanded d-spacing values of 5.3 and 6.4 A, corresponding to
the (112) and (111) planes, respectively. The change in lattice
d-spacing indicated the structural distortions that are induced
by interlayer stacking and octahedral tilting in the layered perov-
skite framework. These distortions may also arise due to the ionic
size variations of In, Bi, and Sb, leading to lattice contraction or
expansion. Additionally, an HRTEM image of CoSb revealed an
enlarged lattice d-spacing of 10.7 A, associated with the (001)
plane (see Figure S9, Supporting Information). This observation
verified the presence of a layered halide perovskite structure,
where the trilayer of octahedra is stacked between two adjacent
vacancy-ordered layers. Our Fast Fourier Transform (FFT)
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Figure 3. TEM images and size distribution histograms of a) Coln NCs, b) CoBi NCs, and c¢) CoSb NCs. HRTEM images with lattice spacing histograms
for d) Coln NCs, e) CoBi NCs, and f) CoSb NCs. g—i) FFT patterns of the as-synthesized NCs overlapped with corresponding simulated structural patterns

for Coln, CoBi, and CoSb NCs, respectively.

analysis, shown in Figure 3g—i, further validates the lattice plane
assignments by comparing the HRTEM images with simulated
electron diffraction patterns of individual NCs. The simulated
patterns align well with experimentally observed FFT data, with
viewing zone axes identified as (11 3) for Coln, (312) for CoBi,
and (011) for CoSb. The inset images represent the original FFTs
of different NC systems, confirming the crystal plane assign-
ments and viewing directions based on the FFT patterns that
were obtained from HRTEM analysis.”*"

To further investigate the magnetic properties of the NCs,
THz-EPR spectra of CoSb NCs were recorded at 5K within
a range of 5-30cm™' (Figure S10, Supporting Information).
Like the X-band spectra, two distinct species are detected, that
are well resolved due to the higher applied magnetic field and
corresponding higher excitation frequency. The first resonance
appears at 6T with a frequency of 11 cm™", while the second,
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relatively weaker, signal emerges at 7 T and is centered around
18 cm . The signals shift toward higher transition energies as
the applied magnetic field increases due to the electron Zeeman
interaction. To quantitatively analyze the spectra, numerical
simulations were performed, also considering the X-band data
(Figure 2f). The simulated spectra shown in Figure 2f and
S10, Supporting Information, reveal that both the X-band and
THz-EPR spectra of CoSb NCs can be well reproduced using
the same set of parameters (see Table S3, Supporting
Information, for the best-fit parameters). The results further
indicate for all investigated NCs that the spectra consist of
two HS Co(Il) species: a minor species with effective g’l,gh
values of approximately [5.0, 2.2] and a major species with approxi-
mately [3.5, 2.0] (cf. Table S3, Supporting Information).
Additionally, LS Co(II) in Coln NCs was best simulated with a
g tensor of [2.75, 2.45, 2.4], comprising ~6% of the total Co(II)

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

85UB017 SUOWILWIOD 3A1e8.D 8|edlidde 8Ly Ag peusenob afe sajolfe YO ‘@S o SainJ 10} Ariq1T8UUO /8|1 UO (SUORIPUOD-PUe-SWB L0 A3 | 1M Al [BuUO//SdNY) SUORIPUOD pue SWe | 83 88S *[520z/TT/0E] Uo AkeiqiTauliuo A8|Im Ind uljeg wnauez-zioyweH Aq 6/T00SZ0Z J1SS/200T OT/I0p/wioo 8| im Are.d | jpul|uoy/sdny wo. pepeojumoq ‘0T ‘520z ‘29078892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

population. However, due to the typically narrower linewidth of
S=1/2 systems, the signal exhibits a relatively high amplitude.
Note that to reproduce the HS spectra, a rather large line width
had to be used. This is tentatively attributed to dipolar and
exchange coupling, which is expected between neighboring Co
centers. Notably, antisymmetric exchange is often observed in
solid-state lattices of coupled magnetic ions!***? and could also
contribute here due to the lack of inversion symmetry between
two neighboring Co atoms. Overall, the above discussion
reveals that the magnetic properties of all NCs are governed
by the presence of two distinct HS Co(II) species. The observed
spectral features suggest significant ZFS and are indicative of
complex magnetic coupling within the lattice (detailed discus-
sion included in SI).

2.3. Structural and Compositional Stability in Air

The structural integrity and environmental stability of perovskite
NCs are crucial for their practical use and long-term operational
performance. To assess their compositional and optical stability,
the absorption spectra (Figure 4a—c) of fresh and aged perovskite
NCs (dispersed in hexane) were recorded upon storage in
ambient conditions. In the meanwhile, the XRD patterns
versus storage time (Figure 4d—f) were monitored to examine
their crystallographic evolution. Figure 4a—c illustrates the
long-term optical stability of the Cs,CoM(III),Cl;, NCs over
a storage period of more than 100 days in ambient conditions.
For Cs4Coln,Cl;; NCs, a slight red shift in the absorption onsets
was observed after 80 days, followed by a notable decrease in the
absorbance after 120 days, indicating progressive degradation of

www.small-structures.com

the NCs. Similarly, Cs4CoBi,Cl;; NCs also exhibited a gradual
reduction in absorbance at the excitonic peaks or bands with stor-
age time, while the spectral features and peak positions remained
largely preserved even after 120 days. This suggests moderate
optical stability and slight structural degradation under ambient
conditions for both Coln and CoBi NCs. On the other hand,
Cs4CoSb,Cly, NCs show a more pronounced decline in absor-
bance; however, the excitonic peak positions remained almost
unchanged. Overall, all three NC systems experienced optical
degradation to variable extents, possibly due to storage time-
dependent partial decomposition into other by-products (see
the XRD stability analysis in the following section), while
Cs4CoBi,Cly, and CsyCoSbCly; NCs demonstrated relatively
better spectral retention despite reduced absorbance, which com-
promises the light absorption efficiency. Nevertheless, compared
to traditional lead-based perovskite NCs, the overall optical sta-
bility of these lead-free NCs remains relatively high, particularly
with CoSb, which achieved the highest resilience.l*>**

To monitor the structural changes in LDP NCs over time, the
thin films of NCs were prepared and stored under ambient con-
ditions (25 °C and ~60% humidity), and their XRD patterns were
recorded periodically. It is noted that the CoIn NC film can retain
its crystalline structure for up to 40 days, as evidenced by the per-
sistence of sharp diffraction peaks. However, after 40 days, peak
broadening and a reduction in peak intensity were also observed,
signifying the onset of structural degradation; a similar situation
was observed for the CoBi NC film. For the Coln films, we
observed that the degradation becomes prominent after 40 days
of ambient storage. The original perovskite phase gradually
decomposes, and the resulting XRD pattern of the aged sample

(a) : (b) . : ) Cs,CoSb,Cl,, agi
20 Cs,Coln,Cl,, aging Cs,CoBi,Cl,, aging s,CoSb,Cl,, aging
’ 2.0
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Figure 4. Long-term stability analysis: UV absorption spectra of a) Coln, b) CoBi, and c) CoSb NCs over 100 days of storage in air. Evolution of normalized

XRD patterns for d) Coln, e) CoBi, and f) CoSb NCs.
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exhibits new peaks that match well with the known single-crystal
XRD pattern of Cs,InCls-H,0.*”) This suggests a hydrolysis
of the indium-containing perovskite component, likely due to
moisture-induced degradation. Minor additional peaks are also
attributed to by-products of the decomposition, such as CoCl,
and InCl;, further confirming the degradation pathway. In the
case of Cs,CoBi,Cl;,, the degradation was found to be initiated
after ~45 days of storage. The XRD patterns of the aged film
reveal the emergence of new reflections consistent with the
relatively thermodynamically stable Cs;Bi,Cly phase.*® This
transition plausibly results from phase segregation and structural
rearrangement under ambient conditions. Figure S11, Supporting
Information, confirms these assignments through XRD pattern
matching of both experimental and simulated references by com-
paring the fresh and aged XRD patterns alongside the relevant
references. On the contrary, the CoSb NC film demonstrated sig-
nificantly enhanced air stability, with their characteristic diffrac-
tion peaks remaining intact for over 100days postsynthesis.
Only a minor decrease in peak intensity was observed without
the emergence of additional diffraction peaks, suggesting that
the CoSb NC films indeed exhibit enhanced structural stability
in ambient conditions. Additionally, the EDS measurements were
performed again on the same hexane-dispersed NC suspensions
for all three samples after 120 days postsynthesis to assess their
compositional stability. The results indicate that the elemental
stoichiometry remained largely consistent, exhibiting only minor
deviations from the initial composition measured on day 1. These
findings further suggest that the NCs can effectively retain their
desired chemical composition over an extended period in the
solution phase. The detailed elemental mapping and compositional
analysis are provided in Figure S12, Supporting Information, and
Table S4, Supporting Information. Conclusively, our comprehen-
sive stability analysis reveals that the CoSb NCs feature better
structural and optical stability compared to other Coln and CoBi
counterparts. More importantly, the elemental composition of all
NCs remains unchanged after 120days of storage in solution,
highlighting their overall high operational stability as promising can-
didates for long-term optoelectronic and photocatalytic applications.

2.4. Photoelectrochemical Activity

The PEC technique serves as a versatile and sensitive method for
investigating the intrinsic physical and chemical characteristics
of metal halide perovskite,*”) which has inspired us to explore
the potential of newly synthesized LDP NCs for PEC applications
such as PEC oxidation of organic compounds (e.g., benzoqui-
none). The cyclic voltammetry (CV) was first used to determine
the valence and conduction bands of as-synthesized NCs. The
detailed CV setup is described in the Experimental Section and
Figure S13a (CV of the F./F." standard) in the Supporting
Information. Figure S13b, Supporting Information, presents
the resulting CV profiles for the series of NCs. The oxidation peak
potentials were observed at 1.68 V for Coln, while CoBi and CoSb
exhibited peak shifts to 1.59 and 1.05 V, respectively. Using the
Fc/Fc™ reference energy level of 4.8eV versus vacuum, the
valence and conduction band positions were calculated using
Eyg = —(Vox — V(Fc/Fc") +4.8) eV and Ecg = Eyp + E, equa-
tions, where V(Fc/Fc™) is the midpotential of ferrocene standard
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and E, is the optical bandgap of perovskite NCs calculated from
the Tauc plot analysis. The Coln NCs demonstrated valence and
conduction band energies of —6.02 and —2.35 eV, respectively;
CoBi exhibited —5.93 and —2.70eV, respectively, while CoSb
showed values of —5.39 and —2.51eV for valence band and
conduction band energy levels.l*¥ The corresponding energy-level
diagrams for these NCs were compared in Figure S13c,
Supporting Information, all of which are suitable for potentially
realizing a PEC redox reaction (e.g., redox potential of water split-
ting >1.23 eV).*) Consequently, the PEC measurements were
conducted using a standard three-electrode system (see the inset
schematic in Figure 5a) under 1 Sun illumination (100 mW cm ™).
The electrolyte solution was prepared by dissolving 0.1 M tetrabu-
tylammonium hexafluorophosphate (TBAPF¢) and 4 mM benzo-
quinone in anhydrous dichloromethane (DCM). In this system,
TBAPF; acted as a supporting electrolyte to improve ionic conduc-
tivity, while benzoquinone served as a redox mediator to facilitate
photohole capture from the perovskite NCs-based photoanode.*”
The solvent stability of the NC films was evaluated by immersing
them in various solvents, including propanol, ethanol, and DCM.
The XRD analysis revealed that all NC films can retain their struc-
tural integrity after prolonged exposure to DCM, whereas notice-
able structural degradation or changes were observed in other
solvents (Figure S14, Supporting Information). Upon illumina-
tion, the NCs working electrode generated charge carriers, thereby
enabling photoexcited holes to oxidize benzoquinone into vari-
ous potential products, including benzoquinone cation radical
(C¢H40,+™) or hydroxylated benzoquinone derivatives. The
photoexcited electrons in the process are transferred to the
FTO substrate via an n-type TiO, compact layer under an applied
potential of +1.0V versus Ag/AgCl, thereby completing the
redox cycle at the counter electrode (Pt) for the complete PEC
reaction.”” Among the tested NC photoelectrodes, CoSb and
CoBi NCs demonstrated significantly enhanced photocurrent
densities compared to the Coln NCs, with improvements observed
in both transient and steady-state regimes. Notably, the optimized
CoBi-based electrode achieved the highest photocurrent density,
reaching 150 pA cm ™2 at around 1.6 V, corresponding to a 1.5-fold
increase relative to the Coln case (Figure 5a). These findings
underscore the superior PEC performance of CoBi NCs and their
potential for high-performance PEC applications. As illustrated in
Figure 5b, the amperometric J-t curves recorded at a potential of
1.0 V versus Ag/AgCl exhibited consistent and reproducible pho-
tocurrent responses under repeated light on/off cycles, highlight-
ing the high stability of the LDP NC-based photoelectrodes. The
CoBi NCs exhibited the highest on/off ratio of 145.78, surpassing
those of CoSb and Coln NCs, which were calculated as 32.22 and
20.56, respectively. The elevated on/off ratio observed for CoBi
NCs signifies its enhanced photoresponse sensitivity, efficient
charge carrier transport at the photoelectrode, and reduced dark
current leakage. Regarding the differences in photocurrent peak
shapes observed in Figure 5b, these variations can be attributed
to differences in the intrinsic optoelectronic properties of the
respective NCs, possibly including two major factors: (i)
Differences in charge mobility among Coln, CoSb, and
CoBi could affect how quickly electrons and holes are collected
at electrodes; thus, NCs with higher mobility may lead to faster
stabilization of photocurrent under illumination, which shows
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Figure 5. a) Current density versus applied potential (vs. Ag/AgCl) of Cs4CoM(I11),Cl,; NCs-based photoelectrodes recorded in the dark and under 1 Sun
illumination (AM 1.5 G, 100 mW cm2). The potential was systematically varied from +1.6 to —0.6 V versus Ag/AgCl. The active electrode area in contact
with the electrolyte during measurements is 2.01 cm® b) Amperometric photocurrent density curves for Cs,CoM(l11),Cl, NCs under repeatable light
ON/OFF conditions. c) Time-dependent photocurrent density decay curves recorded for Cs;CoM(II1),Cly, NCs under continuous 1 Sun illumination.
Ultrafast transient absorption spectra of d) Coln and e) CoBi NCs suspensions in hexane, excited at 266 nm. f) TA decays of three NCs suspensions
monitored at peaks (410 nm for Coln and CoSb NCs, 600 nm for CoBi NCs) of PIA bands, respectively.

a desired order of CoBi > CoSb > Coln. (ii) Slower decay of
the peak photocurrent (the Coln case) suggests a higher
density of trap states or surface defects that momentarily store
charge carriers and release them over time in a nonradiative
way by lowering the photocurrent density, compared to CoBi
and CoSb cases, which are also supported by our transient
absorption analysis in the following section. Moreover, the
conduction band of CoBi NCs (—2.70eV) is positioned lower
than that of Coln (—2.35eV) and CoSb (—2.51eV) (see
Figure S13c, Supporting Information), which is closer to the
conduction band (—4.2 eV) of TiO, buffer layer, thereby being
more favorable for efficient electron transfer that is beneficial
for overall high PEC performance upon the FTO/TiO,/CoBi
NCs configuration.

Figure 5c represents the photocurrent decay of these
NC-based PEC cells under continuous 1 Sun illumination.
The CoBi NC-based cell exhibited the highest initial photocurrent
density (60 pAcm™?) and maintained the largest steady-state
photocurrent, whereas the CoSb cell demonstrated moderate
performance with initial and steady-state photocurrents lower
than the CoBi one but higher than the case of Coln NCs.
However, all the NC-based photoelectrodes presented highly
stable photocurrent plateaus after the fast initial decay, reflecting
their PEC stability under prolonged illumination. A comparative
analysis of the electrochemical performance of the as-synthesized
NCs with other benchmark lead-free NCs and photochemical
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systems is provided in Table S5, Supporting Information. It is
noted that the PEC performance of CoM(III) NCs in this work
has outperformed most of the reported lead-free perovskite-based
PEC systems, even comparable with those conventional and com-
mercialized metal oxide systems, which underscores the potential
use of these lead-free LDP NCs as promising photoelectrode
materials. We further conducted electrochemical impedance
spectroscopy (EIS) measurements for the CoBi and Coln NCs
to elucidate the charge transfer properties. The corresponding
Nyquist plots for all three NC systems are presented in Figure
S15, Supporting Information, where the obtained semicircles
were modeled using a simplified RC equivalent circuit. The series
(Rs) and charge transport resistance (R.) were determined under
both dark and 1 Sun illumination conditions. A substantial reduc-
tion in series resistance (Ry) values was observed upon illumina-
tion for both NC systems, with CoBi exhibiting the lowest Rs
value of 1384 Q among all, indicating superior charge transfer
efficiency. Likewise, the Rct value significantly decreased under
illumination, dropping from 14850Q (dark) to 5,146 Q (light)
for CoBi. This reduction in R, under light exposure suggests
enhanced charge carrier mobility and more efficient charge
separation within the photoelectrode.”” Table S6, Supporting
Information, summarizes the fitted values of R, and R as well
as other corresponding parameters of EIS analysis.

To gain more insight into the correlation between photophysical
properties and PEC performance, we conducted the ultrafast

© 2025 The Author(s). Small Structures published by Wiley-VCH GmbH
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transient absorption (TA) measurements for CoM(III) LDP NCs in
suspension, as shown in Figure 5d—e for Coln and CoBi, respec-
tively, and in Figure S16, Supporting Information for CoSb. AllNC
suspensions were excited at 266 nm with an excitation power range
of 0.4-1.4mW. A broad and positive photoinduced absorption
(PIA) ranging from 380nm to around 800nm (limitation of
our visible detector) was clearly detected only in the case of
CoBi NCs, while both Coln and CoSb NCs exhibited relatively
weak and tilted PIA signals between 380 and ~450 nm. This sug-
gests that more STE states can be formed in the [BiClg]-[CoClg]-
[BiClg] layered structure rather than the other two cases, that is,
[InClg] or [SbClg] octahedra. The ultrafast PIA signal growth
(<15 ps) indicates a transition from free excitons to STEs
trapping.®®) The observed large redshift in the TA spectra of
CoBi NCs compared to those spectra of Coln and CoSb NCs
(see Figure S17, Supporting Information), particularly after
2 ps, confirms a strengthened STE effect upon the coordination
of [BiClg] octahedra in the layered structure. Furthermore, the
TA decays of three NCs were compared in Figure 5f and moni-
tored at their respective peaks of PIA bands. A tri-exponential func-
tion was employed to fit all three TA decays well; the fitting results
are summarized in Table S7, Supporting Information. We
assigned two fast processes consisting of an ultrafast component
and a middle-fast component to nonradiative transitions and a
slow component to radiative recombination of STEs.*? To simplify
the comparison of fitted decay lifetimes, we extracted the half-
lifetime, 77/,, in each case, that is, 3.1 ps for Coln, 8.3 ps for
CoSb, and 34.2 ps for CoBi, indicating that [BiCls] octahedral coor-
dination could induce more Jahn-Teller distortion in common
[CoClg] octahedra, which eventually leads to more radiative transi-
tion of STE states rather than the dominant dark transition (with
shorter half-lifetimes) in both cases of [InCly] and [SbClg] octahe-
dra. This prolonged TA decay lifetime of CoBi NCs is, in turn,
beneficial for efficient charge transfer, particularly at the interface
of CoBi NCs and electrolyte (benzoquinone), by achieving high
photogenerated current density as observed previously.

3. Conclusion

In summary, we have successfully tailored the M(III) site cation
substitution in Cs,CoM(III),Cl;, LDPs through a facile colloidal
synthesis, enabling the precise tuning of bandgap and charge trans-
fer properties in this first-ever class of NCs. A comprehensive study
of M(III) site-induced change in optoelectronic properties and com-
positional stability of the as-synthesized Cs,CoM(I1I),Cl;, NCs has
been conducted upon the establishment of a direct composition-
structure—property relationship. Benefiting from the featured
LDP structure, all Cs4CoM(III),Cl;, NCs exhibit relatively high
structural stability after long-time storage in the ambient atmo-
sphere. In addition, our findings reveal that variations in the
M(III) cation significantly impact the PEC behavior of all three
NC-based photoelectrode systems. Notably, Cs4CoBi,Cl;; LDP
NCs exhibit exceptional potential for PEC applications by showing
a moderately high photocurrent density of ~150 pAcm ™2 at 1.6 V
versus Ag/AgCl, which represents a relatively high photocurrent
density compared to most lead-free perovskites or perovskite-
inspired materials-based PEC systems. We thus believe that this
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work will assist in pushing the development of lead-free perovskite
nanomaterials for further PEC and optoelectronic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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