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To broaden the potential applications of colloidal quantum dots,
sustainable synthetic protocols must be developed and optimised.
In this report, we use a low-temperature water-based synthesis of
Cu-In-Zn-S quantum dots (CIZS) and we analyse the effect of
different ligands (citrate, ascorbate, glutathione, cysteine and
mercapto-acetic acid) on crystal growth and composition. The
ligands employed have a strong effect on the metal incorporation
within the nanocrystal, leading to wide tunability of the photophy-
sical behaviour of the resulting CIZS quantum dots.

Introduction

In the last few decades, quantum dots (QDs) have emerged with
outstanding optical properties that have paved the way for
applications not only in lighting devices,"”” but also in
bioimaging.*” Unlike conventional organic fluorophores, QDs
exhibit high photostability, high absorption coefficients, tun-
able emission from visible to NIR and high photoluminescence
quantum yield (PLQY).® " Moreover, passivating ligands can be
tailored for specific targeting or multifunctionality, making QDs
ideal candidates for biomedical purposes.’>™*

Classical IV-VI, II-VI and III-V QDs contain heavy metal ions
like Cd(m), Pb(u) or As(m) and pose significant toxicity concerns.”>
Consequently, there is a growing demand for QDs that are inher-
ently less toxic and more biocompatible. Among the alternatives,
I-II-VI QDs like copper indium sulfide (CuInS,, CIS) QDs have
gained considerable attention due to their reduced toxicity.'>>
Like other QDs, the ternary I-III-VI QDs also show high molar
absorption coefficients, size- and composition-dependent emission
color, which extends into the red and near-infrared (NIR) spectral
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New concepts

This work presents the low-temperature aqueous synthesis of alloyed Cu-
In-Zn-S (CIZS) quantum dots (QDs) with a graded composition, high-
lighting the pivotal role of ligands in directing nanocrystal composition
and tuning their optical properties. Unlike conventional synthetic
approaches that rely on high temperatures and organic solvents - limiting
biocompatibility and sustainability - our method operates in aqueous
solution under mild conditions, offering a greener alternative. We
demonstrate that thiolated ligands, such as glutathione, cysteine, and
mercaptoacetic acid, are essential to obtain CIZS QDs with high photo-
luminescence quantum yield (~20%) and excellent colloidal stability in
water. In contrast, non-thiolated ligands, like alanine, lead to poorly
emissive and unstable nanocrystals. The ligand identity not only affects
surface passivation but also dictates emission energy by modulating the
Cu:In:Zn molar ratio upon modulation of binding strength. For exam-
ple, mercaptoacetic acid favours the growth of stoichiometric nanocrys-
tals with a Cu:In ratio of 1:1; the use of ascorbate instead of citrate
lowers the amount of Zn>' incorporated. These findings provide an
alternative approach to tune the photophysical, optical, and colloidal
properties of water-based CIZS QDs, whose growth is otherwise difficult
to control, offering a pathway toward their biocompatible and sustainable
application while advancing the understanding of Cu-In-Zn-S nanocrys-
tals.

regions, and long photoluminescence lifetimes (hundreds
of ns).>*”** These features make CulnS, quantum dots particu-
larly well-suited for tissue imaging, as they emit in spectral and
time windows where biological tissues exhibit minimal auto-
fluorescence and light scattering, enabling optical imaging with
enhanced contrast and spatial resolution.®*® Importantly, CIS
nanocrystals display a remarkable tolerance toward intrinsic
defects, which not only contributes to their emission properties,
but also broadens the range of possible synthetic modifications
by doping with other metal ions.?”"*°

The most conventional synthetic routes for QDs employ high
temperatures and organic solvents, hindering their use in the
afore-mentioned fields for biocompatibility and sustainability
reasons. Low-temperature routes for the synthesis of quantum
dots in water have been developed for addressing this issue,*'*
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but a detailed analysis of the role of each reagent in the synthesis
and a deep understanding of the growth mechanism in these
procedures is still lacking. In particular, ligands play a crucial role
in QD synthesis and the resulting QD optical properties: from
controlling nucleation and growth during synthesis to modulating
surface states that directly affect optical properties, colloidal
stability, and biocompatibility.>*>® Several studies have shown
that changes in the passivating ligand drastically alter the emis-
sion wavelength, photoluminescence lifetime and PLQY. In alloyed
or doped CIS systems - such as Cu-In-Zn-S - the choice of ligand
can determine dopant incorporation extent or shell growth beha-
viour (e.g, ZnS), drastically affecting the photophysical properties
of the resulting QDs.*”™*°

In this context, understanding the role of the ligand in the
growth and composition of Cu-In-Zn-S (CIZS) quantum dots is
essential for optimizing their photophysical properties and the
synthetic protocol. In the present work, we tested two families
of water-soluble ligands L1 and L2 (Fig. 1) in the synthesis of
CIZS quantum dots in water: two O-based hard ligands (ascor-
bate ASC, citrate CIT) and three ligands containing soft S-based
groups (mercaptoacetic acid MAA, glutathione GSH, cysteine
CYS). We correlated the photophysical properties of the result-
ing quantum dots to their composition, and we studied the
growth and composition of the quantum dots with in situ
spectroscopy during synthesis.

Results and discussion
Synthesis and structural characterisation

CIZS@L1-L2 samples were prepared following a water-based,
one-pot synthesis adapted from the literature (Fig. 1).>®**! The
metal precursor feeding molar ratio was kept constant (Cu:In:
Zn = 1:3:18) and the amount of L1 and L2 ligands was
adjusted to ensure good colloidal stability during the synthesis
of all batches (see Experimental section for details). The injec-
tion of Na,S initiates nucleation of CIS@L1-L2 cores at 95 °C.
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After 40 minutes, the pH is adjusted to 6.5-7 and a solution of
zinc(u) acetate, thiourea and ligand L2 is added. The reaction
mixture is kept at 95 °C for another 45 minutes to allow zinc(u)
incorporation into the nanocrystals, yielding the corresponding
CIZS@L1-L2 samples.

It should be noted that non-thiolated L2 ligands were tested
(alanine, lysine, tyrosine, phenylalanine), but none of them
yielded colloidally stable nanocrystals, indicating that the thiol
functionality in the L2 ligand is crucial for the stability of these
quantum dots (see the SI).

All the synthesized batches show the characteristic XRD
pattern of the zinc blend lattice, indicating that the different
ligands do not change the preferred crystal structure of the
quantum dots (Fig. S2). The size distribution of the samples
was evaluated using high angle annular dark Field (HAADF) -
scanning transmission electron microscopy (STEM) analyses. The
average diameters, obtained by fitting the various distributions
with Gaussian functions, are not significantly different within
experimental error (Fig. S4-S6): all CIZS@L1-L2 samples exhibit
diameters in the range of 3-4 nm, with variable size distribution
curves (Table 1, Fig. S6 and S7). EDX measurements carried out
on two representative samples (CIZS@CIT-GSH and CIZS@ASC-
MAA, Fig. S8 and S9) show that Cu, In, and Zn are localised in the
same regions of the specimen, indicating that no significant
phase segregation occurs during the synthesis. In addition to
that, EDX mapping suggests that Cu and In are predominantly
localized in the central regions of the nanoparticles, whereas Zn
is distributed more uniformly over the entire particle volume.
This distribution pattern suggests an alloyed structure with
graded composition, in which the nanoparticles possess Cu/In-
rich cores and Zn-rich outer layers.

The elemental composition was determined via atomic
emission spectroscopy (MP-AES) for the different CIZS@L1-L2
samples (Fig. 2). The molar ratio Cu:In:Zn can be extensively
varied without affecting the zinc-blende crystal structure. The
Cu:In molar ratio of the nanocrystal core increases in the soft
ligand series MAA > CYS > GSH, with mercaptoacetic acid
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Fig. 1 Schematic representation of CIZS@L1-L2 synthesis (a) and chemical structures of ligands L1 and L2 (b)-(d) used in this work.
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Table 1 Structural and luminescence properties of CIZS@L1-L2 in air-
equilibrated aqueous solution at room temperature

drev®/mm Cu:In:Zn? E../eV  PLQY/% 1,,ns
CIZS@CIT-MAA 3.1 +1.4 37:38:25 1.7 18 245
CIZS@ASC-MAA 3.8 +1.1 43:45:12 1.6 20 271
CIZS@CIT-CYS 3.6 +1.2 38:26:36 1.9 12 261
CIZS@ASC-CYS 4.1 +1.8 36:40:24 1.8 20 229
CIZS@CIT-GSH 3.4 + 0.9 17:34:49 2.0 18 243
CIZS@ASC-GSH 3.4 +1.4 30:45:25 1.8 17 252
CIS@CIT-GSH — 40:60:0  Not — —
detected

“ Values are reported with the corresponding standard deviation calcu-
lated for the dimensional distribution obtained by STEM analysis.
b Expressed as molar ratio. ¢ Calculated as (A17et Ap1o)/(A4 + Ap), where
A; and 4, are the pre-exponential factors. The emission decay is measured
at the maximum emission wavelength and with /. = 405 nm. ¢ Aggrega-
tion of the nanocrystals prevented a reliable estimation of the nanocrystal
dimension.

ensuring almost stoichiometric nanocrystals. To better under-
stand the reason for this result, we performed an additional
synthesis with 1-mercaptopropionic acid (Fig. 1, MPA) as the
soft ligand. MPA has the same binding sites as MAA (-SH and
—COOH) and the same carbon backbone (C3) as CYS, without
displaying its additional -NH, coordinating group. CIZS@CIT-
MPA shows very similar composition and photophysical proper-
ties to CIZS@CIT-MAA, both of them significantly different
from those of CIZS@CIT-CYS (Fig. S11). This result suggests
that the length of the carbon backbone and thus ligand sterics
play a minor role, and the binding strength is the most
influential factor in determining nanocrystal composition.

The hard ligand has a stronger effect on the zinc content of
the nanocrystal, as evidenced from Fig. 2b, with CIT showing
the highest percentage of zinc in the crystal lattice.

It is interesting to note that the elemental composition of a
core-only sample of quantum dots (CIS@CIT-GSH, Cu: In = 1.5)
shows a lower Cu:In ratio than the corresponding shelled
sample (CIZS@CIT-GSH, Cu:In = 2.0, Table 1 and Table S1).
This evidence suggests that the addition of shell precursors not
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only promotes the epitaxial growth of a ZnS protective layer but
also induces cation exchange, yielding an alloyed structure with
graded composition. This observation agrees with the EDX
results discussed previously and is further supported by spec-
troscopic data, as discussed in more detail below.

Photophysical properties of the nanocrystals

The investigated CIZS@L1-L2 show the characteristic photo-
physical behaviour of Cu-In-Zn-S quantum dots,**** featuring
an absorption tail between 500 and 700 nm and a broad
emission band at lower energy (Fig. 2). The emission intensity
decays can be fitted with a biexponential function, and the
average lifetime is of the order of 10* ns, with no significant
variation as a function of the employed ligands (Table 1,
Fig. S12). All CIZS@L1-L2 show similar PLQY values, ranging
from 0.12 (CIZS@CIT-CYS) to 0.20 (CIZS@CIT-MAA, Table 1).

On top of the above-discussed photophysical properties
common to all the investigated samples, a closer look at the
luminescence properties shows that the emission energy is
deeply affected by the L1-L2 couple employed during synthesis,
spanning from 2.0 eV (CIZS@CIT-GSH) to 1.6 eV (CIZS@ASC-
MAA). This result cannot be interpreted as a direct effect of the
ligands on the optical properties of the nanocrystals, but rather
as the effect of the ligands on the elemental composition of the
nanocrystalline core (Fig. 2): a higher copper(1) content results
in a red-shifted emission peak.**

Metal complex precursors in the synthesis of CIZS@L1-L2

To have a better understanding of the interaction between the
soft ligands and the metal ions present in the nanocrystals, we
performed spectrophotometric studies of the metal precursors
with all the ligands analysed in this work. Fig. 3 shows the
absorption and emission spectra acquired for the couple CIT-
GSH, while the results obtained for other L1-L2 couples are
reported in the SI (Fig. S16), together with the spectra of all the
isolated compounds.

a 20 5 b
——CIZS@CIT-MAA
—— CIZS@ASC-MAA
CIZS@CIT-CYS Zn:in
15 CIZS@ASC-CYS 120 €
27 CIZS@CIT-GSH CIT ASC
CIZS@ASC-GSH 15 = Cu In Zn Cu In Zn
3 a0
< 1.0+ - CIZS@CIT-MAA CIZS@ASC-MAA
{110 _§ cvs g
CIZS@CIT-CYS CIZS@ASC-CYS 3
0.5 %, GSH
o] 5 CIZS@CIT-GSH CIZS@ASC-GSH
0.0 S - . —10
300 400 500 600 700 800 900 1000
Alnm

Fig. 2

(a) Absorption (solid lines) and emission spectra (dotted lines) of CIZS@L1-L2 samples in air-equilibrated aqueous solution. Aexc = 350 nm.

Emission peaks are scaled according to PLQY. (b) Molar ratio of metal ions of CIZS@L1-L2 samples determined by MP-AES analysis.

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Absorption (solid lines) spectra of a solution of CuCl, (0.6 mM) and
InClz (2 mM) in water upon addition of CIT and GSH with the same molar
ratio as those used in synthesis (Cu: CIT: GSH = 1:10: 20). Inset: emission
of the solution after addition of GSH (1eyc = 350 nm).

Upon addition of citrate to the metal precursors (Cu>*, In**

in water), two absorption bands centered at 260 nm and 740 nm
appear (Fig. 3): they are ascribed to the formation of the CuCIT2
complex, based on literature reports.** Upon addition of the
thiolated soft ligands (MAA, GSH and CYS), the characteristic
band of CuCIT2 at 740 nm disappears, while two broad bands
centered at 265 nm and 340 nm appear (Fig. S15).1 A closely
matching absorption spectrum is observed upon mixing Cu(i)
bromide, CIT and a soft ligand in the same molar ratio in water
(Fig. 3). Therefore, we attribute the disappearance of the
absorption band peaked at 740 nm to the reduction of Cu(u)
to Cu(1) by the thiolated ligands. Upon excitation of the solution
at 350 nm a red emission is observed (the position of the peak
depends on the thiolated ligand employed, see Fig. 3 for GSH
and SI for MAA and CYS). Similar behaviour is obtained for the
solution containing CuBr and GSH, while the same emission is
not detected for a solution containing CuBr and CIT (Fig. S17).
This demonstrates that the thiolated ligand not only reduces
Cu(u) to Cu(1), but also modifies the coordination sphere of the
metal complex. The luminescent band is reminiscent of that
observed for Cu-thiolate nanoclusters.*> *® It should be noted
that all thiolated ligands exhibit similarly low reduction poten-
tials (approximately —0.2 V vs. SHE),**>° compatible with Cu(m)
reduction. This suggests that the reduction potential is not a
determining factor in the formation of the Cu-thiolate
nanoclusters or the resulting QDs.

When CIT is replaced by ASC, similar UV-Vis spectra are
observed with minor differences, most probably due to the
different pH value of the solution (Fig. S16).

On the other hand, the thiolated ligand employed (GSH,
MAA or CYS) has a strong impact on the solubility in water and
on the luminescent properties of the obtained Cu-thiolated
clusters. This observation may indicate that the clusters serve
as a precursor for the synthesis of QDs, determining the
stoichiometry of the resulting QDs.

Nanoscale Horiz.
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This possibility has already been reported for more conven-
tional quantum dots,>° but it has not been demonstrated for the
synthesis of CIZS quantum dots in water. While a detailed
investigation of this phenomenon lies beyond the scope of the
present work, further studies are currently underway to address it.

In situ spectroscopic analysis of the growth of CIZS@L1-L2

The absorption spectra acquired during the synthesis of CIZS@-
CIT-GSH (Fig. 4) show that the nucleation starts immediately after
Na,S addition: the first spectrum recorded within 1 minute after
its addition already displays the characteristic CIS absorption
profile. The absorption of CIZS@CIT-GSH at the excitonic shoulder
rapidly increases during the first 5 minutes and it slows down after
10-15 minutes (Fig. S18). Interestingly, the injection of the Zn*
precursor solution causes an abrupt blue-shift in the absorption
profile of the QDs. This supports the previous hypothesis that
cation exchange occurs, and it indicates that Zn>" rapidly diffuses
in the nanocrystalline core. The incorporation of Zn>" in the lattice
leads to an increased band-gap, as previously reported.*’
Repeating the same experiment in a fluorometer, the pre-
viously discussed red emission of the clusters (Fig. 4, gray dashed
line) disappears right after the addition of Na,S and no emission
is detected during the growth of the CIS@CIT-GSH core. Zn**
injection determines: (i) the appearance of an emission band
peaked at 650 nm and (ii) an increase in emission intensity,
suggesting that Zn>" not only diffuses in the nanocrystalline core,
but also forms an external ZnS protecting layer, increasing the
PLQY of the resulting quantum dot. Altogether, both spectro-
scopic and structural analyses suggest that the synthetic condi-
tions employed in this work promote an initial rapid cation
exchange (Cu" for Zn*"), followed by the growth of a ZnS shell.
The resulting structure is likely an alloyed core-shell system,
characterized not by a distinct core-shell boundary but by a

2.0
—— Before Na,S injection
Core 0 min
—— Core 40 min
1.5 Zn?* injection 0 min

—— Zn?* injection 45 min

< 1.0

0.54

0.0+
300
Al nm
Fig. 4 Absorption (solid lines) and emission spectra (dotted lines)

acquired during the air-equilibrated synthesis of CIZS@CIT-GSH in water
at 70 °C. The red and blue arrows indicate the trend of the spectra
recorded before and after Zn®* injection, respectively. Spectra are
acquired for 1 minute and the concentration of the precursors is reduced
to one-fourth of that used during synthesis to remain within the spectro-
photometer detection limit.

This journal is © The Royal Society of Chemistry 2026
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graded interface with mixed composition. This interpretation is
in agreement with a reported investigation on the CulnS,/ZnS
system,*® which shows that low temperatures (<150 °C) favor
cation substitution and alloying in heating-up synthesis in
organic solvents.

The other CIZS@L1-L2 show similar results, confirming
that in all cases QD growth is extremely fast due to the high
reactivity of Na,S and that all ligands result in an alloyed core—
shell structure (Fig. S19-S23). For some of the batches a weak
emission is observed also for the CIS@L1-L2 core (Fig. S19-
$23) and Zn”" injection causes a blue-shift and an increase in
the emission intensity.

Stability of CIZS@L1-L2

The different ligands employed in the synthesis confer different
stabilities to CIZS quantum dots in aqueous solution, as
demonstrated by the time-evolution of PLQY (Fig. 5). The soft
ligand has the strongest effect. MAA and GSH are the best soft
ligands, ensuring high PLQY and full retention of the photo-
physical properties for several weeks. In addition to that, both
these ligands allow the storage of quantum dots as a powder
(after precipitation and drying) with no significant change in the
photophysical properties once the QDs are re-dispersed in water:
this is very convenient for practical uses. On the other hand, when
CYS is employed, degradation of the QDs and concomitant
formation of a green-emitting species are observed (Fig. S26 and
S27) within 2-5 days. The luminescent byproduct shows a broad
and featureless absorption spectrum, together with an excitation-
dependent emission (Fig. S30). This is likely due to the catalytic
oxidation of thiolated molecules promoted by Cu' ions, which
leads to the formation of luminescent carbon dots, already
reported in the literature.”” The process strips copper ions from
the QDs’ surface and eventually dissolves them. As a further proof
of this mechanism, TEM analysis on degraded samples shows
that, as opposed to fresh samples, copper and indium are no
longer co-localised, but they are present in different phases

25

°\O
- —m— CIZS-CITMAA
> . —m— CIZS-ASCMAA
(e]
i 10 u— CIZS-CITCYS
CIZS-ASCCYS
5 CIZS-CITGSH

u— CIZS-ASCGSH

0 2 4 6 8 10 12 14 16 18
Time / days

Fig. 5 PLQY stability of CIZS-L1-L2 in air-equilibrated water solution
over time.

This journal is © The Royal Society of Chemistry 2026
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identified as CuS and an indium- and oxygen-rich compound
(Fig. S31). The QD degradation liberates Cu" and In*" ions in
solution that react with oxygen (In**) and residual sulphur (Cu®) to
form the aforementioned phases.

Both CIZS@ASC-CYS and CIZS@CIT-CYS show the same
degradation mechanism, although ASC slightly slows down
the dissolution reaction.

Conclusions

This work demonstrates the critical role of the ligands in directing
the synthesis of CIZS quantum dots in water. We showed that
thiolated ligands are essential for achieving high PLQY in water
(~20%) and excellent colloidal stability, while non-thiolated
ligands result in poorly emissive and unstable nanocrystals.

Notably, ligand identity - and more specifically binding
strength — governs emission energy by controlling the metal
ion composition of the nanocrystals in terms of Cu:In:Zn
molar ratio. Furthermore, EDX mapping indicates that this
synthesis produces alloyed nanoparticles with a graded com-
position. Copper and indium are predominantly localized in
the central region of the nanoparticles, while zinc is distributed
more homogeneously throughout the entire volume.

In situ optical measurements demonstrate the formation of
emissive copper clusters prior to Na,S injection, suggesting
their involvement as precursors in the nucleation and growth of
CIZS nanocrystals - a mechanism that opens new avenues for
reaction pathway control. After the injection of the sulphur
precursor, the kinetic evolution of the absorption and emission
spectra shows a rapid growth of the quantum dot core. A blue-
shift of the lowest energy absorption band and a strong
increase of PLQY are observed after Zn*>* addition, suggesting
that the employed water-based route favours the generation of
alloyed core-shell architectures. Together, these insights pro-
vide a foundation for the rational design of green, water-based
synthetic strategies for high-performance quantum dots.

Experimental section

Materials

CuCl, (98%), InCl; (99%), Zn(AcO), (99%), Na,S (> 90%), NaOH
(98%), HNO; (65%), HCI (37%), r-glutathione reduced (GSH,
99%), L-cysteine (CYS, 99%), mercaptoacetic acid (MAA, 99%),
sodium citrate dihydrate (99%), sodium ascorbate (99%) and
thiourea (99%) were purchased from Sigma-Aldrich and used
with no additional purification. Water was deionized by reverse
osmometry with an Elga Purelab Classic purification system
(13 MQ cm). Acetone (ACS) was purchased by Sigma-Aldrich
and used with no further purification.

Synthesis of CIZS@L1-L2: the synthesis of the quantum dots
was performed in closed vessels heated with a heating plate
equipped with a thermocouple to control the temperature. The
following stock solutions were prepared: CuCl, 0.013M in
water, InCl; 0.25 M in ethanol, L1 (NaCIT or NaASC) 0.4 M in
water, Na,S 1 M in water and, for the second step of the

Nanoscale Horiz.
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synthesis (Fig. 1), a solution (named hereafter “shell solution”)
containing Zn(OAc), 0.04 M, SC(NH,), 0.03 M, and L2 (GSH,
CYS or MAA) 0.2 M in water. The pH of the latter solution is
adjusted to 6.5-7 by addition of a few drops of NaOH 1 M,
which also allows the complete dissolution of a cloudy white
precipitate that is initially formed. In a typical synthesis, 600 pL
of CuCl, (6 pmol, 1 eq.) stock solution is added to 10 mL of
deionized water, together with 80 pL of InCl; (20 pmol, 3 eq.)
stock solution. Subsequently, 200 pL of L1 (80 pumol, 13 eq.)
stock solution and 120 pumol (20 eq.) of L2 are added to the
solution. After that, 96 pL of Na,S (96 uM, 16 eq.) stock solution
is added to the solution and the reaction vessel is stirred in a
pre-heated bath at 95 °C for 40 minutes. Subsequently, 3 mL of
the shell solution is added under stirring and the reaction
mixture is stirred at 95 °C for an additional 45 minutes. The
nanocrystal growth is stopped upon cooling of the reaction
vessels in a cold-water bath. The batches are stored in bidis-
tilled water at room temperature.

Material characterisation

The elemental composition of CIZS@L1-L2 was determined via
an Agilent 4210 MP-AES atomic emission spectrometer. For this
purpose, the batches are precipitated once in acetone and then
redispersed in water. The pH of these solutions is adjusted to 3
to obtain full precipitation of CIZS@L1-L2. The dispersion is
centrifuged, and the precipitate is dissolved in 3 mL HNO; 7 M.
In 1-3 days, these solutions are completely transparent and
homogeneous, indicating full digestion of the nanocrystals.

Powder XRD measurements were performed on a Panalytical
X’Pert pro powder diffractometer equipped with a Cu X-Ray
tube (Ko radiation, 1.54184 A, 40 mA, 40 kv), with a Bragg-
Brentano configuration and X’celerator detector. For acquiring
the diffraction pattern of a sample, a suspension of CIZS@L1-
L2 in water is precipitated in acetone, centrifuged and the
resulting powder is dried overnight under a rotative pump. The
dried powder is then deposited on a zero-background silicon
sample holder and a continuous scan from 15° to 60 °C is
performed with an acquisition time of 15 minutes.

High angle annular dark field (HAADF)-STEM micrographs
were recorded via an FEI Tecnai F20T TEM equipped with a
200 kv Schottky emitter. The TEM was equipped with an
MSC794 Gatan CCD camera, a Fischione HAADF-STEM detec-
tor, and a double tilt sample holder. The samples were purified
once via precipitation in an antisolvent (acetone) to avoid
excessive amounts of free ligands in the sample. The purified
solutions were deposited by drop casting on an Au TEM grid
with a lacey ultrathin continuous carbon film. Water was
evaporated at 80 °C overnight on a hot plate. Evaluation of the
average diameter was performed by taking into account high
magnification images, analysing nanoparticles for each sample
from several images. In total, around 100 nanoparticles per
sample were evaluated, considering the ones with spherical
morphology, due to the presence of some aggregates. All fittings
were made using a Gaussian equation (3 parameters).

High resolution STEM (HRSTEM) HAADF images were
acquired on a probe-corrected Thermo Fisher Spectra 300 S/TEM
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operated at 300 kV. Compositional maps were obtained using a
Dual-X EDX detector configuration with a total acquisition solid
angle of 1.74 sr. The EDX signal was processed using Velox.

Photophysical characterisation

Photophysical measurements were performed in air-equilibrated
bidistilled water at room temperature, unless otherwise noted. The
batches were not purified before photophysical characterisation,
as precipitation in antisolvents (acetone or isopropanol) rendered
CIZS@CIT-CYS and CIZS@ASC-CYS indispersible in any solvent.
The addition of cysteine to the samples does not improve their
dispersibility. To obtain suitable concentrations, CIZS@L1-L2
samples were diluted 1:4 after synthesis. UV-visible absorption
spectra were recorded with a PerkinElmer /¢5, spectrophotometer,
using quartz cells with a 1.0 cm path length. Emission spectra were
obtained with an Edinburgh FS5 with a PMT980 and an InGaAs
detector for the visible and NIR spectral range, respectively.
Correction of the emission spectra for detector sensitivity in the
550-1000 nm spectral region was performed by a calibrated lamp.>®
PLQY were measured following the method of Demas and Crosby”°
(standard used: [Ru(bpy);]** in air equilibrated aqueous solution
& = 0.0407). PL lifetime measurements were performed by an
Edinburgh FLS920 spectrofluorometer equipped with a TCC900
card for data acquisition in time-correlated single photon counting
experiments (0.2 ns time resolution) with a LDH-P-C-405 pulsed
diode laser. For temperature-controlled experiments, the tempera-
ture of the cuvette was controlled via a Julabo F12 temperature
controller unit directly connected to the spectrofluorometer or
spectrophotometer cuvette holder. The estimated experimental
errors are: 2 nm on the band maxima, 15% on the molar absorp-
tion coefficient and luminescence lifetime, and 10% on the PLQY.
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attributed to any of the free ligands, as GSH and CIT do not exhibit
significant absorption at 4 > 250 nm (Fig. S15).
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