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Cu,ZnSnS, (CZTS) is a narrow band gap, non-toxic, and environmentally friendly semiconductor with
important properties for photovoltaic and electro-/photo-catalytic applications. In this study, we report
on the synthesis of CZTS nanoparticles (NPs) by a simple and promising hot-injection technique using
environmentally friendly, earth-abundant, and low-cost copper and zinc acetates in combination with tin
chloride and elemental sulphur. Oleylamine was used as solvent and capping agent. The influence of
injection temperatures on the crystalline size, morphology and crystal structure were studied. The
formation of detrimental phases has been investigated, as well as their removal by using an HCl
treatment during the purification step of the CZTS NPs synthesis process. Raman spectroscopy, X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) analyses were used to investigate the formation mechanism of
the CZTS NPs. The experimental results showed that the injection temperature influences the NPs
growth. Thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and infrared
spectroscopy (FTIR-ATR) analyses were used to confirm the removal of both organic traces and
detrimental phases. It was found that HCl treatment plays a key role in the successful removal of
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Introduction

The kesterite compound Cu,ZnSnS, (CZTS), which consists of
low-toxicity, cheap and earth-abundant elements, has been
developed as a promising candidate to replace the expensive
and/or toxic light absorber materials, namely CdTe and
Cu(In,Ga)Se,, commonly used in thin-film photovoltaic devices.
In addition to its earth-abundance and eco-compatibility, CZTS
exhibits p-type conductivity with a large absorption coefficient
(=10* em ") and a suitable direct band gap ranging between 1.4
and 1.6 eV, which makes it very attractive for solar energy
conversion devices."™ Additionally, it has been successfully
employed as photocatalyst, even though the research in this
field is still in its infancy.> This provides a solid incentive to
continue developing and optimizing CZTS-based technologies

“Department of Materials Science and Solar Energy Research Center (MIB-SOLAR),
University of Milano-Bicocca, Via Cozzi 55, 1-20125, Milan, Italy. E-mail: giorgio.
tseberlidis@unimib.it; aminhasan. husien@unimib.it

*New Energies, Renewable Energies and Materials Science Research Center Istituto
Donegani, Eni S.p.A., via Fauser 4, I-28100, Novara, Italy

“SPECIFIC IKC, Faculty of Science and Engineering, Swansea University, Fabian Way,
Swansea, SA1 8EN, UK

T Electronic  supplementary  information
https://doi.org/10.1039/d4na00843j

(ESI) available. See DOI:

250 | Nanoscale Adv, 2025, 7, 250-260

impurities without altering the final crystalline composition profile or NPs surface.

and designing production processes compatible with industrial
scale-up and mass production.

Hitherto, CZTS thin films have been grown by several tech-
niques, including vacuum-based techniques like radio-
frequency (RF) magnetron' and direct current (DC) sputter-
ing,"** pulsed laser deposition” and thermal evaporation;**
non-vacuum methods such as hydrazine-based,"*'® sol-
gel,">'7? spray pyrolysis* and nanoparticle-based methods.***
Among them, procedures for producing CZTS thin films start-
ing from CZTS nanoparticles (NPs) have emerged as a prom-
ising approach because of its cost-effectiveness, scalability, and
simplicity, since they eliminate the need for expensive vacuum
instruments and lead to materials of good quality.> Notably,
these methods enable precise control of the precursor compo-
sition without needing high-temperature annealing and
requiring a low amount of precursors, overall contributing to
the reduction of the production costs. Furthermore, this
approach can provide homogeneous thin films and nano-
crystals with specifically tuned energy band gap and optoelec-
trical properties.*® Besides, nanocrystal inks produced using
NPs-based methods have several advantages; the inks are
chemically adaptable, their viscosity is easily manageable, and
they can be employed in a variety of application techniques,
such as roll-to-roll coating, inkjet-printing, dip-coating, and
spray coating onto a variety of substrates under ambient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions.*** A technique commonly used for the synthesis of
NPs is the hot injection method, in the field of colloidal nano-
crystal synthesis,***® that involves the rapid injection of
a precursor solution into a second hot one under controlled
conditions. This method enables a good control of the NPs
nucleation and growth as well as the kinetics to obtain mono-
disperse NPs with a high yield.*”*® Nevertheless, according to
the phase diagram of CZTS, a high quality CZTS without
impurities is challenging to achieve due to the very narrow
phase stability range, which is usually matched with the
formation of numerous defects and secondary phases such as
Cu,S, and ZnS. For example, ZnS is an insulator with a wide
band gap of 3.5-3.6 eV: its presence leads to a reduction in the
active area for the charge carrier generation and hinders the
collection of electron-hole pairs, significantly affecting the
overall performance of CZTS solar cells.*® Moreover, CZTS can
be arranged in several crystal structures, namely kesterite,
wurtzite or stannite. Kesterite (space group I4) and stannite
(space group I42m) are the most observed CZTS crystal struc-
tures. Their main difference depends on the stacking arrange-
ment of the copper/zinc sublattice.* For instance, the cation
and anion layers alternate as CuCu/SS/ZnSn/SS in the stannite
structure, while in the kesterite structure, the cation and anion
layers turn as CuZn/SS/CuSn/SS.>** Various studies proved that
the kesterite CZTS phase is more thermodynamically stable, so
it is the most reliable candidate for technological applications
compared to the stannite or wurtzite phase. However, synthe-
sizing NPs in the pure kesterite phase is challenging, and so far,
the use of the hot injection method has not solved the coexis-
tence of kesterite and stannite with other secondary pha-
ses,*”*»* leading to a reduced utilization of CZTS NPs for
photovoltaic applications. Researchers have employed specific
wet chemical etching techniques to remove and minimize some
secondary phases from the surface of CZTS and CZTSe thin
films. For instance, Buffiére et al. proposed a solution of KCN
and KOH to remove Cu,SnSe, and other secondary phases (e.g.,
SnSe, SnO, and ZnSe) from the polycrystalline CZTSe surface.**
The use of KCN-etching to remove undesired phases from the
polycrystalline CZTSe surface has shown promising results but
its application is limited by safety regulations due to the highly
toxic KCN.**¢ Moreover, studies by Mousel et al.*’” and Fair-
brother et al.*®* have independently demonstrated that HCI is
able to selectively remove ZnS/Se phases from the surface of
CZTSe thin films. However, while the formation of secondary
phases in CZTS nanostructure and thin films has been
described in several publications,”®*** the application of
chemical treatment to remove these secondary phases from
CZTS NPs has not been investigated yet. Therefore, it is neces-
sary to investigate methods to reduce or eliminate secondary
phases to produce high-quality and pure CZTS nanocrystalline
materials.

In this context, this work describes a novel, fast, straight-
forward alternative purification procedure to be applied to the
as-synthesized CZTS NPs, without changing or altering the final
composition profile and surface. With this aim, CZTS NPs were
obtained by hot-injection method, using non-toxic metal

precursors (Cu(CH3CO00),-H,0, SnCl,-2H,0, and
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Zn(CH3C00),-2H,0) and elemental sulphur in oleylamine
(OLA) as a solvent and capping agent. Two solutions have been
prepared in OLA (one containing the metal precursors and the
second containing sulfur) and degassed in vacuum/N, Schlenk-
line. Different injection temperatures have been tested to find
the best reaction conditions leading to crystalline CZTS NPs.
Then, a purification process was developed based on solvent/
antisolvent washing and subsequently on the usage of hydro-
chloric acid (HCl) to selectively remove the secondary phases,
particularly the ZnS phase. We demonstrated that these impu-
rities can be efficiently solubilized in HCI solutions, with
potential benefits in terms of quality and performances in
photovoltaics and beyond (e.g. electro-/photo-catalysis). This
fast and straightforward protocol is promising for large-scale
production and ensures pure crystalline quality, thus opens
up exciting possibilities for CZTS NPs employment in many
fields of applications.

Results and discussion
Structural characterization

In our synthesis, the precursor solutions were formulated in Cu-
poor and Zn-rich environments to create the defects necessary
to maximize its p-type semiconductor nature. This Cu-poor and
Zn-rich approach has been previously reported to be beneficial
for the p-type semiconductor behaviour and to reduce the
formation of secondary phases.***°

To gain a deeper understanding of the formation of the as-
synthesized CZTS NPs, we investigated different injection
temperatures ranging from 210 to 270 °C. The XRD patterns of
the CZTS NPs synthesized at these different injection temper-
atures are presented in Fig. 1. The kesterite phase of CZTS NPs
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Fig. 1 XRD patterns of CZTS NPs obtained at different injection
temperatures ranging from 210 °C to 270 °C, with reaction time kept
constant at 30 minutes. The asterisk denotes the presence of SnS
traces and “Cs” indicates the crystalline size.
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was observed generally across all injection temperatures, with
the intensity of diffraction peaks becoming sharper as the
injection temperature increased.

At low injection temperatures (below 235 °C), the synthe-
sized CZTS NPs exhibit a broader peak around 26 = 28.5°,
indicating the presence of fine crystallites or a contribution of
multiple peaks. On the other hand, at injection temperatures
exceeding 235 °C, the XRD patterns displayed diffraction peaks
at 20 = 28.5°, 33°, 47.4° and 56.2°, corresponding to planes
(112), (200), (220) and (312) of the kesterite CZTS (DB card
number 00-260575), respectively. This observation is in good
agreement with previous reports on CZTS NPs with kesterite
structure.>*3%°1%2

For the samples synthesized at intermediate temperatures
(between 235 and 260 °C), additional diffraction peaks were
detected at 26 = 27.25°, 30.82°, and 48.24°, which correspond to
the (100), (101), and (110) planes of wurtzite (DB 00-005-0492).%
The presence of these peaks may suggest the coexistence of
wurtzite and kesterite structures.*” Notably, as the injection
temperatures exceeded 260 °C, no peaks due to wurtzite were
observed, suggesting the formation of a pure kesterite CZTS
phase (Fig. 1).>*** From the XRD patterns, the average crystallite
size was calculated from the Scherrer's equation:**

kA
- B cos 0 (1)

where D is the average particle size, § is the full width at half
maximum (FWHM) of the diffraction peaks, A is X-ray wave-
length, where k is the morphological parameter or shape factor,
which is 0.9 for spherical particles, and 6 is Bragg diffraction
angle. The average crystalline sizes (Cs) and the full width at
half maximum (FWHM) shown in Fig. 1 and 2, are estimated
based on the main peak of (112) planes for all samples
synthesized at various injection temperatures.

The FWHM of the (112) peak was shown to decrease by
increasing the injection temperature. Meanwhile, the Cs,
determined using the Scherrer equation (eqn (1)), increased
from 4 nm at 210 °C to 16 nm at 270 °C, indicating a growth in
particle size, as shown in Fig. 1 and 2. This trend is consistent
with the previous findings in literature.”*** Therefore, this
indicates that, to achieve the desired pure kesterite phase, the
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Fig. 2 FWHM and crystallite size calculated from the (112) planes of
the XRD patterns with respect to different injection temperatures.
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hot injection should be performed at 270 °C. This temperature
triggers nucleation and growth of NPs with controlled size.

Secondary phases were not detected in the XRD analysis for
the reactions occurred below 235 °C due to the presence of
broad peaks. However, in the sample synthesized at 240 °C,
a weak diffraction peak located at 26 = 31° (marked by an
asterisk in Fig. 1) was observed, and can be ascribed to SnS
traces."

It is important to note that the purity of CZTS NPs cannot be
determined by XRD analysis alone because some secondary
phases, such as ZnS, Cu,_,S and Cu,SnS;, have similar XRD
patterns to the CZTS phase.

Therefore, Raman spectroscopy was employed as a comple-
mentary analysis to XRD with the aim to identify the presence of
other secondary phases.

Fig. 3 shows the Raman spectra of the synthesized CZTS NPs,
as a function of the injection temperature. For the CZTS NPs
synthesized at lower temperatures (210 °C and 225 °C), the most
intense Raman vibrational mode (A) is observed at about
333 cm ™ '. A second peak appears as a broad shoulder at around
290 cm . The broadness of the Raman peaks could be ascribed
to the NPs size, the presence of a surface capping agent (OLA),
and the stresses and strains within the NPs.>>>¢

The vibrational mode at 290 cm™" likely corresponds to the
mixture of kesterite (vibrational mode A: 285-290 cm ') and
stannite (vibrational mode B - 292 cm™ '), as noted in previous
studies.”*® Additionally, a very small peak is seen at around
475 cm ™! for low injection temperatures, which may be asso-
ciated to Cu,_,S. As the injection temperature increases (from
235 to 270 °C), the Cu,_,S (475 cm™ ") peak disappears, and the
weak Raman mode at 287 cm ', along with other Raman
vibrational modes at 290, 337, and 365 cm ™!, become visible,
confirming the formation of the kesterite CZTS phase.*® The
formation of other secondary phases, including Zn$ (352 cm ™)
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Fig. 3 Raman spectra of CZTS NPs (powders) synthesized at a fixed
reaction time of 30 minutes for various injection temperatures ranging
from 210 °C to 270 °C using hot-injection methods.
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Fig. 4 Raman spectra of CZTS NPs (powders) synthesized at a fixed
reaction time of 30 minutes; (a) and (b) indicates the convolution of
CZTS nanoparticle (powder) synthesized at 225 °C and 240 °C,
respectively. The colour represents the deconvolution of the main
Raman vibrational mode for the CZTS NP materials. For example, the
green region centred around 333.9 cm™! in (a) represents the most
important and intense Raman characteristic peak that dominates the
vibrational modes, while this peak is shifted toward 338 cm~?, which is
indicated by the blue colour in (b), and so on.

and Cu,SnS; (355-356 cm™ ') was not detected from the Raman
spectral analysis.*®*°

Peak fitting was performed for the samples synthesized at
225 °C and 240 °C, as shown in Fig. 4a and b, respectively, to
verify the presence of by-products alongside with the formation
of the CZTS phase. Several deconvoluted peaks associated to
CZTS were observed in the sample injected at 240 °C (Fig. 4b),
confirming the phase can be assigned to kesterite.*®

The FWHM of the main Raman peak decreased with
increasing injection temperature in agreement with XRD data,
indicating that the crystallinity of the as-synthesized CZTS NPs
improves by increasing temperatures, as shown in Fig. 3.

Both XRD and Raman spectra results have confirmed that
the injection temperatures above 240 °C give narrower size
distributions and higher crystallinity of CZTS materials when
compared to those obtained at lower temperatures.®>* In fact,
from a kinetics viewpoint, the ions have a greater reactivity at
high temperatures, so facilitating the nucleation and the growth
of the NPs.>

Morphological and compositional characterization

The characterization of the crystal structure, chemical compo-
sition, and size distribution was carried out by SEM-EDX and
TEM, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The SEM images of the CZTS NPs (powder) prepared at
different injection temperatures (210 °C to 270 °C) for 30
minutes are shown in Fig. S1 (see ESI).T The NPs synthesized at
the temperatures of 210 °C and 225 °C exhibit irregular granular
shapes, and they seem to be packed in clusters, as it can be seen
in Fig. S1la and b.f On the other hand, the morphology of the
NPs synthesized at injection temperatures of 235 °C, 240 °C and
260 °C show a quasi-spherical morphology with a slight increase
in size by increasing the injection temperature.® However, at an
elevated injection temperature of 270 °C, NPs exhibited
a uniform spherical morphology with good homogeneity
throughout their growth.

The SEM-EDX analysis of CZTS NPs synthesized at different
injection temperatures is shown in Fig. 5a. It is worth noting
that, during the quantitative elemental analysis, we exclusively
focused on the results obtained from SEM-EDX, since the
samples used in the TEM analysis were prepared on a copper
grid, which introduces an error on the Cu atomic percentage
composition during TEM-EDX analysis. Fig. 5a shows the
elements' atomic percentages, which should be 2:1:1:4, ie.
Cu = 25%, Zn and Sn are 12.5%, and S = 50%. The average
chemical compositions of Cu/(Zn + Sn) and Zn/Sn in the CZTS
NPs obtained at different injection temperatures are summa-
rized in Table 1.

Even though the CZTS NPs were prepared in the copper-poor
and zinc-rich condition, we can easily observe that the quanti-
tative elemental analysis of Cu, Zn, Sn and S at an injection
temperature of 210 °C, 225 °C, and 270 °C shows a composition
that slightly deviates from an ideal stoichiometric value (Fig. 5a).
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Fig. 5 (a) SEM-EDX analysis, (b) average dimension of the as-
synthesized CZTS NPs from TEM images.
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Table 1 Elemental ratio of as-synthesized CZTS NPs at different
injection temperatures from SEM-EDX measurements

Chemical composition ratios

Injection

temperatures (°C) Cu/Zn/Sn/S Cu/(Zn + Sn) Zn/Sn
210 CU, 170, 55N 638 0.96 1.25
225 CU,.5Zn;5N; 5S40 1.07 0.82
235 Cu, gZny 1SN;S5.5 0.87 1.08
240 Cuy 6Zn4 1SN 1544 0.92 1.10
260 CU, 1710, 1SN 1S4 10 0.96 1.16
270 Cuy ¢Z1N4 1501 653,26 0.86 1.15

An excess of Cu and Zn has been found in NPs obtained at an
injection temperature of 210 °C, which describes a sulphur-poor
condition. Thus, at an injection temperature of 210 °C, a slight
increase in Cu and Zn can be observed in the NPs, while the S
content in the NPs decreases. Moving to the 225 °C injection
temperature, the Zn/Sn ratio decreases while the Cu/(Zn + Sn)
ratio increases, with a slight increase in the content of both Sn
and Zn. These compositional variations can lead to the forma-
tion of secondary phases, such as ZnS, Sn,S,, Cu,_xS, and
Cu,SnS;. The elemental ratios for CZTS NPs prepared at injection
temperatures of 240 °C and 260 °C closely match the desired
compositional values for CZTS absorbers used in solar cells,
suggesting the successful formation of near-stoichiometric CZTS
NPs within a temperature range between 240 and 260 °C. This is
consistent with previous literature reports.>>**¢¢

The morphologies of the so-obtained CZTS NPs synthesized
at different injection temperatures were characterised through
TEM, as shown in Fig. S2.} At injection temperatures of 210 °C,
the NPs demonstrate slightly irregular mixed morphology,
including a pseudo-spherical-like structure, triangular and
hexagonal-like. As the injection temperature increased to 225 °©
C, the mixed morphology is still detectable (Fig. S2b¥). With
a further increase of the injection temperature, no mixed
morphology was observed, and the NPs appeared to have
a quasi-regular spherical-like shape.

The high-resolution TEM image (HR-TEM) in Fig. S2,T along
with the corresponding Fast Fourier Transform (FFT, inset)
pattern, shows lattice fringes that confirm the good crystallinity
quality of the CZTS NPs. These lattice fringes are attributed to
the (112) planes of the kesterite CZTS NPs.®” Despite variations
in the injection temperatures, the observed lattice fringes sug-
gested that the interplanar spacing (d) remained quasi-identical
for all samples: 0.37 nm, 0.31 nm, 0.36 nm, 0.36 nm, 0.34 nm,
and 0.36 nm, respectively corresponding to injection tempera-
tures of 210 °C, 225 °C, 235 °C, 240 °C, 260 °C and 270 °C, (see
Fig. S2).

The average diameter of the as-synthesized CZTS NPs,
depicted in Fig. 5b, was determined by manually outlining the
edges of the NPs in TEM images. Using the software Image]J, the
particles’ area was evaluated and then converted to particle
dimensions. It was observed that the average size of the NPs
increased from 9 to 15 nm as a function of temperature
(Fig. 5b). This result strongly suggests that the size of the NPs
can be effectively controlled by varying the injection
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Fig. 6 SAED pattern of the CZTS NPs synthesised via hot-injection
method.

temperatures,® leading to a direct significant improvement in
their performance in various applications. For example, in
photovoltaics, smaller NPs can form more uniform and crack-
free films, which is essential for improved performance.®®* In
photocatalytic applications, the increased surface area from the
smaller particles boosts catalytic activity.®

Furthermore, confirmation of the good crystallinity of the
CZTS NPs is provided by the selected area electron diffraction
(SAED) pattern shown in Fig. 6, which corresponds to the
diffraction patterns of the (112), (200), (220), (312) and (332)
planes of kesterite CZTS. These results are consistent with the
XRD analysis shown in Fig. 1.

Additionally, the STEM elemental nanoscale mapping was
conducted to confirm the elemental distribution of the CZTS
NPs, as shown in Fig. S3(a-f).t The elemental maps confirmed
the homogeneous distribution of all four elements constituting
CZTS among the NPs.

Optical characterization

The optical absorption spectra of the as-synthesized CZTS NPs
were determined by UV-visible spectroscopy, and the band gap
(E¢) was calculated using the Kubelka-Munk function, as shown
in eqn (2):
(1-R.)> K
F(Rx) = “OR. s (2)
where R., = Rgample/R standard is the diffuse reflectance in the
zero-transmittance approximation (sample composed by an
infinite number of layers), while K and S are the absorption and
scattering coefficients respectively.” Meanwhile, the E, of the
thin film produced by using the CZTS NPs has been evaluated by
the Tauc plot.”* This plot helps identify the direct or indirect
nature of the E, and estimates the bandgap energy itself. By
extrapolating the linear portion of the plot to the x-axis the
bandgap energy can be evaluated.
CZTS is a direct band gap semiconductor material, optical E,
of the CZTS NPs is determined by the linear extrapolation of the
plot [F(R)hv]* versus the photon energy (hv) (Fig. 7a): the E,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction time of 30 minutes for various injection temperatures ranging
from 210 °C to 270 °C and (b) thin-film.

ranges between 1.51 €V and 1.54 eV. These variations in E, are
due to variation in the NPs dimension.”

Fig. 7b shows the optical E, of the CZTS thin film deposited
onto soda lime glass. The layer was produced using the CZTS
NPs synthesized at the optimized injection temperatures of
240 °C, as already previously described in the experimental
section. The E; has been evaluated to be 1.45 eV, in accordance
with the literature on the topic.>**>7%73

Effect of HCI treatment on Cu,ZnSnS, nanoparticles

To selectively remove secondary phases such as ZnS, and
Cu,SnS;, and other potential by-products, a further purification
step involving a properly diluted HCI wash treatment was per-
formed after the synthesis on the CZTS NPs obtained at an
optimized injection temperature of 240 °C. A detailed descrip-
tion is provided in the purification section. A proper dilution of
HCI has been done to effectively remove the detrimental
secondary phases without affecting the synthesised CZTS NPs.
The effect of HCI treatment on the compositional profile and
crystallinity of the nanostructure was investigated using XRD,
EDS and XPS both before and after the HCI washing treatment.
Fig. S47 shows the XRD pattern of the CZTS NPs synthesized at
240 °C before (black line) and after (red line) washing with HCI
solution (3.7% v/v at 40 °C for 10 minutes). The XRD pattern of
the untreated NPs shows clear diffraction peaks at 26 = 28.2°,
33°, 47.4° and 56.2°, corresponding to the (112), (200), (220),
and (312) planes of kesterite CZTS (DB card number 00-260575),
respectively, along with additional peaks ascribed to traces of
SnS,. In contrast, the XRD pattern for the HCl-treated NPs (red
line), shows characteristic peaks for the CZTS phase with no
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additional peaks, indicating the absence of impurities or
secondary phases. Additionally, the FWHM only slightly
decreased after HCI treatment, as shown in Table S1, demon-
strating that the HCl washing treatment, when conducted at the
proper optimised diluted conditions, selectively removes
unwanted by-products without impacting the crystallinity of the
CZTS NPs. However, no phases related to ZnS and Cu,SnS; were
detected, as their diffraction peaks are difficult to distinguish
from those of the CZTS phase. As an additional confirmation,
the compositional profile of CZTS NPs was investigated by EDS
analysis, as shown in Fig. S5.t

The EDS spectra before and after HCI treatment indicate
remarkable changes in elemental composition. The results
show the elemental composition of the NPs both untreated and
treated with HCI (shown in Fig. S5). The analysis revealed that
the Zn content decreased after HCI treatment, suggesting that
ZnS traces were effectively removed. As a consequence, the Cu
composition ratio is indirectly increased and the Zn/Sn ratio
decreased, likely due the decrease of the Zn concentration.
Additionally, treated NPs spectra show the presence of Cl peaks,
indicating residual chloride that can be removed by further
washing with DI water. Therefore, the HCI washing treatment
effectively removes unwanted ZnS, without impacting the crys-
tallinity or crystallite size of NPs and leading to a high purity of
the CZTS NPs phase.

X-ray photoelectron spectroscopy (XPS) was further
employed to investigate the effect of the HCl washing treatment
on other possible by-products. Fig. S61 shows the high resolu-
tion XPS spectra for Cu, Zn, Sn, S and Cl before and after the
acid treatment. The Cu 2p core-level spectrum, Fig. S6(a),f
shows the peaks related to Cu 2p;/, and Cu 2p,,, with a peak
separation of 19.8 eV and of 19.9 eV respectively before and after
the HCI treatment. In both cases, the peak separation value
indicates the presence of Cu'* in the NPs.” The binding ener-
gies of the peaks are reported in Table S2.7 Also, the spectrum
in Fig. S6(b),T related to Zn 2p, shows the typical peak separa-
tion of Zn in the oxidation state +2, of approximately 23.2 eV for
both the spectra before and after the acid treatment.” The
scenario gets more complex for the spectra before and after the
HCl washing related to Sn, Fig S6(c). In both cases it is possible
to observe a convolution of peaks where each doublet presents
a peak separation of about 8.4 eV, Table S2.7 However, both
before and after treatment, the pairs of peaks at higher energies
(487.3 eV and 495.8 eV pre-treatment; 487.3 and 495.7 post-
treatment) are related to Sn in +4 oxidation state,”” as ex-
pected for the CZTS NPs. While the doublets of peaks at lower
energies (486.2 eV and 494.5 eV pre-treatment; 486.3 eV and
494.7 eV post treatment) are due to Sn in +2 oxidation state,”
indicating the presence of some secondary phase, such as SnS
which could had not been detected through XRD due to their
probable amorphous nature. However, after the HCI treatment,
the area of Sn*" peaks increases while the area of Sn** peaks
decreases, indicating that with the acid washing some part of
the Sn**-containing by-products are removed. About S 2p, in the
spectra both before and post treatment, Fig. S6(d),} it is
possible to observe a doublet at low binding energies in the
range of 161.0-163.0 eV, which is coherent with the energy
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range expected for S in sulphide (about 161.0-164.0 eV).”* Here
the peak separation is 1.1 eV, as known for S>~ valence state.
However, the spectrum before the treatment also presents
a convolution of peaks around 166.9-170.0 eV, which disappear
after the HCI treatment. Sulphur peaks at these binding ener-
gies are related to sulphate phases”™ and their disappearance
indicates the removal of sulphur by-products with the acidic
treatment. These results are also confirmed by Table S3,f con-
taining the atomic percentage of S in sulphate phases and in
sulphide phases over the total amount of sulphur. The sulphate
amount drastically decreases with the acid treatment.
Fig. S6(e)t confirms the presence of Cl in the treated NPs
spectrum, however also in this case the residual chloride can be
removed by further washing the NPs powder with DI water.
Additionally, XPS also detected organic nitrogen peaks at 400.0
(amine) & 401.8 eV (quaternary amine) (Fig. S7b¥), which would
be consistent with the presence of a nitrogen containing
surfactant such as OLA. This nitrogen signal drops considerably
from 1.61 at% to 0.33 at% after the HCI treatment, with surface
carbon also reducing on the HCI treatment (Table S37).

To investigate possible effects of the HCl washing treatment
on the band structure of the CZTS NPs, Ultraviolet photoelec-
tron spectroscopy (UPS) was employed. Notably, with this
technique it is possible to extrapolate the work function (WF),
the valence band (VB) and the ionizing potential (IP) of the CZTS
NPs.””’® The obtained values are reported in Table S4.f and
remain stable after the HCI treatment.

Infrared spectroscopy (FT-IR) analysis

As detailed in the upcoming experimental section, CZTS NPs
were prepared using the hot-injection method with OLA
(C1sH35NH,) as a solvent and a capping agent. It is worth
mentioning that OLA is one of the most widely used surfactants
in the colloidal synthesis of nanostructures.” It is used to
control the growth of NPs in the desired shape and size and to
prevent the NPs aggregation through steric stabilization thanks
to the presence of the bulky organic chain ligands.**7*®
However, these long-chain organic ligands might be chal-
lenging to be removed entirely from the NPs surface. These
organic residues can limit their functionality in optoelectronics,
photocatalysis, and photovoltaics since they hinder the elec-
trical conductivity or photocatalytic properties.** Several
methods have been developed to avoid these problems, such as
the ligand-exchange approaches, in which a new ligand with
a short organic chain replaces the original clunky ligand.***
Although the ligand-exchange approach is a powerful method
for modifying the surface and properties of NPs, retaining the
original size and shape is challenging.®* Therefore, finding an
alternative path that allows the OLA residues removal and
leaves the CZTS NPs unchanged is urgent.

The here proposed chemical treatment with HCI solutions
has proved to be decisive: it was beneficial not only to remove
the possible by-products formed during the CZTS NPs growth
but also to remove additional organic ligands from the NPs
surface without changing their original shape and size.
Remarkably, the presence of OLA on the surface of the CZTS
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Fig. 8 FTIR-ATR spectrum of pure OLA spectrum and CZTS NPs at
240 °C for 30 minutes: before washing with HCl (red spectrum) and
after washing with HCl (blue and green spectrum).

NPs disappeared through washing with HCI treatment, which is
consistent with XPS results (Table S37).

The purity (the absence of these capping ligands) of the CZTS
NPs (powder) was assessed by ATR-FTIR spectroscopy.

Fig. 8 shows the ATR-FTIR spectra of pure OLA (black spec-
trum) and untreated and HCl-treated CZTS NPs. FTIR spectrum
of untreated CZTS NPs clearly confirms the presence of OLA on
CZTS surface: in fact, the spectrum shows the characteristic
bending vibration mode of C-N (4¢_x) group of at ~1071 ecm ™,
the bending vibration related to N-H groups (dy_y) at 1590 cm ™
and the stretching vibration of C=C groups (vc—c) at
1647 cm™'.”° Besides, the asymmetric stretching (v,,) and the
symmetric stretching (vg) vibrations of the C-H bonds in the
CH, groups, located at 2922 and 2854 cm ™" respectively for pure
OLA, were observed to shift to lower wavenumbers. This is due
to the limitation of C-H motions due to the coordination on the
NPs surface.®®” On the other hand, in the CZTS NPs treated
with HCI, the characteristic vibrational mode assigned to OLA
gradually disappears, as shown in Fig. 8. Interestingly, after
a second wash with HCI treatment, OLA carbon foot print is no
longer observed, providing evidence that HCI treatments
successfully remove the residual organic ligand from the NPs
surfaces.

Thermogravimetric analysis

Fig. 9 shows the TGA of CZTS NPs synthesized at 240 °C (30
minutes). TGA was performed by heating the CZTS NPs from 30
to 550 °C, because the process temperatures to produce the
CZTS materials does not normally exceed 550 °C. The weight
loss profile as a function of temperature for the CZTS NPs,
untreated and HCl-treated, is shown in Fig. 9. Below 100 °C, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 TGA spectrum of CZTS NPs synthesized at 240 °C for 30
minutes: before washing with HCl (black spectrum) and after washing
with HCL (red).

TGA curve shows a weight loss of about 10% for the untreated
CZTS NPs, which is attributed to moisture loss, and/or residual
solvents from purification steps. It is noteworthy that, in the
range 100-550 °C, a weight loss of about 22% was observed for
the untreated CZTS NPs and this can be mainly attributed to the
removal of residual organic traces, specifically to the removal of
OLA capped onto the surface of the CZTS NPs. On the other
hand, HCl-treated CZTS NPs, showed a modest weight loss of
about 6.5% over the entire temperature, thus confirming the
almost complete removal of residual OLA from CZTS NPs.

Furthermore, the TGA measurement can provide valuable
information about the weight loss behaviour of CZTS NPs,
including some secondary phases within the temperature range
between 300 and 450 °C, comprising ZnS, SnS,, Cu,SnS;, and
Cu,_,S, which can undergo significant decomposition in this
regime.®* Therefore, the highest mass loss indicated in the
untreated CZTS NPs may be not univocally associated to the
thermal decomposition of bulky hydrocarbon chain molecules,
but it might also be due to a weight loss related to the decom-
position of some detrimental phases.?* These mass losses are
negligible in the HCl-treated NPs (see Fig. 9, red spectrum).
These results underline the multifaceted utilisation of HCI
treatment as an effective strategy for the removal of both
organic residues and detrimental phases without compro-
mising the original size and shape of the NPs. These findings
could facilitate the application of CZTS NPs in optoelectronics
and photocatalysis.

Conclusion

In this study, CZTS NPs were successfully synthesized by
utilizing the hot injection method with OLA as both solvent and
capping agent. The study of various injection temperatures,
while maintaining a fixed reaction time of 30 minutes, showed
a significant impact on the crystal growth of CZTS NPs. We
found that an injection temperature lower than 235 °C resulted
in the formation of secondary phases, as confirmed by Raman
and XRD analysis. Conversely, injection temperatures higher
than 240 °C led to high-quality NPs. The EDX analysis
confirmed that the injection temperatures required to achieve
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the desired chemical composition of the CZTS NPs range
between 240 and 270 °C. Additionally, we demonstrated
a successful strategy employing HCl washing treatment to
remove secondary phases and the organic traces. This treat-
ment facilitated the growth of the predominantly pure CZTS
phase. In general, the findings reported herein contribute to
understand and control the CZTS NPs synthesis and purifica-
tion processes, paving the way for their applications in photo-
voltaics, photocatalysis and beyond.

Experimental
Chemical reagents

All chemical reagents used in this work were purchased from
Sigma Aldrich Corporation (St. Louis, MO, USA) and used
without any further purification: copper(u) acetate monohydrate
(Cu(CH3C00),-H,0, >99%), zinc(u) acetate dihydrate (Zn(CH;-
C00),-2H,0, 99.99%), sulphur powder (>99.5%), tin(u) chlo-
ride dihydrate (SnCl,-2H,0, >98%), oleylamine (OLA, 98%),
hydrochloric acid (HCl, 37%), toluene (99.8%), p-xylene
(>99.7%), and ethanol (C,H¢O, >99%). Deionized (DI) water was
produced by a Milli-Q Essential.

Synthesis of Cu,ZnSnS, nanoparticles

In this study, CZTS NPs were synthesized using an optimized
hot injection technique based on the method described else-
where with slight modifications.®>** Two solutions were
prepared for the synthesis process: (i) a first solution (SOL-A)
containing all metal precursors, by dissolving in a three-neck
flask, Cu(CH3COO),-H,O (3.68 mmol), SnCl,-2H,0 (1.85
mmol), and Zn(CH;COO),-2H,0 (2.0 mmol) in OLA (20.0 mL)
in this order; (ii) a second solution (SOL-B) containing
elemental sulphur powder (8.03 mmol) in OLA (10.0 mL). Both
mixtures were connected to a vacuum/N, Schlenk line and
vacuumed separately. SOL-B was degassed for 1 h at 60 °C under
constant stirring. At the same time, SOL-A was subjected to
a four-step temperature process, as shown in Fig. 10a. First,

&
@

b) vacuum e N flow

<o —sWater out
250

Temperature (°C)

0 20 40 60 8 100 120
Reaction Time (min)

Fig. 10 (a) Schematic depiction of the thermal profile steps to control
the synthesis of CZTS NPs; (b) synthesis set up; (c) colour evolution of
the typical reaction: the colour of the solution initially appears deep
blue (cl), then progresses to green (c2), and subsequently to yellow
(c3), and after the sulphur injection turns quickly to dark (c4) and finally
removed from heating mantle and cooled at room temperature (c5).
These colour evolutions are related to the CZTS NPs formations and
growth.
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SOL-A was degassed at 100 °C under a vigorous stirring for 30
minutes to remove the dissolved oxygen and unwanted mois-
ture (step 1). The flask was then filled with N, atmosphere as
depicted in Fig. 10b, the temperature was raised to 150 °C, and
the mixture was kept at this temperature for 30 minutes (step 2).
Later, the temperature was increased to 190 °C and held for 10
minutes (step 3) while the mixture colour quickly turned from
a bluish to yellowish (as shown in Fig. 10c). After this stage, the
temperature was continuously raised to the desired injection
temperature (in the range 210-270 °C, as explained in the
Results and Discussion), and finally SOL-B was rapidly injected
into the SOL-A flask. After the injection, the reaction mixture
immediately changed the colour from pale yellow to dark brown
(step 4), as shown in Fig. 10c. Subsequently, the system was left
to react at the injection temperature for 30 minutes (step 4). The
flask was finally removed from the heating mantle and cooled
naturally to room temperature in an inert atmosphere.

Purification of Cu,ZnSnS, nanoparticles

The aim of the purification step is to selectively remove the by-
products (secondary phases) and the excess of organic ligand
residues from the surface of the NPs. These organic residues
can significantly influence the structural and optical properties
during characterization. The purification procedure for the
freshly synthesized NPs-OLA solution is as follows: first, the
obtained NPs-OLA product was washed with a mixture of chlo-
roform and ethanol (in a ratio of 1/5 v/v) and then centrifuged at
8000 rpm for 2 minutes. The orange supernatant (sulphur/OLA
solution) was removed, while the dark precipitate (from now on
“untreated NPs”) was dispersed in a 3.7% v/v HCI solution in
water and then magnetically stirred at 40 °C for 10 minutes.
Subsequently, the NPs were isolated again by centrifugation.
The last two steps were repeated twice to ensure thorough
purification. The so-obtained dark precipitate was then washed
several times with DI water to remove HCI residues. Finally, the
resulting black coloured NPs were collected by centrifugation
(from now on “treated NPs”). Both (untreated and treated with
HCI) NPs underwent the following final steps: half of each
production batch was dried under vacuum and stored under N,
atmosphere to preserve the NPs properties for further charac-
terization. The other half was dispersed in p-xylene to produce
inks with concentrations of 200 mg mL *. The so-obtained
suspension underwent sonication to achieve a uniform and
homogeneous ink which was used to deposit thin films of CZTS
NPs onto soda-lime glass substrate by spin-coating at 4000 rpm
for 30 seconds, followed by annealing at 100 °C for 10 minutes
on a hot-plate in ambient air to remove the solvent. The puri-
fication details are summarized in the Fig. S8 (please see ESI).}

CZTS NPs powder and film characterization

The material's structure was investigated by X-ray diffraction
(XRD) using a Rigaku Miniflex 600 device (FF tube 40 kV, 15 mA,
using CuKo. radiations at A = 1.5405 A) and Raman spectroscopy
(RS), by the Jasco Ventuno p-Raman instrument at a wavelength
of 632.8 nm, power density 6 kW cm 2. Scanning electron
microscopy-energy dispersive X-ray analysis (SEM-EDX) was
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performed using the Tescan VEGA TS5136XM. Absorbance
spectra measurements were achieved using the Jasco V-570 UV-
Visible spectrophotometer. Transmission electron microscopy
(TEM) investigations were carried out on a JEOL JEM-2100PLUS
with an emission voltage of 200 kV. Samples were prepared by
dropping a diluted solution of 0.05 mg mL™" on a Cu grid.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a Kratos Axis Supra with a monochromated Al Ka source
at 225 W (15 kv, 20 mA). Charge calibration was to the C-C peak
at 284.8 eV and charge neutralization was not required. High
resolution spectra at 40 eV pass energy, 1 s dwell time, and
typically 5 sweeps, were collected for all elements based on
a survey scan at 160 eV pass energy. Ultraviolet photoelectron
spectroscopy (UPS) was carried out on the Kratos Axis Supra
using the He(i) line and the electrons collected at a 10 eV pass
energy, with the 55 pm aperture to protect the detector. XPS &
UPS data were analysed in CasaXPS 2.3.24PR1.0 using the Kra-
tos relative sensitivity factors. The valence band maximum and
secondary electron cutoff (work function) in UPS were modelled
using the “Step Down” and “Step Up” region options to ascer-
tain the intercept with the x-axis. Infrared spectroscopy (FT-IR)
measurements were carried out using a JASCO FTIR-4100 with
an attenuated total reflectance (ATR) accessory (ZnSe crystal) in
the region from 600 to 4000 cm ™" with a resolution of 1 cm™ " in
air. Thermogravimetric Analysis (TGA) were performed by
means of a Mettler Toledo TGA/DSC1 STARe system (30-550 °C
temperature range, 10 °C min~ " heating rate, constant nitrogen
flow of 50 mLmin %).
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