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Metal halides (MHs), specifically CsPbXs (where X = Cl and Br), have garnered significant research interest
due to excellent optoelectronic properties. However, most of these metal halides exhibit no red emission
in the visible region. In this study, Cs,ZnCly powders in the presence of hydrochloric acid were
synthesized through mechanical milling. X-ray diffraction (XRD) analyses revealed no detectable
diffraction signals before or after acid treatment, suggesting a uniform crystal structure. The initial Cs;,-
ZnCly powders displayed intrinsic blue emission centered at 486 nm, with a Photoluminescence
Quantum Yield (PLQY) of approximately 5.07%. In contrast, the hydrochloric acid-treated Cs,ZnCly
powder exhibited bright red emission centered at 645 nm, with a PLQY of about 12.78%. The broad
emission, characterized by a full width at half maximum (FWHM) of 135 nm, was attributed to self-
trapped exciton (STE) emission. X-ray photoelectron spectroscopy (XPS) analysis of Cs,ZnCl, before and
after acid treatment suggests that hydrochloric acid introduction may have induced distortions or defects
in the coordination environment of Zn®* ions. This provides a valuable route for further investigation into
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Introduction

As emerging semiconductor materials, metal halides not only
have excellent light absorption, tunable bandgaps and long
carrier lifetimes, but also exhibit rich photovoltaic properties
due to their structural diversity and tunability, which have
attracted great attention in the fields of solar cells,
photodetectors, light-emitting diodes (LEDs) and lasers."™®
Pb-based metal halide perovskites, such as CsPbX; (X = Cl,
Br, and I) nanocrystals, are more advantageous in terms of
luminescence performance than conventional quantum dot
materials  because they exhibit high fluorescence
monochromaticity (FWHM less than 20 nm) and a high
PLQY.™ In addition, the PLQY of Pb-based perovskite
materials can be significantly enhanced by optimizing the
synthesis  conditions, metal-ion doping or surface
passivation.’>#

In contrast to the narrow-band emission exhibited by free
excitons in lead-based perovskites, low-dimensional metal
halides typically produce broadband emission resulting from
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the optical properties of other metal halides.

self-trapped domain excitons (STEs), a characteristic
attributed to their soft lattice properties. This phenomenon
has generated significant interest in these luminescent
materials, which offer promising applications.'*>* Notably,
lead-free zero-dimensional (0D) metal halides, with their
isolated polyhedral structures, facilitate multi-exciton
emission, leading to robust electron-phonon interactions
and photoluminescence efficiencies of nearly 100%.>**® For
instance, copper halides exhibiting emission within the range
of 400-560 nm have been reported extensively. Silver-based
halides demonstrate photoluminescence across the entire
visible spectrum. Recently, fully inorganic Zn-based metal
halides, such as Cs,ZnCl, and Cs;ZnCls ternary halide
crystals, have been synthesized and reported to exhibit
excellent X-ray detectivity.”**' Moreover, Cr**-doped Cs,ZnCl,
microcrystals have achieved near-infrared (NIR) emission,
opening new avenues for NIR blood vessel visualization.*”
Additionally, the blue light emission of Cs,ZnCl, powder has
been enhanced by doping with ions such as Cu**, Bi*", zr'",
Sb**, Mn>" or Te", which significantly increased the
PLQY.*° Nevertheless, few metal halides, particularly zinc-
based halides, exhibit red emission.

In this study, we synthesized Cs,ZnCl, powder using a
solid-phase method. Subsequent treatment with hydrochloric
acid transformed the originally blue-light-emitting Cs,ZnCl,
powder into one that exhibits bright red emission with a
peak of 645 nm. The X-ray diffraction (XRD) measurement
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shows the same diffraction characterization, and no
detectable change was observed before and after acid
treatment. This red emissive characterization might be
attributed to the introduction of hydrochloric acid, as
determined by X-ray photoelectron spectroscopy (XPS), where
hydrochloride was detected in the sample treated with acid.
Accordingly, the broad emission should have originated
from STEs as confirmed by the result from variable
temperature spectroscopy measurements. This red emissive
characterization in zinc-based halides would promote their
further applications in the optoelectronic field.

Experimental

Materials

ZnCl, (98.0%) was purchased from Alfa Aesar. CsCl (99.9%)
was purchased from Aladdin Industrial Corporation. All
powder materials were stored in a nitrogen-filled glovebox.
HCl (36-38 wt% in H,0) was purchased from Beijing
Chemical Reagent Ltd. All the chemicals and materials were
used without any further purification.

Synthesis of Cs,ZnCl, MHs

To produce Cs,ZnCly, typically, CsCl (1 mmol) and ZnCl,
(0.5 mmol) were put together into a 25 mL zirconia jar with
about 25-35 zirconia balls, and all operations were carried
out under nitrogen protection in a glovebox. Subsequently,
the jar was closed and transferred to a ball-milling grinder
(QM-3SP04). Ball milling was carried out at a frequency of
35 Hz for 4 h to produce Cs,ZnCl, as a white powder with
weak blue luminescence under 254 nm UV irradiation.

Acid treatment of Cs,ZnCl, MHs

After adequate grinding of all MHs, 200 pL of HCI was added
to Cs,ZnCl,. Subsequently, the grinding was continued for 30
min.

PH measurements

All samples were dried in a vacuum drying oven at 100° for 2 h.
Then, 0.2 mmol of as-prepared and acid-treated Cs,ZnCl, were
added to 2 mL of H,O, respectively. All samples were sonicated
for 5 min until they were fully dissolved in water, followed by
centrifugation at 1000 rpm for 20 minutes, and the
supernatant was tested for pH.

Characterization method

X-ray photoelectron spectroscopy (XPS) was conducted with a
Thermo ESCALAB 250 Xi instrument. Powder wide-angle
X-ray diffraction (XRD) patterns were measured with a
Philips PW1830 X-ray diffractometer with Cu Ka radiation
(% = 1.54056 A) in a 2q (g: diffraction angle) range from 10°
to 70°. UV-visible absorption spectra were obtained with
a U4100 UV-visible spectrophotometer (Shimadzu).
Photoluminescence (PL) spectra and time-resolved and
temperature-dependent PL spectra were acquired on a steady-
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state fluorescence spectrometer (Edinburgh FLS920). Mean
fluorescence lifetimes (¢) for multi-exponential iterative fitting
were calculated from the decay time and the pre-exponential
factors. Fluorescence quantum yields were estimated using
an FLS920 fluorescence spectrometer with a xenon lamp and
Quanta-p integrating sphere.

Results and discussion

In our previous work, a green and efficient solid-state
synthesis method was used for the synthesis of various
metal halides. Here, we directly synthesized pure-phase
Cs,ZnCl, powder through directly milling a CsCl and
ZnCl, mixture at a frequency of 35 Hz for 4 h.
Subsequently, 200 pL of hydrochloric acid (HCI) was
rapidly added to an agate jar containing the pure-phase
Cs,ZnCly, and milling was continued for 30 minutes. The
resulting pure-phase Cs,ZnCl, powder exhibited blue light
emission under a 254 nm UV lamp, indicating the
intrinsic luminescence of Cs,ZnCl,. In contrast, the as-
prepared powder further ground for 30 min in the
presence of chloride acid demonstrated bright red
emission under the 254 nm UV lamp, as illustrated in
Fig. 1a. Fig. 1b demonstrates X-ray diffraction (XRD)
patterns of the samples before and after acid treatment.
The crystal structures of the resulting zinc halides align
with standard powder diffraction files (PDFs). The
corresponding generic crystal structures viewed down the
a-axis are provided in Fig. S1t where Cs,ZnCl, crystallizes
in an orthorhombic structure with the space group Pnma,
where the disconnected [ZnCl,]*” tetrahedra are separated
by Cs' cations, forming a soft lattice that facilitates local
structural deformation under thermal stimulation, thus
enabling optical modulation.*>* By comparison, no
detectable diffraction signals were observable for the
sample with acid treatment, suggesting that the samples
before and after the introduction of the acid have a
uniform crystal Nevertheless, the diffraction
peaks of the acid-treated samples shifted slightly toward
smaller angles, suggesting that parameters such as the
Zn-Cl bond length and the Cl-Zn-Cl bond angle of the
acid-treated [ZnCl,]*" tetrahedra should be altered,
subsequently affecting the degree of distortion of the
tetrahedra. Fig. 1c and d exhibit the absorption and
steady-state photoluminescence (PL) spectra of Cs,ZnCl,
powders before and after the introduction of hydrochloric
acid. The UV-vis absorption spectra of both samples
almost have the same optical profile in which a weak
absorption peak at approximately 390 nm was observed,
although the sample treated with the acid exhibits
stronger absorption properties. The untreated sample
exhibits a weak PL peak centered at 486 nm with a
FWHM of 82 nm under an excitation wavelength of 270 nm.
This optical property is similar to that reported previously in
our work. In contrast, the Cs,ZnCl, sample treated with
hydrochloric acid displays a significant emission peak

structure.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Photographs depicting the schematic diagram of the synthetic process, as well as the changes in color (under ambient light) and

luminescence (under a UV lamp), illustrating the mechanochemical synthesis of Cs,ZnCl, achieved through the grinding of CsCl and ZnCl,. (b)
XRD patterns of Cs,ZnCl, powders before and after hydrochloric acid treatment. Absorption and emission spectra of (c) Cs,ZnCl, powders and (d)

hydrochloric acid-treated Cs,ZnCl,.
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treatment.

centered at 645 nm with an FWHM of 135 nm and a large
Stokes shift under the same excitation wavelength. To the
best of our knowledge, this is the first report on red-emissive
all-inorganic zinc halides.

To further investigate the origin of the red emission from
hydrochloric acid-treated Cs,ZnCl,, we conducted X-ray
photoelectron spectroscopy (XPS) analysis on the samples
both before and after acid treatment. Fig. 2a presents the

This journal is © The Royal Society of Chemistry 2025

(@) XPS full spectrum analysis and XPS split-fit spectra of (b) Cl 2p,
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XPS full-scan spectra of untreated and hydrochloric acid-
treated Cs,ZnCl,. The observed peak positions align with the
expected chemical states of the elements (Cs*, Zn**, and CI").
Subsequently, split peaks were fitted to the fine XPS spectra
of Cl 2p, Zn 2p, and Cs 3d. The bimodal peaks for Cl 2p3,
and Cl 2p;, in untreated Cs,ZnCl, were identified at
198.54 eV and 200.15 eV, respectively, whereas those in the
hydrochloric acid-treated sample were found at 198.43 eV
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Table 1 pH and quantities of H* in a given Cs,ZnCl, sample before and
after the acid treatment

Material pH n(H")/mmol
Cs,ZnCl, 3.13 1.48 x 107°
Cs,ZnCl, with HCI 1.21 6.16 x 10>

and 200.03 eV (Fig. 2b). Additionally, the peaks for Zn 2p;/,
and Zn 2p,, were located at 1023.42 eV and 1046.31 eV in
untreated Cs,ZnCl,, compared to 1023.13 eV and 1046.02 eV
in the hydrochloric acid-treated sample (Fig. 2c), while the
peaks for Cs 3d;, and Cs 3ds, show minor shifts from
724.6 eV and 738.5 eV to 725.4.42 eV and 738.91 eV (Fig. 2d),
respectively, with and without the presence of acid. The
positions of these peaks shifted slightly toward a lower
binding energy, indicating that hydrochloric acid treatment
may have modified the coordination environment of the Zn>"
ion or distorted the [ZnCl,]*" tetrahedron. This observation
corresponds to the shift in the XRD peaks of Cs,ZnCl,, both
with and without acid treatment. By integrating the areas of
the corresponding signal peaks for various elements, we
compared the Cl/Zn molar ratios in Cs,ZnCl, before and after
hydrochloric acid treatment, yielding values of 4.15 and 4.48,
respectively. This change suggests that additional CI” was
introduced into the samples during the hydrochloric acid
treatment, resulting in a slight increase in the Cl/Zn molar
ratio. The deviation of the Cl/Zn molar ratio in untreated
Cs,ZnCl, from the theoretical value of 4 may arise from
variations in the electron detection efficiency among
different elements in the XPS analyses.

In addition to determining CI” ions in the samples, we
also conducted H' ion measurements for samples with and
without hydrochloric acid-treated Cs,ZnCl,. To remove the
excess HCI completely from the samples, two specimens were
dried in a vacuum drying oven at 100 °C for 2 hours. The
resulting powders (0.2 mmol each) were subsequently placed
in individual 2 mL volumes of deionized water, treated with
ultrasound for 20 minutes, and the pH of the supernatant
was then measured using a calibrated electrode. Following

a
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3

5,

2

@ PLQY=12.78%
.g PLQY=5.07%

400 500 600 700 800

Wavelength (nm)

300

Fig. 3
hydrochloric acid-treated Cs,ZnCl; measured at 270 nm laser irradiation.
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the acid treatment, the pH decreased from 3.13 to 1.21, and
the concentration of H' increased from 1.48 x 10~> mmol to
6.16 x 10> mmol (Table 1). This study confirms the presence
of H' ions in Cs,ZnCl,. For comparison, we also estimated
the excess Cl” in Cs,ZnCl, (0.2 mmol) before and after the
acid treatment to be approximately 0.066 mmol based on the
atomic ratio of Cl/Zn determined by X-ray photoelectron
spectroscopy (XPS). The amount of excess H' determined
from the pH test was approximately 0.060 mmol, which is
nearly 1:1. This finding suggests that acid-treated Cs,ZnCl,
should contain hydrochloric acid, which could be integral to
the observed red emission.

We characterized the PLQY of the Cs,ZnCl, powder
before and after the treatment with hydrochloric acid, as
illustrated in Fig. 3a. The sample without the acid
exhibits a PLQY of 5.07%, while the hydrochloric acid-
treated Cs,ZnCl, powder demonstrated a significant
increase in red light emission, achieving a PLQY of
12.78%. Furthermore, additional efforts were undertaken
to vary the concentration of hydrochloric acid. However,
the results indicated that the PLQY of Cs,ZnCl, powders
treated with different hydrochloric acid concentrations
remained approximately constant. The decay curves of the
hydrochloric acid-treated Cs,ZnCl, were accurately fitted
using a biexponential function, as shown in Fig. 3b and
detailed in Table S1.f The average lifetime of the
hydrochloric acid-treated Cs,ZnCl, was found to be
approximately 8.42 ps.

The intrinsic emission mechanism of the HCl-treated

Cs,ZnCly; was further characterized by the emission
wavelength-dependent ~ PLE  spectra and  excitation
wavelength-dependent and temperature-dependent PL

spectra. As shown in Fig. 4a and b, when the monitoring
emission was changed from 630 nm to 670 nm, the PLE
spectra remained unchanged at excitation
wavelengths. Similarly, when the excitation was varied from
250 nm to 270 nm, the PL spectra exhibited the same
features as well. Such identical features of the PLE and PL
spectra at different wavelengths indicate that the red

various

b
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1 Fitting Curve
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ot
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(@) PLQY spectra of the Cs,ZnCl, powder before and after hydrochloric acid treatment. (b) Fitted spectra of the PL decay lifetime of
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emission originates from the recombination of the same
excited state instead of the defect emission.*> Temperature-
dependent PL spectra were measured for HCl-treated Cs,-
ZnCl, in the range of 138 K to 318 K (Fig. 5a). The intensity
of the emission peaks gradually decreases as the
temperature gradually increases from 138 K to 318 K, while
the FWHM broadens. This result indicates that more
photons couple with excitons at higher temperatures, thus
accelerating the nonradiative irradiation process. In
addition, a slight blue shift of the PL peak position occurs
with increasing temperature, which is due to the weakening
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(a) PLE spectra and the (b) PL spectra of hydrochloric acid-treated Cs,ZnCl, measured under different excitations and different emissions,

of the crystal field strength and the narrowing of the
splitting energy of the excited state as a result of thermal
expansion.*>** Fig. 5b shows the integral PL intensity (I) of
acid-treated Cs,ZnCl, as a function of the reciprocal of
temperature (1/7). The exciton binding energy (Ep) can be
derived from the following equation:*>

[t Ao i)

where I(7) is the intensity at temperature 7, I, is the

I(T)

b
0.9
- E,=102.57 meV
0.8
8
£0.6-
(2]
c
8 0.5
£
0.3
0.003 0.004 0.005 0.006 0.007
1/T (K)
d
Excited state’
> STE1
Exc. i
w : iSTE2
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Coordinate

(a) Temperature-dependent PL spectra of acid-treated Cs,ZnCl, from 138 K to 318 K (lex = 270 nm). (b) Fitting results of the integrated PL

emission intensity as a function of the reciprocal of temperature. (c) Fitting results of the FWHM as a function of temperature. (d) The coordinate
diagram of the photophysical processes in hydrochloric acid-treated Cs,ZnCly.
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emission intensity of 0 K, A is the proportional coefficient,
and kg is the Boltzmann constant. By fitting the curve as
shown in Fig. 5b, it turns out that the exciton binding
energy (Ep) for HCl-treated Cs,ZnCl, is calculated to be
102.57 meV, which is much larger than that of conventional
3D perovskites or the thermal energy at room temperature
(~25 meV)." Such a high E, is attributed to its 0D
electronic  dimensionality. In this 0D  structure,
photogenerated excitons are strongly confined in individual
[ZnCl,]*” octahedra, resulting in a high E, with a stable
bright emission. Fig. 5c shows the temperature-dependent
FWHM curve of HCl-treated Cs,ZnCl,. The Huang-Rhys
factor (S) and the phonon frequency (Zwphonon) can be
derived by the following equation:*’

hwphonon

coth
2kgT

FWHM(T) = 2.36\/§hwphonon

By fitting the temperature-dependent full width at half
maximum (FWHM) curve, the S factor was determined to be
18.68. The relatively high Huang-Rhys factor and phonon
energy indicate strong electron-phonon coupling in acid-
treated Cs,ZnCl,. Combined with a large Stokes shift and
significant Huang-Rhys factor, as well as phonon frequency,
the emission mechanism of HCl-treated Cs,ZnCl, is likely
attributed to the formation of self-trapped excitons (STEs).*®
The exciton self-trapping process of HCl-treated Cs,ZnCl, is
schematically illustrated in Fig. 5d. Upon photoexcitation,
the electrons are promoted from the ground state to a high-
energy free-exciton excited state. This transition induces the
formation of a self-trapped excited state, which is attributed
to lattice deformation driven by strong electron-phonon
coupling. Subsequently, the excited electrons undergo rapid
relaxation and intersystem crossing, transitioning from the
free-exciton to self-trapped excited states. Finally, broadband
red emission with a large Stokes shift is observed.
Self-trapped excitons are consistently observed in metal
halide crystals. Previous studies have indicated that Cs,ZnCl,
powder exhibits only a weak blue emission, suggesting the
presence of a single self-trapped state for intrinsic STEs (Fig.
S21). Furthermore, the PL emission of intrinsic STEs
decreases with increasing temperature. This reduction may be
attributed to several factors, including the abundance of
structural defects within the Cs,ZnCl,; powder, thermal
dissociation of excitons, and enhanced electron-phonon
coupling associated with intrinsic STEs, which collectively
contribute to non-radiative decay and diminished emission.**
Following hydrochloric acid treatment, additional extrinsic
STE states are observed. The radiative transitions from the
intrinsic STE and extrinsic STE to the ground state correspond
to PL bands at wavelengths of 486 nm and 645 nm,
respectively. The emergence of extrinsic STE states may be
attributed to the distortion of the coordination environment
of Zn>" ions or the introduction of defects resulting from
hydrochloric acid treatment.*® Acid-treated Cs,ZnCl, also
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demonstrates good environmental stability, as evidenced by
its sustained bright red emission under a 254 nm UV lamp
after 15 days of exposure (Fig. S37).

Conclusions

In summary, “red-emissive” zinc-based halide powders were
synthesized through a mechanical milling strategy in the
presence of hydrochloric acid. XRD analyses revealed no
detectable diffraction signals in the samples before or after
acid treatment, indicating that the synthesized samples
maintained a consistent crystal structure. The acid-treated
Cs,ZnCl, exhibited bright red emission centered at 645 nm,
with a PLQY of approximately 12.78%. XPS analysis
confirmed the Cl and H ions in the hydrochloric acid-treated
Cs,ZnCl, samples. Therefore, the nature of the red emission
can be attributed to the presence of HCIl in the sample.
Experimental  studies that the intrinsic
photoluminescence nature of the sample originates from
STEs. The red-emissive properties of zinc-based halides not
only enhance their potential applications in the
optoelectronic field but also provide a valuable pathway for
further investigations into the optical properties of other
metal halides.

reveal
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