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A B S T R A C T

In optoelectronic material community, to pursue a phosphor that is both cost efficient and easy-to-produce is key 
to the next generation luminescence-related devices. In this work, sodium chloride and potassium chloride are 
used as ideal starting materials, and hydrochloric acid-treated NaCl and KCl samples are successfully synthesized, 
via a simple hydrothermal synthesis method. Interestingly, photoluminescence emissions are observed in the 
HCl-treated materials, which is an unprecedented founding. The oxygens that are introduced in the pristine NaCl 
crystals during the synthesis procedure are believed to be responsible for the emissions, due to the creation of the 
defect-related energy band. In addition, a fluorescence enhancement on the HCl-treated samples under high 
pressure is also revealed. Based on the luminescent NaCl and KCl materials, single-element LEDs are manufac
tured, achieving blue and blue-green emissions, respectively. The variation in the hue of the samples is also 
illustrated by tuning the photoluminescence excitation wavelength. We believe the scheme proposed in this work 
that includes a simple treatment on cost-efficient starting materials, together with its underlying physics is of 
significance in photoluminescence-related material science.

1. Introduction

Luminescent materials are widely used in electronics and optoelec
tronics [1]. Luminescence can occur as a result of many kinds of exci
tations, which is expressed as photo-, cathode-, electro-, chemi-, tribo-, 
X-ray, or sono-luminescence. For example, a lead-free double perovskite 
photoluminescent material with improved efficiency by alloying sodium 
cation into Cs2AgInCl6 was reported [2]. A spin light emitting diode 
(LED) electroluminescent material was investigated, using chiral 
induced spin selectivity to generate spin-polarized carriers, and it 
demonstrated a spin LED with no magnetic or ferromagnetic contact at 
room temperature [3]. Combining electron diffraction and 
cathode-luminescence spectroscopy, the correlation between interlayer 
distortion and local excited luminescence was investigated [4]. Lumi
nescent materials have also been employed in solid-state lighting, 
display, medical diagnostics, security labeling, energy conversion, 

lasers, and amplifiers [5–11]. Recently, luminescent materials have been 
paid much attention due to its huge application demands, especially in 
the fields of inorganic phosphors, organic materials, quantum dots and 
perovskite luminescence [12–19]. Besides, several recent works that 
have been focused on phosphors for LEDs are also reported in literatures 
[20–24].

Nowadays, most of luminescent materials are based on semi
conductors. In order to improve their optical properties, defects are 
often introduced into the materials to alter the band structures [25]. It is 
known that the presence of defects can disrupt the local potential fields 
within the material’s bandgap, introducing additional defect energy 
levels. When these defect energy levels hold electrons and holes, local
ized energy levels within the bandgap can be created [26–29]. Under 
certain light excitations, electrons and holes can undergo transitions 
between the local energy levels and the conduction band minimum, 
resulting in a recombination and emissions of photons. This process is 
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well known as defect luminescence. Defect-induced photoluminescence 
(PL) have been widely studied for several advanced applications, 
[30–32] and recently, defect engineered luminescence through transi
tion metal ion doping has also been reviewed in Ref [33].

For alkali metal halides, such as sodium chloride (NaCl) and potas
sium chloride (KCl) crystals, they both have large band gaps without any 
light emissions in the visible regime: NaCl crystal is a wide-gap insulator 
with a band gap from 8.0 to 9.0 eV, and KCl’s band gap ranges from 7.5 
to 8.7 eV [34,35]. However, once certain defects are introduced in the 
insulators, the situation would undergo significant changes, which may 
potentially transform into semiconductors, with suitable visible light 
emissions. A common defect is the doping of impurity atoms, another 
defect is lattice vacancies, and there is also a gap atom defect [36,37]. 
These defects alter the electronic structure and energy level distribution 
of the insulator, providing convenient conditions for electronic transi
tions, thereby allowing the insulator to exhibit semiconductor conduc
tivity to a certain extent [38]. In this work, NaCl and KCl crystals were 
successfully introduced with defects through a simple synthesize pro
cess, and photoluminescence phenomena are observed and 
characterized.

2. Results and discussions

In this study, we employed a hydrothermal synthesis method to treat 
pristine NaCl and KCl crystals separately in hydrochloric acid (HCl) 
solution. The specific procedures are detailed in the experimental sec
tion. For clarity and ease of reference in the subsequent text, the pristine 
NaCl crystal is denoted as ‘NaCl-PR’, while our HCl-treated NaCl is 
referred to as ‘NaCl-HTS’. Similarly, ‘KCl-PR’ is for pristine KCl crystals, 
and ‘KCl-HTS’ for HCl-treated KCl.

Powder XRD (PXRD) measurements of NaCl-HTS and KCl-HTS were 
performed to determine the crystal structure of the crystals synthesized 
in hydrochloric acid, and the resulting spectra are shown in Fig. 1. The 
data obtained from the XRD of the samples are in good agreement with 
the standard XRD card of NaCl (JCPDS No. 05–0628) and KCl (JCPDS 
No. 41–1476). This indicates that no new crystal structures were formed, 
and the crystal structure as the same as the pristine sample is still well 
maintained. The sharpness in the diffraction peaks is clearly observed 
for both samples, confirming the existence of good crystallinity of the 
samples treated in hydrochloric acid conditions. With a careful exami
nation of the values of the angles for the diffraction peaks, it is observed 
that the NaCl-HTS sample has a larger angle of 31.76◦ at (200) than the 
pristine NaCl (i.e., 31.69◦), and also a larger angle of 45.47◦ at (220) 
than NaCl-PR (45.45◦). Similar effects are also revealed for KCl, where 
KCl-HTS has angles of 28.37◦ at (200) and 40.52◦ at (220), which are 
both greater than 28.35 ◦ and 40.51◦ for KCl-PR. This increasing trend 
shown in the PXRD patterns indicates a shrink in the crystal lattice for 
the HCl-treated samples, and this will be further confirmed and 
addressed by the single crystal X-ray diffraction analysis later in this 
work.

The XPS results are shown in Fig. 2. The survey-scan XPS spectra of 
(Fig. 2a) shows the characteristic peaks of sodium and chlorine in NaCl- 
HTS, and Fig. 2c shows the characteristic peaks of potassium and chlo
rine in KCl-HTS. In Fig. 2b, the binding energies of 199.89 eV and 198.38 
eV are obtained from the contributions of Cl- 2p1/2 and 2p3/2 orbitals, 
and 1071.56 eV is observed from the 1s orbital of Na+. Similarly, in 
Fig. 2d, 200.00 eV and 198.23 eV are determined from Cl- 2p1/2 and 2p3/ 

2 orbitals, and 295.58 and 292.77 eV are derived from the orbitals of K+

2p1/2 and K+ 2p3/2. Besides, the peaks within the range of 0–100 eV are 
also identified and labeled in Fig.S1 in the Supporting Information. The 
chemical state information about all elements can be derived from the 
primary peaks indicated in Figs.2. The peaks revealed in the range of 
0–100 eV (Fig.S1) are secondary peak structures regarding O, Cl, and Na 
(or K), providing with no more information. Note that the peaks around 
5 eV in the XPS survey spectrum mainly arise from the contributions of 
the outermost valence electrons of elements such as Na 3s (or K 4s) and 
Cl 3p

The XPS spectra comparison between HCl-treated and pristine sam
ples is shown in Figs.S2 and S3. Regarding Fig.S2, after hydrochloric 
acid treatment, the appearance of the additional O peak (labeled O*) is 
clear evidence that a new O species is occurred, which is attributed to 
the defect oxygens. In Fig.S3, compared to NaCl-PR, Na and Cl peaks in 
NaCl-HTS are both shifted to lower binding energy, excluding the exis
tence of the charge transfer; they would otherwise shift towards opposite 
directions due to the opposite charges for Na and Cl ions. The reason for 
shifting to the same direction may be accounted for by the introduction 
of defect oxygens in the HCl-treated samples; in the XPS community, the 
values for the binding energy in the spectrum are calibrated with the 
carbon 1s orbital, which can be affected by the surrounding oxygens, 
and in this work the oxygen environments are different for HCl-treated 
and pristine samples. The effect of the oxygen on the C 1s orbital was 
also addressed in Ref [39].

The surface morphology of the samples was characterized by SEM. 
The morphology at two scales (i.e., 100 μm and 30 μm) are shown in 
Fig. 3. Based on Fig.3a and 3b, the grain sizes of the crystals of NaCl-HTS 
and KCl-HTS both range from 5 - 50 μm; the sizes of the HCl-retreated 
samples are observed to be similar to those of NaCl-PR and KCl-PR, 
respectively, indicating few changes in the surface morphology. This 
result correlates well with the aforementioned similarities revealed in 
the PXRD spectra.

Through above characterizations, it is found that the HCl-treated and 
pristine NaCl and KCl have basically similar crystal structures, surface 
chemical states, as well as surface morphologies.

The optical properties of the samples were carefully investigated, 
and the PL spectra and photoluminescence excitation (PLE) spectra of 
NaCl-HTS and KCl-HTS are shown in Fig. 4. It is surprisingly interesting 
that both NaCl-HTS and KCl-HTS samples exhibited light emissions 
when subjected to ultraviolet irradiations. In Fig. 4a, the steady state PL 
spectrum of NaCl-HTS shows a blue emission centered at 445 nm with a 
broad full-width-half-maximum (FWHM) of 60 nm. The PLE spectrum 

Fig. 1. PXRD patterns of (a) NaCl-HTS, and (b) KCl-HTS.
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shows an excitation peak at 295 nm, indicating that the Stokes shift is 
150 nm. KCl-HTS has similar luminescent properties, as given in Fig. 4b: 
a blue-green emission centered at 470 nm is observed in the PL spec
trum, with a FWHM of 85 nm. An excitation peak at 295 nm is revealed 
in the PLE spectrum with a large Stokes shift of 175 nm. In comparison to 
NaCl-HTS, the emission peak position of KCl-HTS exhibits a notable red 
shift, indicating lower energy levels created in KCl-HTS than NaCl-HTS. 
In addition, the quantum efficiency and color purity of the samples were 

measured to be 57.32 % and 79.75 % for NaCl-HTS, and 44.61 % and 
67.67 % for KCl-HTS, respectively. The thermal stability of the phosphor 
is demonstrated in Fig.S4. The TGA (Thermogravimetric Analysis) curve 
reveals that up to 300 ◦C, the synthesized crystal maintains its weight 
without losing it, indicating good thermal stability.

It is known to the community that pristine NaCl and KCl crystals have 
no PL emissions, while the obvious PL emissions observed in NaCl-HTS 
and KCl-HTS are unprecedented. Therefore, there may be some more 

Fig. 2. (a) XPS spectra of NaCl-HTS. (b) High-resolution XPS spectra in Na 1s and Cl 2p regions of NaCl-HTS. (c) XPS spectra of KCl-HTS. (d) High-resolution XPS 
spectra in K 2p and Cl 2p regions of KCl-HTS.

Fig. 3. SEM images of (a) NaCl-HTS and NaCl-PR, and (b) KCl-HTS and KCl-PR in different scales.

Fig. 4. (a) PL (λex = 295 nm) and PLE (λem = 445 nm) spectra of NaCl-HTS. (b) PL (λex = 295 nm) and PLE (λem = 470 nm) spectra of KCl-HTS.
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detailed and subtle variations occurring in the HCl-treated samples. To 
further probe this and shed light on the physics of the luminescence, 
nuclear magnetic resonance (NMR) spectroscopy was utilized.

As presented in the Fig. 5, it is astonishingly found that there is an 
explicit oxygen signal revealed in the NaCl-HTS sample (Fig. 5b), 
whereas none of the oxygen signals is clearly detected in the NaCl-PR 
sample (Fig. 5a). Recall that the appearance of the additional O peak 
revealed in XPS spectra (Fig.S2), the substantial difference in these ox
ygen NMR spectra indicates the undoubtedly presence of oxygen atoms 
in the NaCl-HTS sample (Fig. 5b), while there is no such oxygens in the 
pristine NaCl crystals (Fig. 5a). Therefore, it is inferred that the intro
duction of the oxygens in NaCl-HTS leads to the formation of defects in 
the previously perfect crystal lattice of NaCl, inducing new energy bands 
associated with these oxygen-caused defects, and eventually resulting in 
the PL emission found in the NaCl-HTS sample. The underlying mech
anism that is responsible for the luminescence of NaCl-HTS is attributed 
to the introduction of new energy bands of defects that are correlated to 
oxygens. Interestingly, although the oxygens affect the energy bands of 
NaCl-HTS, they do not obviously change the powder crystal structure of 
the NaCl crystals as discussed in Fig. 1. Besides, based on the 1H NMR 
spectrum of NaCl-HTS, it is clear that there are two kinds of chemical 
environments for hydrogen atoms in the HCl-treated sample, corre
sponding to two chemical shifts observed in Fig. 5c; the ratio of the 
numbers of these two kinds of hydrogens are determined to H(5ppm)

H(1ppm)
=

3 : 2; this will be further discussed together with the SC-XRD results 
shown below.

To further verify above mechanism and probe this effect caused by 
the subtle variations from the structural perspective, single crystal X-ray 
diffraction (SC-XRD) experiments were also performed on the NaCl-HTS 
sample, from which more sophisticated structural information may be 
revealed. The CIF file (with the file name ‘NaCl-HTS.cif’) determined 
from SC-XRD is provided as an attachment. In the SC-XRD experiment 
determined crystal structure (Fig. 6a), it is seen that several oxygen 
atoms are introduced in the NaCl crystal lattice. This is consistent with 
the appearance of oxygen in the NaCl-HTS sample that was early 
revealed in the NMR spectra (Fig. 5b). Both experimental results clearly 
indicate that oxygen atoms were indeed introduced into the body of the 
NaCl crystal. Therefore, it is believed that the integrated oxygen atoms 
play a role as defects, causing additional energy bands in the NaCl 
crystal. Besides, together with the oxygen atoms, several hydrogen 
atoms are also presented in the NaCl-HTS sample. In details, there are 
two kinds of hydrogens in the lattice, correlating to the two different 
chemical environments for hydrogen revealed in the 1H NMR spectrum 
(Fig. 5c). The hydrogen atom next to chlorine is labeled HCl and the one 
in adjacent to oxygen is indicated in HO. Based on the crystal structure 
determined from the SC-XRD experiment, the ratio of the numbers of HCl 
to HO is 3:2, and this is surprisingly consistent with the value derived 
from the previous 1H NMR experiment. As known to the NMR commu
nity, the chemical shift of hydrogen is increased, once its neighboring 
atom’s electronegativity is raised; this correlates well to the 1H NMR 
spectrum (Fig. 5c) where the signal at 5 ppm is HCl, and the 1 ppm one is 
HO. Further, the SC-XRD determined crystal lattice constant of NaCl-HTS 

is 10.413 Å, which is slightly smaller that of the pristine NaCl (i.e., 
11.307 Å), indicating a shrink of the lattice after the NaCl crystal was 
treated in HCl; this is also consistent with the previous trend observed in 
the PXRD results (Fig. 1).

Based on above experimental results, a schematic energy diagram is 
proposed to account for the PL emission from NaCl-HTS (Fig. 6b). The 
system is first photo-pumped onto the excited state from the ground 
state, via a 295 nm light. The excited atoms are then relaxed to the 
defect-induced energy band through a non-radioactive process. The 
defect-state atoms dissipate their energy in a radioactive fashion, 
resulting in a PL emission centered at 445 nm.

A detailed theoretical calculation was carried out on the NaCl-HTS 
sample, using the DFT method. The band gap result is given in Fig.S5, 
where it was measured to 5.15 eV (i.e., correlating to an absorption 
wavelength of 241 nm). Compared to the pristine NaCl crystal whose 
band gap is about 8.0 – 9.0 eV, [34,35] the band gap of the NaCl-HTS 
crystal with oxygen defects is substantially reduced, resulting in the 
photoluminescence behavior shown in this work. Note that the 
discrepancy between the DFT-calculated value (i.e., 241 nm) and the 
optimal excitation wavelength (i.e., 295 nm) indicated in the PLE 
experiment (Fig. 4) may be due to the inaccuracy in the estimation of the 
oxygen atomic concentration in the calculations.

To study the pathways that the defect-state atoms may have under
gone through, time-resolved photoluminescence (TRPL) experiments 
were also done on the NaCl-HTS and KCl-HTS samples (Fig. 7). It is clear 
that the TRPL decay curves need to fit to a bi-exponential function, 
indicating that there are two pathways (correlating to two lifetimes) 
associated with the defect-induced energy band. The decay curves were 
fitted to a bi-exponential function shown in Eq.1, and the average life
time was estimated by Eq. 2 [40]. 

I(t) = A1exp(− t / τ1) + A2exp(− t / τ2) (1) 

τave =
(
A1τ2

1 +A2τ2
2
)/

(A1τ1 +A2τ2) (2) 

where I(t) is the emission intensity at time t, A1 and A2 are the weight 
factors, and τ1, τ2 and τave are the decay times. With a careful exami
nation of the fitted values, it is found that both samples exhibit a fast and 
a slow lifetime. In details, NaCl-HTS has a fast lifetime of 6.03 ns and a 
slow lifetime of 43.64 ns; the average lifetime is 32.90 ns. Similarly, KCl- 
HTS shows a fast lifetime of 7.22 ns and a slow lifetime of 50.42 ns; the 
average lifetime is 39.80 ns. The fast lifetime can be ascribed to a 
radiative recombination process from deep defects, while the slow life
time can be attributed to a similar phenomenon from shallow defects. 
Similar effects were observed and addressed in another inorganic ma
terial, where two lifetimes were also identified [41].

Besides, the temperature related PL spectra are given in Fig.S6. The 
emission intensity is decreased with decreasing the temperature from 
290 K to 84 K, while the peak position of the PL emission remains un
changed (Fig.S6a). Referring to Fig.S6b, with lowering the temperature, 
the decreasing trend in the integrated intensity indicates that the radi
ative recombination is reduced, correlating to the quench of the oxygen 
defects at low temperature.

Fig. 5. 17O NMR spectrum of (a) NaCl-PR, and (b) NaCl-HTS. (c) 1H NMR spectrum of NaCl-HTS.
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It is known to the community that the fluorescence properties of 
materials can also be affected by high pressure [42–45]. In this work, the 
pressure-dependent PL spectra (up to 25.3 GPa) were carried out on 
NaCl-HTS (Fig. 8), and the pressure-sensitive fluorescence evolution of 
the sample is clearly revealed. In Fig. 8a, the PL intensity is decreased 
with increasing the pressure from atmospheric pressure (1 atm) to the 
external pressure of 5.9 GPa. Regarding Fig. 8b, the intensity is then 
greatly increased to its maximum, as the pressure is further raised up to 
as high as 25.3 GPa, corresponding to the enhancement in the brightness 
of the fluorescence photographs shown in the circles. The initial 

decrease in PL intensity may be ascribed to the quenching of the charge 
transfer transition (CTT) band by pressure; the CTT involves the filled 2p 
orbital of oxygen whose electron cloud is susceptible to external pres
sure [44]. The following increase in PL intensity may be attributed to the 
distortion in oxygen-based structures at high pressure, and similar ef
fects were also observed and addressed in Ref [45]. This 
pressure-dependent PL spectra not only illustrate the enhancement ef
fect under high pressure, but also confirm the optical property of the 
HCl-treated NaCl sample.

Based on the blue and blue-green band PL emissions from NaCl-HTS 

Fig. 6. (a) The crystal structure of NaCl-HTS determined from the SC-XRD experiment. (b) Schematic energy diagram and PL mechanism for NaCl-HTS.

Fig. 7. (a) TRPL decay curves of NaCl-HTS (λem = 445 nm, and λex = 310 nm), and (b) KCl-HTS (λem = 470 nm, and λex = 310 nm).

Fig. 8. (a-b) PL spectra of NaCl-HTS under pressure. Arrows indicate the evolution of the PL spectra as a function of pressure. Circles are the corresponding 
fluorescence photographs.
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and KCl-HTS, the single-element LEDs were also synthesized by 
combining the samples with a commercially customized 300 nm LED 
chip (Beyond Optoelectronics Co. Ltd., Shenzhen, China). As shown in 
Fig. 9, the working LEDs emit a bright blue and blue-green light, 
respectively. The Commission Internationale de I’Eclairage (CIE) color 
coordinates of the fabricated LEDs are (0.25, 0.26) and (0.26, 0.29), the 
CCT are 17,573 K and 14,544 K, as well as the CRI of the LEDs are as high 
as 90.9 and 90.6, respectively.

Note that the emission spectra of Figs. 4 and 9 are different. In de
tails, the PL spectra for NaCl-HTS and KCl-HTS crystals are peaked at 
445 nm and 470 nm, respectively (Fig. 4), while the Electrolumines
cence (EL) spectra of the fabricated LEDs are peaked at 430 nm and 450 
nm, respectively (Fig. 9). The origin of the differences between these two 
experiments is mainly as following: the PL spectrum (Fig. 4) was ob
tained under the monochromatic light excitation with a wavelength of 
295 nm. While, the EL spectrum (Fig. 9) was collected via the com
mercial 300 nm LED chip that was driven by a current, and its excitation 
wavelength was a broad range, instead of a single value.

Finally, to demonstrate the adjustability on the hue of the HCl- 
treated samples, the PL spectra were systematically collected on NaCl- 
HTS, with a careful manipulation of the excited wavelength (Fig. 10a). 
The variation in the hue is also clearly illustrated in Fig. 10b where the 
corresponding CIE coordinates are plotted.

3. Conclusions

NaCl-HTS and KCl-HTS materials have successfully been fabricated, 
by treating the pristine sodium chloride and potassium chloride crystals 
in hydrochloric acid, via the hydrothermal synthesis method. Remark
ably, photoluminescence emissions have been revealed in these HCl- 
treated materials, compared to the fact that pristine crystals have no 
PL emissions. Through NMR spectra, the oxygens have been identified in 
the HCl-treated phosphor, while none of the oxygens have been shown 
in the pristine sample. The crystal structural information has further 
been confirmed by the single crystal XRD experiments. The introduction 
of the oxygen plays an important role as defects in the perfectly orien
tated NaCl crystals, inducing a new energy band that is responsible for 
the blue-band PL emission. The fluorescence enhancement on NaCl-HTS 
under high pressure is also revealed. Single-element LEDs based on 
NaCl-HTS and KCl-HTS have also been manufactured, fulfilling blue and 
blue-green emissions, respectively. We believe the scheme proposed in 
this work that includes a simple treatment on cost efficient starting 
materials, together with its underlying physics is of significance in 
photoluminescence related applications, such as solid state lighting, etc.

3.1. Experimental section

Materials and Chemicals: sodium chloride (NaCl, Kermel, 99.5 %), 

potassium chloride (KCl, Kermel, 99.5 %), hydrochloric acid (HCl, 37 wt 
% in water, Sinopharm Chemical Reagent Co., Ltd., China) were the 
starting reagents. All chemicals were used without further purification, 
unless otherwise stated.

Synthesis – NaCl: An amount of 176.38 mg (3 mmol) 99.5 % NaCl 
were added in a polytetrafluoroethylene (PTFE) container with 4.0 mL 
of 37 % hydrochloric acid. The container was placed in a muffle furnace 
and kept at 180 ◦C for 10 h. Crystals were obtained by slowly cooling the 
solution down to room temperature over the course of 30 h. Crystals of 
NaCl could be separated by immediate filtration and washed with 
methanol. The product yields were between 89.85 mg and 139.75 mg.

Synthesis – KCl: An amount of 223.65 mg (3 mmol) 99.5 % KCl were 
added in a polytetrafluoroethylene (PTFE) container with 4.0 mL of 37 
% hydrochloric acid. The container was placed in a muffle furnace and 
kept at 180 ◦C for 10 h. Crystals were obtained by slowly cooling the 
solution down to room temperature over the course of 30 h. Crystals of 
KCl could be separated by immediate filtration and washed with 
methanol. The product yields were between 70.45 mg and 118.15 mg.

3.1.1. Characterization
The steady-state photoluminescence (PL) spectra and photo

luminescence excitation (PLE) spectra were measured on the picosecond 
time-resolved fluorescence spectrometer (Pico-1000, Dalian institute of 
chemical physics, Chinese academy of sciences) with a photomultiplier 
tube operating at 1000 V, and a 150-W Xe lamp was used as the exci
tation lamp. The time-resolved PL measurements (TRPL) were excited 
by frequency-adjustable picosecond laser pulses at 310 nm, collected by 
the Pico-1000 spectrometer with laser.

The powder X-ray diffraction (PXRD) patterns were measured using 
an Rigaku Smart Lab 9 kWX-ray 150 Powder diffractometer (Tokyo), 
with a scanning speed of 5◦/min.

The X-ray photoelectron spectrometer (XPS) used was a ESCALAB 
250Xi (Thermo Fisher).

The scanning electron microscope (SEM) was performed using a 
SU3500 (Hitachi).

The single crystal X-ray diffraction (SC-XRD) were measured using 
an Rigaku XtaLAB-Synergy-R (Japan).

The solid-state magic angle spinning nuclear magnetic resonance 
(SS-MAS-NMR) spectra of 17O, and 1H were obtained on Bruker-Biospin 
500 MHz AVANCE NEO system with a magnetic field strength of 14.09 T 
For 1H, the spin rate of the samples was 20 kHz, the π/2 pulse was 3.5 μs, 
with the recycle delay of 5 s, and the chemical shift was calibration at 
1.74 ppm with adamantane. For 17O, the spin rate of the samples was 
20k Hz, the π/12 pulse was 0.27 us, with the recycle delay of 1 s, and the 
chemical shift was calibration at 0 ppm with H2

17O.
The in-situ high pressure PL was excited with a 355 nm semi

conductor laser with an output power of 10 mV, and the spectra were 
collected by an optical fiber spectrometer (Ocean Optics, QW65000); 

Fig. 9. Electroluminescence spectrum of the fabricated LED based on (a) NaCl-HTS, and (b) KCl-HTS, under an injection current of 80 mA. Inset: physical 
LED pictures.
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the fluorescence photographs were taken by a camera (Canon Eos 5D 
mark II) installed on a microscope (Ecilipse TI-U, Nikon); the high 
pressure was generated by a symmetric diamond anvil cell (DAC) with a 
culet size of 400 um.

The LED devices were prepared by combining UV–LED chips (300 
nm) with the prepared NaCl-HTS and KCl-HTS samples. The prepared 
phosphors were first mixed with epoxy resin thoroughly. The bubbles in 
the silicone were then removed through a vacuum chamber and the 
mixture was applied to the LED chip, and finally cured at 80 ◦C for 2 h to 
manufacture the LED devices.
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