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The luminescence properties and thermal stability of phosphors are key properties for practical applications.
A series of K>SiFg: Mn**, Na* @ GQDs (KSF: Mn**, Na* @ GQDs, KSF = K,SiFs, GQDs = graphene quantum
dots; here, Cl-contained graphene quantum dots are used) red light phosphors have been synthesized by
using a combination of H,O,-free and hydrothermal coating methods. The fluorescence thermal stability
and fluorescence intensity of the optimal phosphor are greatly improved by doping the matrix with Na*
and coating it with GQDs. The strong negative thermal quenching (NTQ) effect and the color stability of
the phosphor at variable temperatures result in good thermal stability. The strong NTQ effect is
attributed to the phonon-induced transition mechanism. The high thermal stability makes the optimal
sample ideal for high-power light LEDs (WLEDs). The test results show that the prototype WLED with the
optimal sample as the red light component produces warm white light. The light has high luminescent
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1. Introduction

White light emitting diodes (WLEDs) have become the new
light source for displays and backlight fields in the 21st
century because of their potential to reduce energy
consumption and be environmentally friendly.»® Currently,
commercial WLEDs mainly consist of a yellow YAG : Ce**
phosphor and blue LED chip. These WLEDs produce a cool
white light that is not suitable for practical applications due to
their high correlated color temperature and low color
rendering index drawbacks. The main reason for this is the
lack of red light components in the prepared WLEDs, so
research for red-emitting phosphors with high efficiency is
necessary.>* Eu”*-doped nitride phosphors with good thermal
and chemical stability have been used in commercial phos-
phors. These phosphors, when mixed with green/yellow
phosphors, are proven to reabsorb. In addition, their emis-
sion spectrum bands are too broad and the main emission
peak exceeds the sensitive region of the human eye, affecting
the radiation luminescent efficiency of WLED devices.
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Fortunately, Mn**-doped fluoride phosphors have the advan-
tage of narrow band emission, with high luminescence effi-
ciency and color purity, which can be better suited for
practical applications.>®

Many studies of Mn** doped fluoride phosphors have been
reported. For example, the properties of A,MF, : Mn*" (A = Li,
Na, K, Rb, Cs; M = Ti, Ge, Si) phosphors have been studied.”*
However, poor fluorescence thermal stability is an inherent
drawback of these phosphors, which may lead to a rapid
decrease in their luminescence intensity due to thermal
quenching at operating temperatures. To solve this problem,
strategies such as surface coating, ion doping, and defect
modification have been used.'** It has been reported that the
luminescence intensity of rare earth compounds can be
increased by coating with carbon nanomaterials, such as
reduced graphene oxychloride (rGO), graphite oxide (GO), and
GQDs.**?* Among them, it is noteworthy that the long-range
luminescence thermal stability of SrBaSi,O,N,:Eu®" is
enhanced by coating with rGO. As seen from the above studies,
coating the samples with GQDs is also an effective strategy in
order to improve the thermal stability of the Mn** doped
phosphors.

In this paper, KSF: 0.06Mn**, 0.10Na* @ GQDs (10 mg
mol ") with a strong NTQ effect was synthesized. The color
temperature and display index of packaged WLED can meet the
needs of practical applications, and it is an important candidate
for future backlight and display applications.
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Table 1 ICP element analysis results of samples (i—iii)

No. Na/% K/% Si/% Mn/% Atomic ratios of Na : K:Si : Mn Calculated possible molecular formula

(i 0.00 35.20 11.90 1.49 0.000 : 1.9975 : 0.9401 : 0.0602 KSF: 0.06Mn*"

(ii b) 0.92 29.72 10.59 1.33 0.1000 : 1.9000 : 0.9412 : 0.0600 KSF: 0.06Mn4+, 0.10Na"

(iii) 0.92 29.73 10.58 1.32 0.1000 : 1.8993 : 0.9421 : 0.0605 KSF: 0.06Mn"", 0.10Na* @ GQDs 10 mg mol *

@ KSF: 0.06Mn*", * KSF: 0.06Mn*", 0.10Na". © KSF: 0.06Mn"*, 0.10Na* @ GQDs 10 mg mol~".

Table 2 Indexed results of the samples (i—iii)

o

a=b=clA =B=x/ VA~
PDF#75-0694 8.134 90 538.20
(i 8.13749 90 538.85
(ii?) 8.13428 90 538.22
(iii%) 8.13697 90 538.75

@ KSF: 0.06Mn*". ? KSF: 0.06Mn**, 0.10Na". ¢ KSF: 0.06Mn*', 0.10Na' @
GQDs 10 mg mol .

2. Experimental and methodology

The contents of the experimental, methodology, mathematical
calculation methods, and properties (Fig. S1-S6t) of GQDs (Cl-
contained graphene quantum dots) are depicted in the ESL.f

3. Results and discussion

3.1. Structures, morphologies, and composition properties

It can be seen from Table 1 (ICP elemental analysis data) that
possible molecular formulae of the three samples are as follows:
(i) KSF: 0.06Mn"*, (ii) KSF: 0.06Mn*", 0.10Na®, (iii) KSF:
0.06Mn*", 0.10Na" @ GQDs 10 mg mol . The results show that
KMnO, has been largely converted to K,MnF; after 48 hours of
reaction during the experiments and doped into the K,SiFg
matrix. The chemical reaction equations for synthesis the
sample (i) are as follows:

4KMnOy + 4KF + 20HF = 4K,MnFg + 10H,0 + 30, (1)

szMIlFé + (1 — y)K2S1F6 = K2Si1_yF6 : yMn4+ (2)

Eqn (1) shows the redox reaction of KMnO, in an acidic
solution. Eqn (2) is the formation of KSF:yMn**
exchange reaction.

via ion
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Fig.1 (a) XRD patterns of the three sampiles: (i) KSF: 0.06Mn*™, (ii) KSF: 0.06Mn**, 0.10Na*, (iii) KSF: 0.06Mn**, 0.10Na* @ GQDs 10 mg mol™, (b)
The built unit cell structure of the sample (ii), (c) coordination environment surrounding Si/Mn.
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Fig. 2 XPS and FTIR spectra of samples, (i) KSF: 0.06Mn**, 0.10Na", and (iii) KSF: 0.06Mn**, 0.10Na" @ GQDs 10 mg mol™? (a) XPS spectra, (b)

FTIR spectra.

The XRD spectra of the samples (i)-(iii) are presented in
Fig. 1a. The positions of diffraction peaks for the samples are
consistent with the PDF#75-0694 standard data (the cubic
K,SiF, phase with a space group of Fm 3 m), suggesting the
samples have high crystallinity. The indexed results are listed in
Table 2. There are no peaks of GQDs in the sample (iii) because
the mass content of GQDs is too small (~0.0045%) to be
measured.

The results in Table 2 show that the lattice volumes of the
samples are ranked as (i) > (iii) > (ii) > PDF#75-0694. The ionic

radii (CN = 6) of Na*, K*, Si**, Mn*" are 1.18, 1.38, 0.40, 0.53 A,
respectively.®?”?®* When Mn*" is doped into the K,SiFg matrix,
some Si** in the lattice are replaced by Mn*", resulting in the
lattice volume (i) of the sample slightly larger than that of
PDF#75-0694. Similarly, when the smaller radius Na' replaces
K' in the matrix, the lattice volume of the sample (ii) is slightly
reduced compared to that of the sample (i). Furthermore, the
GQDs coated on the sample (iii) are coordinated to Mn*" or Si*",
leading to an increase in its lattice volume compared to the
sample (ii). Fig. 1b shows the crystal structure of the sample (ii),
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Fig.3 SEMimagesand EDS spectra of two samples, (ii) KSF: 0.06Mn**,

SEM images of sample (ii) and (iii) (c and d) EDS spectra.
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Fig. 4 Luminescent properties of four samples, (0) KSF @ GQDs 10 mg mol™, (i) KSF: 0.06Mn**, (ii) KSF: 0.06Mn**, 0.10Na", (iii) KSF: 0.06Mn**,
0.10Na™ @ GQDs 10 mg mol™*: (a) and (b) PLE and PL spectra, (c) CIE chromaticity diagram, (d) Lifetime curves of the samples (i—iii).

which belongs to the cubic crystal system and the Fm 3 m (225)
space group. In this structure, there is only one type of octa-
hedral Si** ions (Fig. 1c).

Fig. 2 shows the XPS and FTIR spectra of the samples. In
Fig. 2a, XPS depicts that the elements of the two samples (the
samples (ii and iii)) are Na, K, Si, Mn, F, and C. The concen-
trations of Mn"" and Na* are very low, so the intensity of their
peaks is not obvious. The FTIR spectra (Fig. 2b) shows that both
the samples (ii and iii) have absorption peaks at 1640 cm™ ", but
the intensity of the two peaks differs considerably, with that of
the sample (iii) being much stronger than that of the sample (ii).
The absorption peaks at 1640 and 3500 cm™ " are probably from
H,0, while the stronger absorption of the sample (iii) at
1640 cm™ ' can be attributed to the overlapping peaks of the
C=C vibrational peaks of the GQDs (Fig. S6t).>

Fig. 3 shows the EDS spectra and the SEM images of the
samples (ii and iii). Fig. 3(a and b) show that the two samples
consist of irregular lumpy particles of 2-5 um in size, with the
sample (iii) showing a clear agglomeration of particles. There
are also some differences in the surfaces of the samples, with
the sample (ii) having a smoother surface than that of the
sample (iii). Fig. 3(c and d) illustrate that the sample (ii) consists
of Na, K, Si, Mn, and F elements, and the elements Na, K, Si,
Mn, F, and C appear in the sample (iii). The carbon peak
(Fig. 3d) originates from the Cl-GQDs, however, no peak of Cl
appears in the figure, probably because the chloride ions on the

27990 | RSC Adv, 2022, 12, 27987-27995

Cl-GQDs have been dissociated during the coating process.
Based on the above results, it can be confirmed that the sample
(iii) has been successfully coated with GQDs.

3.2. Luminescent properties at room temperature

The luminescent properties at room temperature of the samples
((0) KSF @ GQDs 10 mg mol ", (i) KSF: 0.06Mn"**, (ii) KSF:
0.06Mn"**, 0.10Na", (iii) KSF: 0.06Mn"*", 0.10Na" @ GQDs 10 mg
mol ') are shown in Fig. 4(a and b).

Fig. 4(a and b) show that no excitation or emission peaks are
present in the sample (0), indicating that KSF @ GQDs 10 mg
mol ! has no luminescence under blue light excitation, which
is proven by Fig. 4b and S5.f The ratios of luminescence
intensity of the samples (i)-(iii) in Fig. 4b are 1.00 : 1.44 : 1.70
respectively, indicating that fluorescence intensities of the
samples are enhanced by doping with Na" and further increased
after coating with GQDs. The luminescent intensity of the
sample (iii) is 1.18 times that of the sample (ii). The lumines-
cence enhancements by doping with Na' and coating with
GQDs are also reported by Huang and Liu et al.***° respectively.

As shown in Fig. 4(a and b), the excitation and emission
peaks of these samples are in essentially the same position. In
PLE spectra, there are two strong broad excitation bands
centered at ~360 nm and ~460 nm, which belong to the spin-
allowed *A,, — *Ty, and 'A,; — Ty, transitions of Mn*,
respectively. The peaks in the PL spectrum occur in the 600-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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660 nm range, with the strongest peak at about 626 nm, which
belongs to the *Eg — “Ay, transition of Mn*" (spin forbidden d-
d transition),**> and it is activated by [MnFe]>~ vibronic
modes.*

Internal quantum yield (QY;) values of the samples (i)-(iii)
are determined with the method described by some reports.**
The QY; of the samples (i)-(iii) are determined to be 83.36,
86.80, and 99.97%, respectively. It is clear that QY; (92%) of
K,SiFs : Mn*" reported by Xie et al.** is smaller than that of the
sample (iii).

It has been reported that QY; of K,TiFs : Mn*" is larger than
that of K,SiF : Mn**, and the former value is close to 100%.%*
This shows that the QY; of the samples can be improved by
coating with GQDs.*®

The chromaticity coordinates of the samples are obtained by
using the emission spectra data in Fig. 4b. The calculated
results are shown in Fig. 4c ((i) (0.6776, 0.3222), (ii) (0.6771,
0.3227), (iii) (0.6762, 0.3236)). The formula (eqn (S1)}) is used
for calculating color purity.>”~** The color purity of the samples
(i-iii) are 99.70%, 99.84%, and 99.89% respectively, showing
that the color purity of the sample coated with GQDs has been
improved.

The luminescence decay curve of the sample can be well
fitted by the linear equation (eqn (S3)t), which is transformed
from eqn (S2):1*° Fluorescence lifetime curves for the samples
(i-iii) fitted with the eqn (S3)f are shown in Fig. 4d, and the
lifetimes obtained from the curves are 7 (i) = 8.91 ms, < (ii) =

© 2022 The Author(s). Published by the Royal Society of Chemistry

8.36 ms, 7 (iii) = 8.09 ms, respectively. The results show that the
lifetime is enhanced by doping of Na', then further improved by
coating of GQDs. In contrast, the latter method has a greater
enhancement effect than that of the former.

3.3. Luminescent properties of different samples

The influence of different molar ratios (atomic ratios) of Mn*"
on the fluorescent performances of KSF:yMn*" is shown in
Fig. 5a. The curve first shows an increasing trend, reaching
a maximum at 6% mol Mn*" doping concentration. Concen-
tration quenching at higher concentrations leads to a decrease
in fluorescence intensity.

The quenching mechanism of Mn*" concentration in
KSF : yMn** is explored by the critical distance (R.) between
Mn*" ions. The R. is calculated from eqn (S4).1* For KSF:
0.06Mn**, V = 538.22 A® and R, is 23.42 A. When R, is much
larger than 5 A, the quenching mechanism of the Mn*'
concentration in KSF: 0.06Mn*" may be due to multipolar
interactions rather than interactions. Eqn (S5)1*"* is used to
estimate the multipolar interaction type for the sample. When ¢
are 6, 8, and 10, the corresponding mechanisms are the dipole-
dipole, dipole-quadrupole, and quadrupole-quadrupole inter-
actions, respectively. Fig. 5b shows that the slope of the
KSF : yMn"* straight line is —1.0682 and the value of 6 is
calculated as 3.20. Therefore, the quenching of the Mn**
concentration in the KSF: yMn** sample corresponds to the
mechanism of dipole-dipole interactions.

RSC Adv, 2022, 12, 27987-27995 | 27991
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Fig.6 Temperature-dependent PL performances of three samples, (i) KSF: 0.06Mn**, (i) KSF: 0.06Mn**, 0.10Na™, (iii) KSF: 0.06Mn**, 0.10Na* @
GQDs 10 mg mol™: (a) and (b) and (c) PL spectra; (d) Integrated intensity curves; (e) Integrated intensity curves of Stoke and anti-Stoke peaks, (f)
Chromaticity shift of sample (iii), (g) £, curves, (h) CIE color coordinates of sample (iii).

Based on KSF: 0.06Mn"", the effect of doping with different
Na' concentrations on the fluorescence properties of KSF:
0.06Mn"*", xNa" is shown in Fig. 5c. The influence curve is
a parabola one with a maximum value. First, the curve goes up
with the increase of x, and achieves a maximum value at x =
10%, then declines when y surpasses 10% due to the concen-
tration quenching.

The influence of different coating concentrations of GQDs
on the luminescent properties of KSF: 0.06Mn"**, 0.10Na" @
GQDs z mg mol ™" was also investigated (Fig. 5d). The influence
curve is nonlinear with a maximum value. First, the curve goes
up with the increase of z, and achieves a maximum value at z =
10 mg mol ', then it decreases when z exceeds 10 mg mol ' due
to concentration quenching.

3.4. Analyses of thermal performances

The fluorescence property changes with temperature is critical
for WLEDs applications, due to the working temperature of
WLEDs can reach about 150 °C. Fig. 6 shows the relationship

27992 | RSC Adv, 2022, 12, 27987-27995
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mol ™.
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Fig. 8 Performances of prototype WLEDs using the mixing phosphors of KSF: 0.06Mn**, 0.10Na* @ GQDs 10 mg mol~ and YAG : Ce>* based
on InGaN chip under a 20 mA drive current: (a) Electroluminescence spectra, (b) CIE chromaticity diagram, (c) A photograph of the white

emission spectrum of the driven LED.

between luminescence intensities of the samples (i-iii) and
temperatures. Fig. 6a—c illustrate that the luminescence inten-
sities of the three samples are strongly affected by temperature,
but no emission shifts with increasing temperature.

The relationship curves between integrated luminescence
intensities of the samples and temperatures are parabola curves
with their maximum values (Fig. 6d), which are analogous to
that of K;AlFs : Mn*" reported by Tang et al.?® First, with the
increase of temperatures, the curves increase and achieve their
maximum values at 180, 210, and 210 °C for the samples (i-iii),
respectively. Meanwhile, Fig. 6d shows a NTQ effect for the
three samples, and the luminescence intensity curves remain
essentially constant after five cycles of testing (30-240 °C). The
results of Fig. 6d indicate that the luminescent and chemical
thermal stability of the sample are excellent. But the three
curves of Fig. 6d have some differences. In contrast, the values
of the three curves at 180, 210, and 240 °C are as follows: (a) 325,
340, and 279% for the sample (iii); (b) 222, 223, and 181% for
the sample (ii); and (c) 187, 172, and 128% for the sample (i). So,
the above results show that the three samples have high lumi-
nescence thermal stability. It can be seen that: (a) First, K,-
SiFe : yMn*" obtained via the preparing method of this paper
has the NTQ effect; (b) Second, after doping of Na*, the NTQ is
obviously enhanced; (c) The NTQ is further enhanced by the
coating of GQDs. As mentioned above, several Mn*'-doped

© 2022 The Author(s). Published by the Royal Society of Chemistry

phosphors prepared via various methods have the NTQ
behavior.”* But, in most cases, they do not have the NTQ. The
results of this paper and our previous work show that coating
with GQDs is an effective method to synthesize red-emitting
phosphors with the NTQ.?>*¢

Fig. 6e shows relationship curves between W,, W of the
samples (i-iii) and temperatures (here, W,, and W; are inte-
grated intensities of anti-Stokes peaks and Stokes peaks,
respectively). The curves are used to study the NTQ mechanism.
Fig. 6e shows that curves of W, and W; are nonlinear curves with
highest points, but the height of the former is greater than that
of the latter, for every sample. When the temperatures are 180,
210, and 210 °C, the curves of the samples (i-iii) reach their
maximum values, respectively. These NTQ behaviors of the anti-
Stokes and the Stokes transitions can be expressed with eqn
(Séa and S7).1°¢

Eqn (S6 and S7)t show that the W, and W; are increased with
increasing temperatures. In addition, eqn (S6 and S7)} also
indicate that the former can be enhanced faster than the latter
with increasing temperature. The curve trend of Fig. 6e coin-
cides with that of Fig. 6d.

Eqn (S6 and S7)t indicate that the increase in radiative
transition probability induced by the phonon is greater than
that of the non-radiative one, which may be used to explain the
NTQ effect of the three samples. In conclusion, with the help of

RSC Adv, 2022, 12, 27987-27995 | 27993
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the phonon-induced transition, some of the heat energy is
changed into luminous energy, resulting in the NTQ effect.

In addition, due to their large conjugated -bonds, GQDs can
coordinate with Mn*" as electron donors, resulting in a greater
NTQ effect in the sample (iii) than in the samples (i) and (ii).

AE (chromaticity shift) at different temperatures is calcu-
lated with eqn (S8).1*"*> The smaller AE value means better
color stability. Fig. 6f shows the AE values for the sample (iii) at
different temperatures, and the curve is basically a straight line.
According to the curve, AE is very small before 175 °C (AE =
31.98 x 10*). By comparison, the AE of a commercial red-
emitting phosphor (CaAlSiN; : Eu>" (CSASNE)) at 175 °C is as
high as 44 x 107%* indicating the sample (iii) has good lumi-
nescence thermal stability for practical applications.

E, (activation energy) of the phosphor is an important
parameter in evaluation of thermal stability. The higher the
activation energy is, the better the fluorescence thermal stability
of the sample is. Eqn (S9)t is applied to calculate the E, of the
luminescent thermal quenching. Eqn (S10)f can be trans-
formed from eqn (S9).14>*

Calculated results of E, values for the samples (i-iii) from
eqn (S10)t are shown in Fig. 6g, which are 0.46, 0.49, and
0.70 eV, respectively. As a result, sample (iii) has the best fluo-
rescence thermal stability.

Fig. 6h shows the trend of color coordinates of the sample
(iii) at different temperatures, and it has a small shift in color
coordinates, which may be due to the slight widening of emis-
sion peaks, suggesting it has good color stability.

TG curve of the sample (iii) is shown in Fig. 7. There is only
0.17% weight loss before 200 °C, which is attributed to volatil-
ization of adsorbed water. Significant weight loss occurs at
around 600 °C, indicating that it has good chemical thermal
stability.

3.5. Performances of prototype WLED

In order to test practical application of the sample (iii), the
sample (iii), YAG : Ce*" and epoxy are mixed into a paste in
proportion and coated on an InGaN chip to obtain an assem-
bled prototype WLED. The electroluminescent properties of the
WLED driven by a 20 mA current are shown in Fig. 8. Fig. 8a
shows the electroluminescence spectrum of the WLED. The
chromaticity coordinates of the WLED are (0.3694, 0.3304)
(Fig. 8b), and the corresponding CCT is 3978 K. Besides, lumi-
nescent efficiency and R, obtained from the performance test
are 101.6 Im W™ " and 92.2, respectively. A luminescent photo of
the WLED is illustrated in Fig. 8c, and it shows warm white
light. Therefore, WLEDs with the sample (iii) as the red light
component can meet the needs of practical applications.

4. Conclusions

+

In summary, KSF:Mn*", Na* @ GQDs phosphors were
synthesized by a combination of the H,O,-free method and
hydrothermal coating method, where the best sample was KSF:
0.06Mn"*", 0.10Na” @ GQDs 10mg mol . The fluorescence
thermal stability and luminescence intensity of the phosphor

27994 | RSC Adv,, 2022, 12, 27987-27995
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were simultaneously enhanced by doping with Na* and coating
with GQDs: (a) The luminescent intensity ratios of the samples
(i-iii) ((i)KSF: 0.06Mn**, (ii) KSF: 0.06Mn**, 0.10Na", (iii) KSF:
0.06Mn**, 0.10Na" @ GQDs 10 mg mol ') are 1.00 : 1.44 : 1.70;
(b) the samples (i-iii) all have the NTQ effect, with the most
pronounced effect in the sample (iii). The test results show that
the sample (iii) has both fluorescence thermal stability and
chemical thermal stability at the operating temperature (about
150 °C). A warm white light (luminescence efficiency = 101.6 Im
W', CCT = 3978 K, and R, = 92.2) was obtained for the
assembled WLED prototype driven by a 20 mA current, indi-
cating that the sample can be used as a high-power warm white
light with good prospects applications in display and backlight
filed.
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