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H I G H L I G H T S

• Cs2NbOF5:Mn4+ shows much better
moisture resistance than fluoride red
phosphor.

• Nb5+ is proved to play a leading role
in improving the water-resistant
properties.

• The water resistance of Mn4+-acti-
vated fluorides can be improved by
Nb5+.

• Warm WLEDs with high luminous ef-
ficacy of 174 lm/W have been fabri-
cated.

G R A P H I C A L A B S T R A C T

Nb5+ is proved to play a major role in improving the moisture-resistant performance of Mn4+ by self-sup-
pressing the hydrolysis of [MnF6]2− groups, which may provide a new approach to substantially improve the
waterproof stability of Mn4+-activated (oxy)fluoride red phosphors.
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A B S T R A C T

Mn4+-activated fluoride red phosphors, the most important red phosphors for warm white light emitting diodes
(LEDs), usually suffer from inherent poor moisture resistance which is a major obstacle to their long-lasting
outdoor applications in a high humidity environment. Surface modification of phosphors by coating with either
organic or inorganic shells is an effective way to improve waterproof stability. However, the coating procedure
usually has a negative impact on the luminous efficacy due to the increased passivation shell thickness. In this
work, Mn4+-activated oxyfluoroniobate (Cs2NbOF5), a highly efficient phosphor with internal quantum effi-
ciency of ca. 82%, has been successfully synthesized and it is interesting to note that Cs2NbOF5:Mn4+ can exhibit
remarkably improved waterproof stability even without surface coating compared to well-accepted commercial
fluoride red-emitting phosphor, K2SiF6:Mn4+. The results obtained indicate that Nb5+ ions inside red phosphor
play a crucial role in improving the water-resistant performance of Mn4+, which provides a new concept for
overcoming the downside of their waterproof in humid conditions and maintaining the luminescence efficiency.
In the final phase white LEDs with a high luminous efficacy of 174 lm/W (higher than commercial fluoride red
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phosphors), low correlated color temperature (3164 K) and high color rendering index (Ra = 90 and R9 = 85)
have been fabricated using Cs2NbOF5:Mn4+.

1. Introduction

All the optical features of Mn4+ in fluorides satisfy the requirements
of a consummate red-emitting phosphor for white LEDs [1–3]. Mn4+-
activated fluoride phosphors, with narrow band emissions at ca.
630 nm and broad excitation band at ca. 460 nm, can be directly ex-
cited by the InGaN blue diode chip [4–9], which confirms that they are
one of the most important red phosphors for improving the color ren-
dering index (CRI) and lowering correlated color temperature (CCT) of
YAG:Ce3+ based white LEDs [10–13]. In this regard, K2SiF6:Mn4+ and
K2TiF6:Mn4+ have already been commercialized due to their simplicity
of processing and high photoluminescence (PL) quantum efficiency.
However, most of these fluoride phosphors suffer from inherent poor
moisture resistance as [MnF6]2− on the phosphor surface can be easily
hydrolyzed into dark Mn oxides and hydroxides in humid environment
[14], leading to a weakened red emission intensity and deterioration of
white LEDs during long-term operation. Therefore, the next challenge is
to considerably improve the moisture resistance of Mn4+ activated red
phosphors [14–17].

Surface modification by coating with either organic or inorganic
shell is the usual way to achieve this goal [18–21]. For instance, Liu’s
group [22] has successfully minimized the moisture sensitivity of
K2SiF6:Mn4+ by coating an alkyl phosphate layer on its surface. So did
Zhang’s group by coating a super-hydrophobic octadecyltrimethox-
ysilane shell on K2TiF6:Mn4+ [23]. However, the heterogeneous or-
ganic shells may be unstable under certain conditions such as high
temperature or contact with organic solvents [24]. In addition, surface
organic functional groups will inevitably weaken the luminescent effi-
ciency of phosphors. Recently, a new strategy to improve moisture re-
sistance of fluoride red phosphors has been proposed by coating a
homogeneous passive shell on either K2SiF6:Mn4+ or K2TiF6:Mn4+

surface using a surface-reduction [25–27] or reverse cation exchange
[24] method. However, the implementation of these strategies is still
unsatisfying for white LEDs with high luminous efficiency even if they
improve moisture-resistant property of red phosphors. Strictly
speaking, the PL intensity of red phosphors usually shows an obvious
decrease during the moisture resistance test, and there is always a de-
crease in the PL intensity after coating compared to the original one.
Thus, a new strategy to substantially improve the water-resistant
property of Mn4+ while maintaining a high luminescence efficiency is
absolutely essential.

Recently, Mn4+-activated oxyfluorides have drawn attention owing
to distorted octahedral coordination and mix of ligands (O2− and F−)
which may have an intriguing influence on the phosphor features
[28,29]. It was found that non-equivalent doping of Mn4+ in some
oxyfluorides may be an efficient strategy for developing new red
phosphors, for example, Cs2NbOF5:Mn4+ oxyfluoride exhibits excellent
luminescence properties (with an excitation at ca. 465 nm and emission
at ca. 635 nm), good thermal and color stability [30,31]. However, the
crystal structure and optimized synthesis to enhance the luminescence
properties of Cs2NbOF5:Mn4+ need to be further analyzed. For ex-
ample, β-Cs2NbOF5 shows the luminous efficacy (LE) of WLED only
90.72 lm/W and no details on moisture resistance of Mn4+ have been
addressed [30]. Therefore, water resistance as a crucial feature of the
phosphors used in warm white LEDs remains an open question [30,31].
In order to study the waterproof properties of Mn4+-activated oxy-
fluorides, α-Cs2NbOF5:Mn4+ has been synthesized with a facile co-
precipitation method and the waterproof performance without addi-
tional surface coating has been analyzed in detail under controlled
humidity conditions. It has been confirmed that even without

additional surface coating, the α-Cs2NbOF5:Mn4+ (hereinafter referred
to as Cs2NbOF5:Mn4+) exhibits much better moisture resistance than
the commercial fluoride red phosphor, K2SiF6:Mn4+, therefore a po-
tential mechanism has been explored.

2. Experimental section

2.1. Reagents

Hydrofluoric acid (HF, 40 wt%), CsF (99.9%), KF (99.9%), Nb2O5

(99.99%), KMnO4 (99.5%), KHF2 (99.0%) and hydrogen peroxide so-
lution (H2O2, 30 wt%).

1.00 mol L−1 of H2NbF7 solution was prepared by dissolving
13.29 g of Nb2O5 to 100 ml of HF solution (40 wt%) under heating until
a clear solution was formed.

The K2MnF6 precursor was prepared by precipitation method. KHF2
(9.0 g) and KMnO4 (0.45 g) were dissolved in 30 ml of HF solution.
Then, H2O2 (0.45 ml) was added dropwise to the solution under vig-
orous stirring. The deep-purple solution gradually turned to light purple
and the addition was finally stopped as soon as the solution became
light brown. After decanting, washing with acetone and HF three times
and drying at 75 °C for 2 h, a bright yellow K2MnF6 powder was ob-
tained.

2.2. Synthesis of Cs2NbOF5:Mn4+ red phosphors

The schematic diagram for the synthesis of Cs2NbOF5:Mn4+ is given
in Fig. S1. In a typical procedure, 1.90 ml of H2NbF7 solution (1.00 mol
L−1) and 0.0247 g K2MnF6 were added to 2.50 ml of HF solution under
stirring. After K2MnF6 was completely dissolved, 7.2914 g CsF was
added to the solution and stirred for another 20 min. Then the HF so-
lution was poured out, and the yellow precipitates washed with ethanol
three times to remove the impurity. Finally, the collected products were
dried at 70 °C for 3 h and Cs2NbOF5:Mn4+ red phosphor was success-
fully obtained. Cs2NbOF5:Mn4+ (5.0 at.% of the nominal concentration
of [Mn] inside feedstocks) with a different mole ratio of CsF:H2NbF7
from 1:1 to 32:1 is used to determine the optimal synthesis condition.

2.3. Synthesis of K2NbF7:Mn4+ red phosphors

6.00 ml of H2NbF7 solution (1.00 mol L−1) and 0.0890 g K2MnF6
were added to 8.00 ml of HF solution under stirring. After K2MnF6 was
completely dissolved, 1.0458 g KF was added to the solution and stirred
for another 20 min. Then the HF solution was poured out, and the
yellow precipitates were washed with ethanol three times to remove the
impurity. Finally, the collected products were dried at 70 °C for 3 h and
K2NbF7:Mn4+ (5.0 at.%) red phosphor was successfully obtained.

2.4. The crystal structure of Cs2NbOF5

All peaks were indexed by a trigonal cell (P-3 m1) with parameters
similar to Cs2NbF6 [32]. This structure was therefore taken as starting
model for Rietveld refinement. Site of F ion was occupied by F/O ions
with fixed occupations p = 0.833 and p = 0.167, respectively.

2.5. LED fabrication and performance measurement

LEDs with different correlated color temperatures (CCTs) were
fabricated by combining blue-chip (450–460 nm, 3.0 V, 300 mA),
YAG:Ce3+ yellow phosphor and different weights of the as prepared
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Cs2NbOF5:Mn4+ red phosphor. The phosphors were thoroughly mixed
with silicone, and the resulting phosphor-silicone mixture was coated
on the blue chips. The LEDs were operated and tested at 3.0 V and at
different drive currents. The photoelectric properties of the fabricated
devices were measured by an auto-temperature LED optoelectronic
analyzer (ATA-1000, Everfine).

2.6. Measurements and characterizations

The room temperature excitation and emission spectra as well as PL
decays were measured with an Edinburgh Instrument FLS920 spectro-
meter equipped with both 450 W xenon lamp and 60 W μs flash lamp as
an excitation source. The absorption and diffuse reflectance spectra
were recorded from a Cary 5000 UV–vis-NIR spectrophotometer
equipped with a Cary diffuse reflectance accessory, using BaSO4 as the
standard reference. The quantum yield was obtained from a
Hamamatsu C9920-03G absolute quantum yield measurement system.
Compositional analyses were verified by inductively coupled plasma-
atomic emission spectrometry (ICP). The morphology of the samples
was examined by a scanning electron microscope (SEM, FEI Quanta
400). The FTIR spectra in the 400–4000 cm−1 region was examined on
a spectrometer (Nicolet 330) with KBr pellets. Powder diffraction data
of the Cs2NbOF5 was collected at room temperature at a range of
2θ = 11–120° by Bruker D8 ADVANCE powder diffractometer (Cu-Kα
radiation) and linear VANTEC detector. The step size of 2θ was 0.016°,
and the counting time was 1.0 s per step.

3. Results and discussion

3.1. Optimization of synthesis conditions

Cs2NbOF5:Mn4+ phosphors were prepared using a co-precipitation
method with different feed ratios of CsF:H2NbF7 from 1:1 to 32:1 to
optimize the synthesis condition (see Experimental Section and Fig. S1
for more details). X-ray diffraction (XRD) patterns (Fig. S2) show that
impurity diffraction peaks gradually disappear with increasing
CsF:H2NbF7 ratio, and pure Cs2NbOF5 was formed when the ratio was
above 12:1. All diffraction peaks can be indexed to the Cs2NbOF5 phase
and no traces of K2MnF6 residual or other impurity phases were noted.
When carefully observed, it can be seen that the relative intensity of the
diffraction peaks varied with an increase in the ratio of CsF:H2NbF7 and
the peak at 2θ = 24° became extremely strong with a feed ratio of 24:1,
indicating a high orientation of Cs2NbOF5 particles. However, the re-
lative intensity of this peak (2θ = 24°) decreased as the ratio of
CsF:H2NbF7 increased further, leading to a decrease in particle or-
ientation. Rietveld refinement (Fig. S3) of Cs2NbOF5 was performed for
the first time to confirm the exact crystal structure. It was shown that
Cs2NbOF5 crystallizes in P3m1 space group of the trigonal crystal
system (Fig. 1a and Table S1). Detailed structural determination, co-
ordinates of atoms (Table S2) and main bond lengths (Table S3) are
addressed in ESI.

When the feed ratio of CsF:H2NbF7 rises, the body color of
Cs2NbOF5:Mn4+ phosphors under daylight changes from dark, light
yellow and finally to deep yellow (Fig. S4), suggesting an increased
Mn4+ content. The nominal concentration of [Mn] in the feedstocks
was maintained at 5.0 at.% as compared to [Nb], while the actual Mn4+

concentration in Cs2NbOF5:Mn4+ phosphors with different feed ratio

Fig. 1. (a) Crystal structure of Cs2NbOF5. (b) Excitation (λem = 631.5 nm) and emission (λex = 467 nm) spectra of Cs2NbOF5:Mn4+ (4.90 at.%). (c) PL intensity and
lifetime (λex = 467 nm, λem = 631.5 nm) and (d) absorption spectra of Cs2NbOF5:Mn4+ as a function of Mn4+ contents at room temperature.
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was determined by ICP (Table S4). The sample synthesized with feed
ratio of 24:1 (CsF:H2NbF7) was found to have the highest Mn4+ content
(4.90 at%), indicating that 98% of Mn4+ in the solution could be suc-
cessfully doped into the host lattice. This sample (24:1) demonstrates
much higher emission intensity around 630 nm (Fig. 1b and Fig. S5a)
and internal quantum efficiency (IQE) than the others (Table S4 and
Fig. S5b). When the ratio of CsF:H2NbF7 was below 20:1, majority of
Cs2NbOF5:Mn4+ particles had an irregular shape with several microns
in size (Fig. S6). On the other hand, the particles shaped in long bars
around 100 μm when the ratio was 24:1 (Fig. S6d), which is well-
aligned with the XRD results (high orientation at feed ratio of 24:1, Fig.
S2). The bar-like morphology is highly related to the inherent trigonal
crystal structure. A further increase in the feed ratio led to a decrease in
the aspect ratio and the orientation of the micro-bars (Fig. S6e and S6f),
which is also consistent with the XRD results. Considering the highest
emission intensity and IQE, the optimal synthesis condition of
Cs2NbOF5:Mn4+ was determined to be 24:1 of CsF:H2NbF7.

3.2. Luminescence properties of Cs2NbOF5:Mn4+

Using the optimal synthesis condition (CsF:H2NbF7 = 24:1) con-
firmed in the last section, a series of Cs2NbOF5:Mn4+ samples were
synthesized with different Mn4+ content as determined by ICP method
to be 0.00, 0.73, 1.99, 2.62, 4.90 and 6.98 at.%, respectively (Table S5).
Due to a smaller ionic radius of Mn4+ than Nb5+, the XRD patterns shift
to higher Bragg’s angles (Fig. S7) with an increase of Mn4+ content as
expected, indicating successful doping of Mn4+ into the Cs2NbOF5 host
lattice.

Fig. 1b illustrates the excitation and emission spectra of
Cs2NbOF5:Mn4+ at room temperature. In accordance with the pre-
viously reported results of Mn4+-activated fluorides, there are two in-
tense excitation bands in 310 – 525 nm wavelength range,

corresponding to the spin-allowed transitions of 4A2 → 4T1 (366 nm)
and 4A2 → 4T2 (467 nm), respectively. The charge transfer transition
between F− and Mn4+ ions results in the excitation band from 250 nm
to 300 nm [10]. The red emission attributed to the spin-forbidden
2Eg → 4A2 transition includes several sharp lines at 600.5, 610.5, 615.5,
631.5, 636.5, and 648 nm, originating from the transitions of anti-
Stokes v3(t1u), v4(t1u), and v6(t2u) and Stokes v6(t2u), v4(t1u), and v3(t1u)
vibronic modes, respectively, which is typical red emission of Mn4+-
activated fluorides [33]. The emission feature of the Mn4+ ions doped
oxyfluoride with negligible red-shift is almost identical to those of
Mn4+-activated fluorides.

For the first time, the energy levels of Mn4+ ions in Cs2NbOF5 were
calculated using the exchange charge model of crystal field. All calcu-
lation details can be found in our previous work [34–38]. The corre-
lation between calculated Mn4+ energy levels and experimental ex-
citation/emission spectra is shown in Fig. S8. Well-alignment between
the calculated energy levels (Table S6) and experimental data was ob-
tained when the Racah parameters B and C are 545 cm−1 and
3965 cm−1, respectively. The point symmetry of the Nb site occupied
by Mn4+ is trigonal, which is reflected in the calculated crystal field
parameters. Herein, non-zero parameters (in Stevens normalization,
cm−1) ofB2

0 = –1351.5, B4
0= –3540.4 andB4

3 = 107808.4 are typical
for the trigonal crystal field.

Maximum values of PL intensity (Fig. 1b) and external quantum
efficiency (EQE, Table S5) of Cs2NbOF5:Mn4+ are obtained with a
Mn4+ content of 4.90 at.%. The lifetime values of Cs2NbOF5:Mn4+ are
almost the same if the Mn4+ content is below 4.90 at.% (3.43–3.48 ms)
compared to the decreased value at 6.98 at.% (3.23 ms), as shown in
Fig. 1c and Fig. S9. Therefore, concentration quenching occurs when
the Mn4+ content exceeds 4.90 at.%, which is well-aligned with PL
data. IQE reaches a maximum value (81.7%) with a Mn4+ content of
2.62 at.% (Table S5), while the absorption efficiency rises with

Fig. 2. (a) The emission spectra of Cs2NbOF5:Mn4+: (i) as-prepared, (ii) aging under high humidity atmosphere (HH 85%) and high temperature (HT 85 °C) for 2 h
and (iii) then dried at 75 °C for 6 h. (b) FTIR spectra of hydrated and dehydrated Cs2NbOF5:Mn4+ at 75 °C for different time. (c) Photographs of Cs2NbOF5:Mn4+ (I)
and K2SiF6:Mn4+ (II) phosphors as a function of immersion period in deionized water. (d) The relative emission intensity (λex = 467 nm) of Cs2NbOF5:Mn4+ (III) and
K2SiF6:Mn4+ (IV) as a function of immersion period in deionized water.
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increasing doping amount of Mn4+ as shown in the absorption spectra
(Fig. 1d). Thus, a maximum EQE value of 54.6% for Mn4+ content of
4.90 at.% is achieved which is as high as K2SiF6Mn4+ phosphor [22].

3.3. Improved moisture resistance

These years, Mn4+-activated fluoride red phosphors as a kind of
most promising red phosphors for white LEDs have attracted a large
amount of attention, however their unique optical properties and high
luminescence efficiency are extremely sensitive to moisture [27].
Avoiding surface treatment of phosphors, we have proposed a moisture
resistant Cs2NbOF5:Mn4+ that preserves its luminescence efficiency to a
large degree in humid environment. To the best of our knowledge, the
moisture-resistant property of Mn4+-activated Cs2NbOF5 has not been
reported so far.

In this work, it was found that Cs2NbOF5:Mn4+ exhibits much better
moisture stability than commercial K2SiF6:Mn4+ red phosphor (Fig.
S10). After aging under high humidity (HH 85%) and high temperature
(HT 85 °C) for 2 h, the emission intensity of Cs2NbOF5:Mn4+ showed
only a slight decrease compared to the as-prepared one (Fig. 2a). Sur-
prisingly, the emission intensity was recovered to its original value after
dehydration at 75 °C for 6 h, as shown in curve iii of Fig. 2a. In addition,
the Fourier-transform infrared (FTIR) spectra shows that the intensity
of broad absorption band around 3500 cm−1 (assigned to water mo-
lecules) decreased significantly after dehydration (Fig. 2b), indicating
that most of the absorbed water molecules was removed by heating.

To further investigate the moisture-resistant property

comparatively, Cs2NbOF5:Mn4+ and K2SiF6:Mn4+ powdery phosphors
were immersed in deionized water for different periods of time (I and II
of Fig. 2c). The results indicate that the yellow tint of Cs2NbOF5:Mn4+

sample remained unchanged even after 240 min in water (I), whereas
the yellow tint of the K2SiF6:Mn4+ sample almost instantly turned into
brown (II). Under blue light irradiation, Cs2NbOF5:Mn4+ shows bright
red emission even after 240 min in water, while K2SiF6:Mn4+ has al-
most invisible emission to naked eyes (Fig. S10). The measured PL in-
tensity verified that Cs2NbOF5:Mn4+ retained 96.0% of its initial
emission intensity after immersion in water for 240 min as shown in III
of Fig. 2d (detailed emission spectra are presented in Fig. 3a and b).
Under the same conditions, K2SiF6:Mn4+ sample showed a significant
reduction in the emission intensity (34.1%) after only 1.0 min and after
240 min its emission dropped to only 5.9% of the initial value as shown
in IV of Fig. 2d (detailed emission spectra are presented in Fig. 3c and
d). All these results clearly indicate that Cs2NbOF5:Mn4+ red phosphor
has excellent waterproof stability.

It is important to confirm why Cs2NbOF5:Mn4+ has shown such a
good moisture-resistant property, which may further provide a new
approach to improve the moisture resistance of Mn4+ activated fluoride
red phosphors. Herein, two main hypotheses may explain the excellent
moisture stability. The special structure of oxyfluorides may have some
intriguing effect on the chemical stability of phosphors owing to the
distorted octahedral coordination and mix-ligands of O2− and F−

(hypothesis I). Nb5+ played a dominant role in the improvement of the
moisture-resistant property by preventing the hydrolysis of [MnF6]2−

group (hypothesis II). A set of experiments and measurements have

Fig. 3. The emission spectra of Cs2NbOF5:Mn4+ (a and b) and K2SiF6:Mn4+ (c and d) after immersion in deionized water for 30 and 240 min, respectively. The insets
show the relative emission intensities of Cs2NbOF5:Mn4+ and K2SiF6:Mn4+ as a function of immersion period in deionized water.
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been carried out in order to determine which one is correct. Firstly, the
crystal structures of both Cs2NbOF5:Mn4+ and K2SiF6:Mn4+ phosphors
were investigated, which did not change even after immersion in water
(Fig. S11). Secondly, the diffuse reflectance spectra (DRS) of
Cs2NbOF5:Mn4+ and K2SiF6:Mn4+ phosphors (before and after im-
mersion in water for different periods of time) were compared in Fig. 4a
and b. It was clearly confirmed that there are two characteristic ab-
sorption bands of Mn4+ centered around 360 nm (4A2 → 4T1) and
460 nm (4A2 → 4T2) for both samples before immersion. Absorption
bands (Fig. 4a) in the DRS and body color (Fig. 2c) of Cs2NbOF5:Mn4+

powders remained almost unchanged even after 240 min in water,
which implies that the hydrolysis of [MnF6]2− into Mn oxides and
hydroxides was prevented. This result is well-aligned with the excellent
PL stability of Cs2NbOF5:Mn4+ after immersion in water (Fig. 3a and
b). On the contrary, the DRS of K2SiF6:Mn4+ has changed significantly.
The characteristic absorption bands of Mn4+ disappear after 30 min,
while a flat broad absorption band appears in the wavelength range
from ultraviolet to visible region (Fig. 4b), suggesting the hydrolysis of
[MnF6]2− group and the undesirable presence of Mn oxides and hy-
droxides [26]. This results in darkness of the body color (II of Fig. 2c)
and decrease in PL intensity of K2SiF6:Mn4+ (Fig. 3c and d).

It could be observed that the colorless suspension of
Cs2NbOF5:Mn4+ in aqueous solution becomes purple over time,
whereas the color of K2SiF6:Mn4+ aqueous solution does not change
(Fig. 2c). The purple color of Cs2NbOF5:Mn4+ solution is unusual and
could be related to its moisture resistance. In this regard, the absorption
spectra of aliquots taken at different times from Cs2NbOF5:Mn4+

aqueous solution are shown in Fig. 4c. A broad absorption band in the
wavelength range of 410–600 nm is evident, while K2SiF6:Mn4+ aqu-
eous solution does not show any absorption peak in a separate ex-
periment (Fig. 4d). Since the purple color is considered to be typical for
the [MnO4]− solution, the absorption spectrum of the KMnO4 solution
(Fig. 4c) was compared with the Cs2NbOF5:Mn4+ solution, indicating
well aligned absorption bands of both solutions. This result reveals that
a certain amount of Mn4+ has been oxidized to [MnO4]− when
Cs2NbOF5:Mn4+ powder was immersed in water. To further establish
the presence of [MnO4]−, hydrogen peroxide solution (H2O2, 30 wt%)
was added drop by drop to purple Cs2NbOF5:Mn4+ solution. The re-
action triggered the appearance of bubbles and the purple color became
colorless (Video S1), which is a typical phenomenon for [MnO4]− so-
lutions. The possible chemical reaction from Mn4+ to [MnO4]− was
explored (Fig. S12). From literature [39–41], it is known that niobium
as a catalyst plays an important role in the oxidation process of hy-
drocarbons. From the above results, it can be confirmed that the pre-
sence of Nb5+ can improve the water-resistant performance of Mn4+-
activated phosphors (hypothesis II).

To further verify the hypothesis II, K2NbF7:Mn4+, a Mn4+ activated
niobium-based fluoride (only F− ligands), was synthesized (Fig. S13a)
and tested for moisture resistance. It could be observed that
K2NbF7:Mn4+ preserved a yellowish color during the water resistance
test, indicating good chemical stability. In addition, the presence of
[MnO4]− in K2NbF7:Mn4+ aqueous solution (Fig. S13b and Fig. S13c)
was confirmed, the same as in Cs2NbOF5:Mn4+. To draw a conclusion,
the above results further confirm that Nb5+ plays a leading role in

Fig. 4. Diffuse reflection spectra of (a) Cs2NbOF5:Mn4+ and (b) K2SiF6:Mn4+ phosphors before and after immersion in deionized water for different time. Absorption
spectra of the suspension of (c) Cs2NbOF5:Mn4+ and (d) K2SiF6:Mn4+ before and after immersion in deionized water for different time, and the aqueous solution of
KMnO4.
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improving the waterproof stability of both Cs2NbOF5:Mn4+and
K2NbF7:Mn4+ phosphors.

If observed carefully, the purple color (i.e. [MnO4]−) has always
occurred first at the interface between solid particles and liquid water,
no matter the solid particles are Cs2NbOF5:Mn4+ (Fig. 2c) or
K2NbF7:Mn4+ (Fig. S13b). Thus, it may imply that the concentration of
Nb5+ in the solution dominated this process. To analyze the mechanism
for improving the moisture resistance of Cs2NbOF5:Mn4+ phosphor
caused by Nb5+, a series of solutions with different Nb5+ contents
(0.005 ~ 0.045 mol/L) were prepared while maintaining the same
amount of K2MnF6 (Fig. S14). It can be observed that with a low Nb5+

content (below 0.015 mol/L) the solution quickly becomes brown due
to the hydrolysis of [MnF6]2− group. With increasing Nb5+ content
(0.020 ~ 0.030 mol/L), the solution turns brown more slowly and the
brown products gradually disappear, which means that the hydrolysis
of [MnF6]2− was completely suppressed with a high Nb5+ content. The
above results suggest that Nb5+ may inhibit the hydrolysis of the
[MnF6]2− group and this effect becomes stronger as the Nb5+ content
increases.

Considering the extraordinary performance of Nb5+ in improving
the waterproof stability, this study may provide a new route to advance
the water-resistant property of Mn4+-activated fluoride red phosphors.
On the basis of the hypothesis II outlined above, another simple ex-
periment was carried out. The same amount of yellowish K2SiF6:Mn4+

powders was added to aqueous solutions with different Nb5+ content
(0.000 ~ 0.050 mol/L) and aged for three months (Fig. S15).
K2SiF6:Mn4+ powder sample immersed in water (without Nb5+) turns
brown immediately due to the hydrolysis of [MnF6]2− group. However,
even at a low concentration of Nb5+ (below 0.010 mol/L) there is only
a slight change in the color of K2SiF6:Mn4+ powder. Moreover, the
body color of K2SiF6:Mn4+ powder inside the solution remained un-
changed at a high Nb5+ content (above 0.015 mol/L) even after three
months, indicating that the hydrolysis of [MnF6]2− was completely
suppressed by the presence of Nb5+ (Fig. S15). This experiment shows a
feasible way to significantly improve the moisture-resistant property of
Mn4+-activated fluoride red phosphors by introducing Nb5+.

In addition, color stability under different temperature is also an
important parameter of phosphors used for LED fabrication and can be
described by the chromaticity shift (ΔE, for more details see Eq. S3)
[42,43]. Fig. 5a demonstrates that Cs2NbOF5:Mn4+ exhibits better
color stability than commercial red phosphors (CaAlSiN3:Eu2+ and
K2SiF6:Mn4+) in the temperature range from 298 K to 423 K. The
thermal stability of Cs2NbOF5:Mn4+ from room temperature to high
temperature is illustrated in Fig. S16.

3.4. Fabrication and performance of white LEDs

Due to the outstanding emission efficiency, moisture resistance and
color stability, it is necessary to evaluate the practical application of
Cs2NbOF5:Mn4+ red phosphor inside white LEDs. White LEDs fabri-
cated with only YAG:Ce3+ show low CRI of Ra = 73, R9 = -45 and high
CCT of 8080 K, which is not suitable for indoor lighting due to lack of
red emission. By combining red Cs2NbOF5:Mn4+ and yellow YAG:Ce3+

phosphors, packaged warm white LEDs have a high CRI of Ra = 90,
R9 = 85 and high luminous efficacy of 174 lm/W (Fig. 5b), which is
higher than that of K2TiF6:Mn4+ commercial fluoride red phosphor
[10] (herein, K2TiF6:Mn4+ was taken as a reference because of its
higher luminescence efficiency than K2SiF6:Mn4+) [6]. In addition, the
current-dependent photoelectric parameters (Table S7) indicates that
the luminous efficacy of the as-fabricated white LED at different power
is much higher than that of K2TiF6:Mn4+ fabricated white LED (Table
S8 and Fig. S17). The chromaticity coordinates of the typical LED with
CCT of 3168 K are close to the black body locus, as marked in Fig. S18.
These excellent results reveal that Cs2NbOF5:Mn4+ may potentially be
used as a red component for white LEDs.

4. Conclusions

In summary, oxyfluoroniobate Cs2NbOF5:Mn4+ was prepared using
a co-precipitation method and the synthesis condition was optimized to
achieve the highest luminescence intensity and IQE by adjusting feed
ratios. The unique luminescence features of Cs2NbOF5:Mn4+, including
strong broadband absorption at ~ 467 nm and high-purity sharp red
emission at ~ 631.5 nm, are the same as Mn4+-activated fluoride red
phosphors. Using Cs2NbOF5:Mn4+ red phosphor, warm white LEDs
(CCT = 3168 K and Ra = 90) with high luminous efficacy of 174 lm/W
were fabricated. Interestingly, it was found that Cs2NbOF5:Mn4+ ex-
hibits much better moisture resistance than commercial fluoride red
phosphors. The Cs2NbOF5:Mn4+ sample retained 96.0% of its original
emission intensity even after immersion in water for 240 min, whereas
K2SiF6:Mn4+ retained only 5.9%. It was found that Nb5+ plays a
leading role in improving the moisture-resistant property of Mn4+ by
self-suppressing the hydrolysis of [MnF6]2− groups. It has been con-
firmed that the self-inhibiting effect becomes stronger with an increase
of Nb5+ content in K2MnF6 solution. The results revealed a feasible way
to substantially improve the moisture-resistant property of Mn4+-acti-
vated fluoride red phosphors by introducing Nb5+, which opens up a
new avenue for the development of high waterproof Mn4+-activated
red-emitting phosphors using self-protective elements.

Fig. 5. (a) Chromaticity shift of Cs2NbOF5:Mn4+, CaAlSiN3:Eu2+ (CSASNE)
and K2SiF6:Mn4+ (KSFM) in the temperature range from 298 K to 423 K. (b)
Electroluminescent spectra of a fabricated white LED using Cs2NbOF5:Mn4+ red
phosphor with CCT of 3168 K. The inset shows photograph of the as-prepared
white LED. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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