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A new red phosphor BaGeF6:Mn
4+

: hydrothermal 

synthesis, photo-luminescent properties, and its 

application in warm white LED devices 

Qiang Zhou,a Yayun Zhou,a Yong Liu,a Lijun Luo,a Zhengliang Wang,*a Jinhui Peng,a 
Jing Yan,b and Mingmei Wu*b 

In this work, we report a new and efficient red phosphor BaGeF6:Mn4+ (denoted as BGFM) 
by hydrothermally etching BaCO3 and GeO2 in HF solution with an optimized KMnO4 

concentration. The crystal structure and morphology were characterized by powder X-ray 
diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDS) in details. The influence of synthesis conditions on its photo-
luminescent (PL) properties has been investigated comprehensively. It can present a broad 
adsorption and sharp emissions in blue and red ranges respectively. The white LED device 
made of blue GaN chip merged with YAG:Ce-BGFM mixture presents warmer white light 
than that merged with only one YAG:Ce component. 

 

Introduction 

Over the past decade, the white light-emitting diodes (WLEDs) 
have been a topic of interest to scientists and engineers due to 
their high energy efficiency, long lifetime, and environmental 
friendly properties.1-3 Generally, the most popular WLED is 
fabricated from blue GaN chip and yellow-emitting 
Y3Al5O12:Ce3+ (YAG:Ce) phosphor, which can absorb blue 
light excited from the GaN chip to emit high luminous 
efficiency white light.4,5 However, the white light possessed by 
this kind of WLED lacks red emission component,6,7 which 
results in it hard for indoor lighting application because of high 
correlated colour temperature (CCT > 6,000 K) and low colour 
rendering index (CRI, Ra < 80).8-11 To solve this problem, 
enormous research efforts have been devoted to develop red 
phosphors, such as Mn4+ activated ones with intense broad 
excitation band in blue region and sharp emission in red region. 
The optical performance of WLEDs can be improved by 
mixing them with YAG:Ce phosphor.12-14 
    Mn4+ doped materials, especially aforementioned Mn4+ 
activated red phosphors have been widely investigated since its 
distinct 2E→4A2 transition in symmetrically octahedral crystal 
field, resulting in the phosphor broad adsorption bands at 380-
490 nm and sharp emission peaks at 610-760 nm.15,16 A typical 
example is Mn4+ activated Mg2TiO4 red phosphor.17,18 However, 
its emission located between 650 and 720nm, which are too far 
red-shifted for efficient warm WLEDs with a high luminous 
efficiency. To overcome this drawback, very recently, a series 
of fluoride A2XF6:Mn4+ red phosphors (A = K, Na, Ba and B = 

Si, Ti), based on a facile one-step synthesis have been 
reported.19-24 For example, Liu demonstrated a one-step co-
precipitation approach to synthesize Na2SiF6:Mn4+ and 
K2SiF6:Mn4+ red phosphors from a silicon fluoride solution 
using H2O2 to reduce Mn7+ to Mn4+ at room temperature.19 Qiu 
reported a facile redox reaction to fabricate K2SiF6:Mn4+ red 
phosphor in HF/KMnO4 solution at room temperature.21 A 
series of single phase A2XF6:Mn4+ red phosphors, such as 
K2SiF6:Mn4+, BaTiF6:Mn4+ and BaSiF6:Mn4+ have been 
prepared by a one-pot synthesis including hydrothermal and/or 
chemical etching route.22-24 Despite these successes, to the best 
of our knowledge, the feasible approach for the direct 
preparation of BaGeF6:Mn4+ (BGFM) red phosphor, has not yet 
been reported. 

In this paper, for the first time, we present an efficient one-
step hydrothermal approach to fabricate single-phase BGFM 
red phosphor with micro-rod morphology. The influence of the 
reaction parameters, such as the concentration of starting 
materials, the reaction temperature and time, on the PL 
properties of the BGFM red phosphor has been investigated 
systematically. The optimal reaction condition is achieved and 
the optimized BGFM red phosphor emits intensive red light 
under blue light excitation. The as-fabricated WLED with 
YAG:Ce-BGFM mixture exhibits warmer white light than that 
with only one YAG:Ce component. 

 

 

Page 1 of 7 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Mater. Chem. C, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015 

Experimental 

Materials and synthesis 

All source materials in this work, including hydrofluoric acid, 
barium carbonate, germanium oxide, potassium permanganate, 
yttrium oxide, cerium oxide and aluminium hydroxide were of 
analytical grade and without any further purification prior to 
use. Red phosphors BGFM were synthesized via a one-pot 
hydrothermal treatment from BaCO3, GeO2 and KMnO4 in HF 
solution. In a typical synthesis, 0.494 g of BaCO3, 0.262 g of 
GeO2 and 0.079 g of KMnO4 were weighted and added into a 
Teflon cup containing 50.0 ml of HF solution with magnetic 
stirring for 30 min. The hydrothermal synthesis was conducted 
at 180 oC for 8.0 hours. After the autoclave was cooled down 
naturally to room temperature, the resulting solid product was 
collected carefully from the cup, washed extensively with 
distilled water and methanol for several times, and dried at 60 
oC for 12.0 hours. 

Yellow phosphor YAG:Ce was synthesized according to the 
procedures described in literature with minor modifications.25 
The stoichiometric mixtures of Y2O3, Al(OH)3 and CeO2 were 
ground and fired at 1300 oC for 8.0 h in reducing atmosphere 
(N2 : H2 = 95 : 5).  

The LEDs were fabricated by coating the phosphors and 
epoxy resin mixture (mass ratio is 1:1) on GaN chips (~ 460 
nm). 

Characterizations 

Initially, Powder X-ray diffraction (XRD) was used to 
investigate the crystal structure of the as-prepared product with 
an  X-ray diffractometer using Cu Kα radiation (λ = 0.15406 nm) 
and a graphite monochromator from 15° to 70°. The surface 
morphologies and structures of the obtained phosphors were 
observed by a scanning electron microscopy (SEM, FEI Quanta 
400 Thermal FE Environment scanning electron microscopy) 
with an attached energy-dispersive X-ray spectrometer (EDS). 
The valence state was examined by a Scanning X-ray 
photoelectron spectroscopy Microprobe system (XPS, Phi5000 
Versaprobe-II, Ulvac-Phi) with an Al target working at 15 kV. 
The Diffuse Reflectance Ultraviolet-Visible spectrum (DRS) 
was collected on an Cary 5000 UV-Vis-NIR spectrophotometer, 
and the luminescence decay curve was obtained from an 
FLS920 fluorescence spectrophotometer. PL properties were 
examined on a Cary Eclipse FL1011M003 (Varian) 
spectrofluorometer with the xenon lamp as excitation source. 
The performance of WLEDs was recorded on a high accurate 
array spectrometer (HSP6000).  

Results and discussion 

Phase, composition and morphology 

The XRD patterns of the hydrothermally synthesized BaGeF6 
with and without Mn4+ doping are shown in Fig. 1, along with 
its corresponding standard diffraction card. It is obvious that in 
Fig. 1a, all the diffraction peaks that appear for the as-prepared 

products agree well with the standard BaGeF6 card (JCPDS No. 
74-0924, space group R-3m, a = b =  c = 4.83 nm), which 
indicates each product is a single pure phase of BaGeF6. Fig. 1b 
displays the BGFM product hydrothermally treated with 10.0 
mmol⋅L-1 KMnO4 and 40 % (v/v) HF solution at 180 oC for 8.0 
h. As similar as curve a, it is also of single pure phase, which 
means the doping of Mn4+ does not change the crystal structure 
of this BaGeF6 host. That is because Mn4+ not only has the 
same valence state as Ge4+, but also the identical ionic radius 
with Ge4+ (0.53 Å, CN = 6 vs. 0.53 Å, CN = 6). This results in 
charge balance between Ge4+ and Mn4+ in BGFM and similar 
profile between Fig. 1b and Fig. 1a.  
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Fig. 1 Representative XRD patterns of the (a) BaGeF6 host and BGFM 

product prepared at 180 oC for 8.0 h with 10.0 mmol⋅L-1 KMnO4 and 40 % 

(v/v) HF solution. 

To determine whether Mn4+ ions were doped into the BaGeF6 
matrix, the luminescent properties of the above obtained BGFM 
product were examined and shown in Fig. 2a. It demonstrated 
two broadband excitation peaks, according to the Tanabe-
Sugano diagram, which are attributable to the spin-allowed and 
parity-forbidden transitions from ground state 4A2g to excited 
state 4T1g and 4T2g of Mn4+ in the UV and blue region 
respectively.21 The corresponding emission spectrum exhibited 
three strong peaks locating in the red region, which was a 
typical property of Mn4+ ion-activated phosphors as reported 
previously.26,27 This strongly indicates that the Mn4+ ions have 
been doped into the BaGeF6 matrix.  

Fig. 2b-c exhibits the representative SEM and energy-
dispersive X-ray spectroscopy (EDS) results of the particulate 
BGFM red phosphor prepared from hydrothermal treatment of 
BaCO3, GeO2 and KMnO4 in 40 % (v/v) HF solution. The SEM 
picture illustrates that a number of rod-shaped crystals with 
smooth surfaces are present in the as-synthesized BGFM 
product. Closely observing the tips of these rods, each rod has a 
diameter about 0.2 µm and length around 2 µm. Actually, the 
morphologies of all obtained BGFM products prepared from 
different concentration of HF are similar to Fig. 2b (see Fig. S1 
in ESI†). The EDS spectra of Fig. 2c clearly recognized the 
peaks of F, Ge, Ba, and Mn elements, which also can be 
identified from the XPS profile (Fig. S2 in ESI†), suggesting 
that Mn element has been indeed doped into the matrix lattice 
to occupy the Ge lattice site. This result further verifies that the 
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Mn4+ ions are active centres in BaGeF6 to emit red light under 
blue light excitation. Actually, the molar concentration of Mn 
in this product, which also indicated by the XPS result, is very 
low. Moreover, the absence of oxygen peak in the EDS result 
implies that there are no presence of MnO2 in the hydrothermal 
reaction, which was identical with the previous work 20.  
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Fig. 2 (a) The excitation and emission spectra with a typical photo 

image excited under a UV lamp, (b) SEM picture, (c) EDS data of the 

as-synthesized BGFM red phosphor obtained from 10.0 mmol⋅L-1 

KMnO4 and 40 % (v/v) HF solution at 180 oC for 8.0 h. 

Optical properties and application in WLEDs 

Because of the same ionic radius and charge balance, Mn4+ ions 
can substitute octahedral Ge4+ ionic sites in BaGeF6 to form the 
BGFM red phosphor, resulting in its strong absorption in blue 
region. This was also observed in the diffuse reflection spectra 
(DRS) (Fig. S3 in ESI†), which revealed a strong adsorption 
peak at 457 nm. This phenomenon is a strong indication for its 
potential application in blue GaN chips.  

For a crystal synthesized from hydrothermal route, it is 
necessary to investigate the influence of some general reaction 
parameters, such as the concentration of starting materials, the 
reaction temperature and time, on its PL properties. Therefore, 
different concentration of HF, from 10 % to 40 % (v/v) was 
employed to investigate the PL properties of BGFM red 
phosphors. Fig. 3 exhibits the excitation and emission spectra 
prepared with different HF concentrations. It is clear that the 
shapes of these excitation spectra are similar, each of which is 
composed of two broadband peaks. As illustrated above, the 
broad excitation bands are attributed to the spin-allowed and 
parity-forbidden transitions 4A2–

4T1g,2g of Mn4+ respectively. 
The stronger excitation locates at 460 nm, which matches 
perfectly with the blue emission of GaN chip (~ 460 nm). 
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Fig. 3 (a) Excitation and (b) emission spectra of red phosphor BGFM 

obtained at 180 oC for 8.0 h with 10.0 mmol⋅L-1 KMnO4 and (a) 10 %, 

(b) 20 %, (c) 30 % and (d) 40 % (v/v) HF, the insert is the relationship 

between HF concentration and the relative emission intensity of BGFM. 

Fig. 3b shows a series of corresponding emission spectra of 
the BGFM phosphors under 460 nm light excitation. Three 
emission peaks locating at 615, 634 and 649 nm strongly 
indicates the emitted light is red, which are identified as the 
anti-strokes and strokes transitions between 2E and 4A2 levels of 
Mn4+ respectively.22-24 Among all the emission peaks, the 
strongest peak locates at 634 nm. Moreover, Fig. 3b exhibits 
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the effect of HF concentration on the emission intensity of 
BGFM. It is obvious that the emission intensity increases with 
the HF concentration, until it reaches 40 % (v/v), at which the 
obtained BGFM phosphor emits stronger red light than that of 
other samples. That may be because higher HF concentration is 
beneficial for the formation of stable MnF6

2- group. With the 
highest HF concentration, the obtained BGFM phosphor emits 
the most brightness red light. Therefore, the following 
experiments were conducted in this 40 % (v/v) HF environment. 
The relationship between HF concentration and the relative 
emission intensity of BGFM phosphor is illustrated in the insert 
of Fig. 3b. 
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Fig. 4 Emission spectra of BGFM red phosphors obtained from 40 % 

(v/v) HF with different concentration of KMnO4 at 180 oC for 8.0 h, the 
insert is the relationship between the concentration of KMnO4 
and the relative emission intensity of BGFM. 

As we know, the doping amount of a phosphor plays a very 
important role in its PL properties. But in this work, it is hard to 
accurately decide the doping amount of Mn4+ in BGFM 
products. Thus from a practical point of view, it is very 
important to investigate the effect of KMnO4 concentration on 
the PL properties of the as-synthesized BGFM red phosphors. It 
can be clearly observed that the emission spectra in Fig. 4 also 
share the similar shape. Without the addition of KMnO4, no 
emission peaks can be observed. Adding a small amount of 
KMnO4 into the reaction system, the emission intensity sharply 
increased. With the addition of KMnO4, the emission peaks 
gradually increased until it reaches 10.0 mmol⋅L-1, at which the 
BGFM emits the strongest red light and the CIE (Commission 
Internationale de l’Eclairage, International Commission on 
Illumination) chromaticity coordinates are x = 0.695, y = 0.305. 
This value is close to the “ideal red” of NTSC (National 
Television Standard Committee, x = 0.67, y = 0.33, Fig. S4 in 
ESI†). Furthermore, the strongest peak locating at 634 nm is 
very close to the ideal red (620 nm) in terms of luminous 
efficacy of white emitting LEDs. With a continual increase of 
KMnO4 concentration, the emission contrarily dropped, which 
may be due to the concentration quenching of Mn4+ in BaGeF6 
crystal lattice.28 Relationship between the KMnO4 

concentration and the relative emission intensity of BGFM 
phosphor is inserted in Fig. 4. 

Fig. 5 investigates the effect of synthesis temperature on the 
PL property of the obtained BGFM phosphor. Similar as 
illustrated above, all of the BGFM phosphors emit red light as 
well, and the emission intensity can be enhanced by increasing 
the reaction temperature from 100 °C to 180 °C, which is 
probably due to the improved crystallization at higher 
temperature.23 However, with the further increase of reaction 
temperature, the emission intensities decreases as shown in Fig. 
5. It is possible some structures tend to deteriorate at much 
higher temperature. The reaction time influenced little on the 
PL properties of the BGFM phosphors (Fig. S5 in ESI†) and the 
best reaction period is 8.0 h. Therefore, according to the results 
obtained above, the optimized reaction condition is: 10.0 
mmol⋅L-1 KMnO4, 40 % (v/v) HF, reacted at 180 oC for 8.0 h. 
The thermal behavior and decay curve of the optimized BGFM 
red phosphor is shown in Fig. S6 and S7 (ESI†). The 
decomposition temperature of BGFM is about 519.6 oC and its 
decay curve is well fitted into single-exponential function with 
a lifetime τ value of 5.89 ms. 
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Fig. 5 Emission spectra of BGFM red phosphors obtained from 40 % 

(v/v) HF and 10.0 mmol⋅L-1 KMnO4 at (a) 100 oC, (b) 120 oC, (c) 180 
oC and (d) 200 oC for 8.0 h, the insert is the relationship between 

reaction temperature and the relative emission intensity of BGFM. 

Fig. 6 shows the electro-luminescent spectra of the GaN chip, 
the LED based on BGFM, YAG:Ce, YAG:Ce-BGFM mixture 
under 20 mA current excitation. The peak at  ~ 460 nm can be 
attributable to the emission of GaN chip (Fig. 6a) while the 
peaks at 634 nm are due to the emission of BGFM phosphor 
(Fig. 6b), which can make the bright red light be clearly 
observed by naked eyes (insert of Fig. 6b). The difference 
between two WLEDs was shown in Fig. 6c-d. Obviously, the 
red emission in Fig. 6d is very clear, which means the addition 
of BGFM is favourable for improving the CRI and CCT levels 
of the YAG:Ce type WLED. The performance is summarized in 
Tab. S1 (ESI†). Briefly, the white light emitted from the GaN-
YAG:Ce-BGFM type WLED is warmer than that from the 

0 2 4 6 8 10 12 14 16
0

50

100

150

200

250

 

In
te

n
si

ty
 (

a
.u

.)

Concentration of KMnO4 (mmol/L)

100 120 140 160 180 200

120

160

200

240

280

In
te

n
si

ty
 (

a
.u

.)

Temperature (
o
C)

Page 4 of 7Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, 00, 1-3 | 5 

GaN-YAG:Ce system (CCT ~ 4210K, CRI ~ 84, LE ~ 52.21 
lm/W vs. CCT ~ 6283K, CRI ~ 76, LE ~ 45.21 lm/W). It is 
worth pointing out that the luminous efficiency has also been 
enhanced with the use of BGFM. 
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Fig. 6 Electro-luminescent spectra of (a) the GaN chip, the LED based 

on (b) BGFM, (c) YAG:Ce and (d) YAG:Ce-BGFM mixture under 20 

mA current excitation, the inserts are the corresponding light images. 

Conclusions 

In summary, a class of BaGeF6:Mn4+ red phosphors with micro-
rod morphology have been prepared from BaCO3, GeO2 and 
KMnO4 in HF solution using a one-pot hydrothermal route. The 
influence of synthesis conditions, including the concentrations 
of KMnO4 and HF, synthesis temperature and time, on the 
photo-luminescent properties of the BaGeF6:Mn4+ product, have 
been investigated in details. The optimal BaGeF6:Mn4+ red 
phosphor can absorb broadband blue light and emit red light 
efficiently, which resulting in that the YAG:Ce-BGFM based 
WLEDs display warmer white light than that of the YAG:Ce 
type. Therefore, the improved optical performance of WLEDs 
may find potential application in indoor lighting. 
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Graphical Abstract 

 

A new red phosphor BaGeF6:Mn
4+

 prepared by a hydrothermal route shows 

intense red emission under blue light excitation, which maybe find application 

in warm white LED devices. 
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