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Abstract
A series of morphology-controlled NaGd(WO4)2:Eu3+ phosphors were prepared by a facile hydrothermal method in the 
absence of any surfactants and templates. X-ray diffraction, scanning electron microscopy and photoluminescence spectra 
were used to characterize the obtained products. It was found that the pH value of the precursor solution had a remarkable 
impact on the phase structure, morphology and luminescent properties of the products. The possible formation mechanism 
for square plate structure was proposed based on the time-dependent experiments. Moreover, the effects of the initial pH 
value, reaction time and Eu3+ concentration on the luminescent properties of NaGd(WO4)2:Eu3+ phosphors were investigated 
in detail. The results revealed that the square plate-like microcrystals synthesized at pH = 8 for 20 h showed excellent red 
emission under near-ultraviolet (NUV) excitation. In addition, no concentration quenching occurred when the Eu3+ concen-
tration was as high as 0.6. The intense red emission and high red color purity showed that NaGd(WO4)2:Eu3+ microplates 
had promising applications as red component in NUV-excited WLEDs.

1  Introduction

Undoubtedly, chemical and physical properties of inorganic 
materials are greatly affected by their crystal structure, 
phase, size and shape [1–4]. So a broad attention has been 
paid on the synthesis of inorganic nano/micromaterials with 
special size and well-defined morphology, which are poten-
tially applied in various fields such as photochemistry, opto-
electronics, solar cells, color displays, catalysis, ceramics, 
advanced materials, etc [5, 6].

In recent years, as a kind of important inorganic func-
tional materials, rare earth doped luminescent nano/micro-
materials have become a research hotspot due to their attrac-
tive optical properties. Among them, rare earth ions doped 
double tungstate phosphors have attracted great interest 
because of their unique structure, excellent physical and 
chemical stability, promising luminescence properties and 
potential applications in display and lighting [7, 8]. Nowa-
days, there have been some reports on the morphology 

controlled synthesis of tungstate luminescent materials. 
Wang et  al. prepared NaLu(WO4)2:Eu3+ microcrystals 
with tunable morphology from hexahedron to tetrahedron 
via an EDTA-aided hydrothermal process [9]. Yang et al. 
reported the preparation of spindle and hierarchical peta-
loid NaGd(WO4)2:Eu3+ microcrystals through hydrother-
mal route using PVP and Na3Cit as surfactants [10]. Liu 
et al. reported the synthesis of NaLa(WO4)2 microspindles, 
microplates, microdumbbells and paired microspheres via 
hydrothermal method with the addition of EDTA-2Na [11]. 
Wang et al. synthesized zero-dimensional ellipsoid-like and 
one-dimensional rod-like NaGd(WO4)2:Eu3+ microcrystals 
by the microemulsion mediated hydrothermal method [12]. 
Generally, the hydrothermal method is used to synthesize 
the products with uniform size and defined morphology due 
to its simple preparation process, low reaction temperature, 
and mild reaction conditions [13, 14]. However, the addi-
tion of templates and surfactants which may have toxicity 
will increase costs and introduce impurities in the products 
[15]. Therefore, it remains challenging to develop a low-cost 
and environment-friendly method for the synthesis of nano/
microcrystals with different morphologies.

As the fourth generation solid-state light sources, white 
light emitting diodes (WLEDs) have received considerable 
attention. An efficient approach to fabricate WLEDs with 
high color rendering index and suitable correlated color 
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temperature is to combine near-ultraviolet LED chip with 
the tricolor phosphors [16]. However, the commercial red 
phosphors have unstable chemical properties and unsatisfied 
luminous efficiency compared with blue and green phos-
phors [17]. Therefore, it is of great importance to develop 
stable red phosphors which have effective absorption in 
near-UV (NUV) region. Among all the rare earth ions, Eu3+ 
is considered as the promising activator for red emitting due 
to its 5D0 → 7FJ transitions which have excellent red color 
purity [18].

In this paper, NUV-excited NaGd(WO4)2:Eu3+ red phos-
phors with various morphologies were synthesized by a 
facile hydrothermal method without any templates and sur-
factants. The effects of the starting pH value and reaction 
time on the phase composition, morphology and luminescent 
properties of the products were discussed. In addition, the 
possible formation mechanism for square plate-like micro-
crystals with excellent luminous performance was proposed. 
Finally, the concentration of luminescent center Eu3+ as a 
key factor to the luminescent property of NaGd(WO4)2:Eu3+ 
phosphors was investigated.

2 � Experimental

2.1 � Materials

Na2WO4·2H2O (A.R.), Gd2O3 (99.99%), Eu2O3 (99.99%), 
NaOH (A.R.) and HNO3 (A.R.) were used as starting materi-
als without any further purification. Gd(NO3)3 (0.3990 M) 
and Eu(NO3)3 (0.0967 M) solutions were prepared by dis-
solving a certain amount of Gd2O3 and Eu2O3 in dilute nitric 
acid under magnetic stirring and water bath heating.

2.2 � Synthesis

For the synthesis of NaGd0.95(WO4)2:0.05Eu3+ phosphor, 
7.04  mL 0.3990  M Gd(NO3)3 and 1.53  mL 0.0967  M 
Eu(NO3)3 solutions were mixed into 40  mL deionized 
water firstly. Then, 20 mL sodium tungstate solution con-
taining 8.88 mmol Na2WO4·2H2O was dropwise added into 
the above mixture under vigorous stirring to form milky 
colloidal suspension. The pH value of the reaction system 
was adjusted respectively to 6, 7, 8, 9 by dropping HNO3 
(2 M) or NaOH (2 M) solution. After continuous stirring for 
30 min, the white precipitate was transferred to a 100 mL 
Teflon-lined stainless steel autoclave, and then heated at 
180 °C for 20 h. Finally, when the autoclave was naturally 
cooled down to room temperature, the products were centri-
fuged, washed with deionized water and ethanol for several 
times, and then dried at 50 °C for 10 h.

2.3 � Characterization

The crystal structure and phase purity of the samples were 
examined by X-ray diffraction (XRD) performed on a 
Brucker D8-advance diffractometer with Cu Ka radiation 
(40 kV × 40 mA, λ = 0.15406 nm) in the 2θ range from 15° 
to 65°. The morphology and elemental composition of the 
samples were characterized by a Phenom ProX scanning 
electron microscope (SEM) equipped with an energy-dis-
persive X-ray spectrum (EDS). The photoluminescence (PL) 
excitation and emission spectra were recorded with F-380 
fluorescence spectrophotometer using a 450 W Xe lamp as 
the excitation source. The CIE chromaticity coordinates and 
color purity of samples were recorded on a HP-8000 fast 
spectrophotocolorimeter. All the measurements were per-
formed at room temperature.

3 � Results and discussion

3.1 � Phase identification and morphology

Figure 1 shows the XRD patterns of the samples synthesized 
under different pH values for 20 h at 180 °C. It can be clearly 
found that pH value has a significant effect on phase struc-
ture and purity. When the pH value is 6, the impurity peaks 
of WO3, Gd2O3 and Gd2(WO4)3 can be observed. Whereas 
the pH value is adjusted to 7 or 8, no traces of impurity 
phases appears and all of the diffraction peaks are matched 
to the standard card of NaGd(WO4)2 (JCPDS No. 25-0829) 
with space group of Ι41/a (88). Moreover, the diffraction 
peaks become sharp and strong, indicating that tetragonal 
pure phase NaGd(WO4)2 with good crystallinity can be 
obtained under above pH value. This can be further verified 

Fig. 1   XRD patterns of the samples prepared at different pH values 
for 20 h at 180 °C
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by EDS pattern of NaGd0.95(WO4)2:0.05Eu3+ phosphor 
obtained at pH = 8, as shown in Fig. 2. It is clear that the 
product contains Na, Gd, Eu, W and O elements. However, 
further increasing the pH value to 9, the intensity of the dif-
fraction peak is obviously weakened and impurity phases of 
Gd2O3 and Gd2(WO4)3 can be detected.

The effect of pH value on phase structure can be explained 
as follows. When Na2WO4 solution is added into Gd(NO3)3 
and Eu(NO3)3 mixed solution, a part of WO4

2− ions combine 
with Gd3+ to form indissolvable Gd2(WO4)3. In acidic reac-
tion system (pH = 6), some WO4

2− ions react with H+ to 
produce WO3·nH2O or H2WO4·H2O [12]. Then WO3·nH2O 
or H2WO4·H2O dehydrates and forms WO3 under hydrother-
mal conditions with high temperature and pressure environ-
ments. In addition, under hydrothermal conditions, a portion 
of Gd3+ ions are hydrolyzed to Gd(OH)3 and release H+, 
which promotes the reaction of WO4

2− and H+. Meanwhile, 
the generated Gd(OH)3 dehydrates and transforms into 
Gd2O3. The involved reactions maybe:

Under alkaline condition (pH = 9), Gd3+ ions can not 
only combine with WO4

2− to form Gd2(WO4)3, but also 
tend to react with OH− to form Gd(OH)3. Then Gd(OH)3 
decomposes into Gd2O3 under hydrothermal conditions. The 
relevant chemical reaction equations are given as follows:

(1)3WO4
2− + 2Gd3+ → Gd2(WO4)3

(2)WO4
2− + H+

→ WO3 ⋅ nH2O/H2WO4 ⋅ H2O

(3)WO3 ⋅ nH2O/H2WO4 ⋅ H2O → WO3 + H2O

(4)Gd3+ + 3H2O → Gd(OH)3 + 3H+

(5)2Gd(OH)3 → Gd2O3 + 3H2O

(6)2Gd3+ + 3WO4
2−

→ Gd2
(

WO4

)

3

(7)Gd3+ + 3OH−
→ Gd(OH)3

The SEM images of the samples prepared at different pH 
values are displayed in Fig. 3. It is obvious that the samples 
with different morphology can be formed by adjusting the 
pH value of the solution. When pH = 6, the sample is com-
posed of microspheres with the average diameter of 3 μm. 
It can also be seen that the surface of the microsphere is 
attached by a large number of small nanoparticles. As the 
pH value is enhanced to 7, the morphology of the sample 
becomes shuttle-like tetrahedrons, which have four smooth 
and curved surfaces. When the pH value is further increased 
to 8, well-dispersed and uniform square plate-like micro-
crystals can be obtained. The sizes of the microplates are 
about 4.5 μm in side length and 2.5 μm in center thickness. 
At the pH value of 9, it can be observed that square micro-
plates disappear and the sample exhibits irregular sheet-like 
morphology.

From the above experimental results, it can be found 
that the pH value of reaction system plays a significant 
role in the formation of pure phase and regular morphol-
ogy of NaGd(WO4)2 microcrystals. Because NaGd(WO4)2 
belongs to tetragonal system, the surface energy of {001} 
planes is higher than {101} planes [15], which results 
in the faster growth along the [001] direction. As a con-
sequence, the {001} planes will disappear and not be 
expressed in the final equilibrium morphology, which 
leads to the formation of shuttle-like tetrahedrons (pH = 7) 
enclosed by exposed {101} planes. When pH value is 
increased to 8, excessive WO4

2− will preferentially absorb 

(8)2Gd(OH)3 → Gd2O3 + 3H2O

Fig. 2   EDS pattern of NaGd0.95(WO4)2:0.05Eu3+ phosphor

Fig. 3   SEM images of the samples synthesized at 180 °C for 20 h at a 
pH = 6, b pH = 7, c pH = 8, d pH = 9
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on {001} crystal planes which have a higher packing den-
sity of Na+ and Gd3+ ions than other planes, thus reducing 
the surface energy and reactivity of {001} planes, then 
inhibiting their growth [19, 20]. As a result of the minimi-
zation of total surface energy, square plates microcrystals 
can be formed. However, lower or higher pH value (pH = 6 
or 9) will change the growth rate of crystal planes with dif-
ferent surface energies. Consequently, the nucleation and 
growth behavior will be out of kinetic control and the final 
products tend to be irregular and impure [21].

3.2 � Possible formation mechanism of square 
plate‑like NaGd(WO4)2:Eu3+ microcrystals

In order to explore the growth process of the microplate, 
a series of time-dependent experiments were performed. 
The formation mechanism can be revealed from the crystal 
structures and morphologies of the samples synthesized at 
different reaction stages. The corresponding XRD patterns 
and SEM images are presented in Figs. 4 and 5. It can be 
seen from Fig. 4 that the product without hydrothermal treat-
ment is amorphous. When the hydrothermal reaction time 
is 1 or 2 h, the weak diffraction peaks of the intermediates 
WO3, Gd2O3 and Gd2(WO4)3 can be observed. Meanwhile, 
the phase of NaGd(WO4)2 (JCPDS No. 25-0829) emerges at 
the hydrothermal time of 2 h. As the reaction is prolonged 
to 5 h, the peaks of impurities have disappeared completely 
and those of NaGd(WO4)2 become strong, indicating that the 
pure tetragonal phase NaGd(WO4)2 has been formed. With 
the reaction proceeding to 10 and 20 h, the intensity of the 
peaks is enhanced, which suggests that the crystallinity of 
samples is improved.

Figure 5 presents the SEM images of samples synthe-
sized at different reaction stages. As shown in Fig. 5a, after 
adjusting pH value to 8 before hydrothermal treatment, the 
sample is composed of irregular and flocculent particles 
assembled by numerous tiny particles. After hydrothermal 
reaction for 1 h (Fig. 5b), the flocculent particles evolve to 
dandelion-like microspheres with numbers of microneedles 
spreading from center. When the hydrothermal reaction 
time is prolonged to 2 h (Fig. 5c), the microspheres disinte-
grate into irregular needle clusters, and a small amount of 
primary NaGd(WO4)2 microcrystals appear (marked with 
circles in Fig. 5c). As further proceeding to 5 h (Fig. 5d), 

Fig. 4   XRD patterns of the samples synthesized at 180  °C and 
pH = 8 with different reaction times

Fig. 5   SEM images of the 
microcrystals obtained at 
180 °C and pH = 8 under differ-
ent hydrothermal reaction time 
a 0 h, b 1 h, c 2 h, d 5 h, e 10 h 
and f 20 h. (Color figure online)
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the microneedles disappear completely and transform into 
square plate-like NaGd(WO4)2 microcrystals with the size of 
about 3 μm. With increasing the hydrothermal reaction time 
to 10 h (Fig. 5e), the microplates grow gradually, but the 
size distribution is nonuniform. When the time is extended 
to 20 h (Fig. 5f), the perfect and uniformed square plates are 
obtained, and the size of microplates is increased to about 
4.5 μm. It is thus demonstrated that crystal growth is a com-
plicated phase transition process and needs a moderate ripe 
time.

It is commonly known that the morphological evolution 
is influenced by thermodynamics and kinetics. The grain 
size depends on the nucleation and growth rate of the crys-
tal from the kinetic mechanism of crystal formation. The 
crystallization process tends to proceed along the direc-
tion in which the surface free energy is reduced [22]. When 
the Na2WO4 is added into the rare earth nitrate mixture, 
the white precipitates with high surface energy appear as 
precursors. In the hydrothermal process, the precursors are 
converted into aggregated microneedles, and further assem-
bled into dandelion-like microspheres so as to reduce the 
free energy from the viewpoint of thermodynamics. Then 
microneedles dissolve and recrystallize to form primary 
crystals, followed by growth. Finally, the large particles 
grow up at the cost of small ones in order to further reducing 
surface energy. From the above analysis, it can be deduced 
that the formation of square plate-like NaGd(WO4)2 crystal 
may be ascribed to the nucleation–dissolution–recrystalliza-
tion–further growth mechanism.

3.3 � Luminescence properties

T h e  exc i t a t i o n  a n d  e m i s s i o n  s p e c t r a  o f 
NaGd0.95(WO4)2:0.05Eu3+ are shown in Fig. 6. It can be 
seen that the excitation spectrum monitoring the emission 
at 614 nm consists of two parts: one is a broad excitation 
band from 230 to 350 nm with a maximum at 269 nm, 
which is caused by W–O and Eu–O charge transfer transi-
tions [23]; the other part is composed of a series of narrow 
excitation peaks in the range of 350–500 nm, belonging 
to the 7F0 → 5D4 (362 nm), 7F0 → 5L7 (381 nm), 7F0 → 5L6 
(394 nm), 7F0 → 5D3 (416 nm) and 7F0 → 5D2 (465 nm) elec-
tron transitions of Eu3+, respectively [23]. Among these 
excitation peaks, the strongest peak is located at 394 nm. 
Therefore, NaGd(WO4)2:Eu3+ phosphors can be effectively 
excited by NUV (380–410 nm) LED chips.

Under the excitation of 394 nm, NaGd0.95(WO4)2:0.05Eu3+ 
phosphor exhibits a series of linear characteristic emis-
sion peaks located at 592, 614, 654 and 701 nm, which 
are ascribed to transitions from the excited state 5D0 to 7FJ 
(J = 1, 2, 3, 4) levels of Eu3+, respectively. Generally, the 
5D0 → 7F1 magnetic dipole transition is hardly affected by 
the crystal field around Eu3+ ions, which is dominant when 

the Eu3+ ions are in the symmetrical center lattice. How-
ever, 5D0 → 7F2 electric dipole transition is a highly sensi-
tive transition which is strongly influenced by the chemical 
environment surrounding the luminescent center. When the 
Eu3+ ions occupy the low symmetry sites without an inver-
sion center, the 5D0 → 7F2 transition is primary [24]. Obvi-
ously, for as-synthesized sample, the emission intensity of 
614 nm is much higher than that of 592 nm, which strongly 
demonstrates that Eu3+ ions mainly occupy the asymmetric 
sites in the NaGd(WO4)2 matrix and the prepared phosphors 
possess high red color purity.

The emission spectra of the phosphors obtained at differ-
ent pH value are given in Fig. 7. It can be observed that the 
shape and location of the emission spectra are less affected 
by pH value, but the intensity depends strongly on pH value. 
As shown in Fig. 3, the samples prepared under different pH 
value have various morphologies, indicating that the lumi-
nous characteristics are related to the morphology of the 
samples. With the change of pH value from 6 to 9, the red 

Fig. 6   The excitation and emission spectra of 
NaGd0.95(WO4)2:0.05Eu3+ phosphor prepared at pH = 8 and 180 °C 
for 20 h

Fig. 7   The emission spectra of the phosphors obtained at 180 °C for 
20 h at various pH values



5039Journal of Materials Science: Materials in Electronics (2018) 29:5034–5041	

1 3

emission intensity increases gradually, and then decreases 
dramatically. The phosphor synthesized at pH = 8 has the 
strongest emission intensity.

The reasons for above result may be as follows. When the 
pH value is 6 or 9, the sample has low phase purity and crys-
tallinity (shown in Fig. 1), thus exhibits the weak luminous 
intensity. At the pH value of 7 or 8, the as-synthesized sam-
ple is pure NaGd(WO4)2:Eu3+ with high crystallinity, so the 
emission intensity is remarkably improved. In comparison, 
the luminescent intensity of the sample with square plate 
morphology (pH = 8) is higher than that with the morphol-
ogy of shuttle-like tetrahedron (pH = 7). This is because the 
electronic structures can be altered due to the changes in the 
morphology of the samples, which affects the transition of 
the luminescent center from the ground state to the excited 
state and the release of photons from the sample surfaces 
[25]. Therefore, it can be deduced that square plate morphol-
ogy is more conducive to the emission in the red region, 
which demonstrate the viewpoint that morphology control 
is of great importance for improving the luminescence per-
formance of samples [26, 27].

Figure 8 shows the emission spectra of the phosphors 
prepared under various reaction times at pH = 8. It is obvi-
ous that the red emission intensity gradually increases with 
extending the hydrothermal reaction time. From 0 to 5 h, the 
increasing rate of the luminous intensity is relatively fast, but 
after 5 h of reaction, the rate becomes slow. This result is 
matched well with those of XRD and SEM analysis shown 
in Figs. 4 and 5. When the hydrothermal reaction time is 
5 h, the impurities have disappeared completely and pure 
tetragonal phase NaGd(WO4)2 has been formed. In addition, 
the morphology becomes uniform and perfect. High crystal-
linity and uniform morphology tend to reduce the surface 
recombination rate, which means the less nonradiative decay 
losses of the surface activator [28, 29], so the luminescent 
intensity is improved significantly. Further prolonging the 

reaction time from 5 to 20 h, the crystallinity and particle 
size are increased slowly, hence, the emission intensity is 
enhanced gently.

The concentration of activator also plays a significant 
role in the luminous intensity. The emission spectra of 
NaGd1−x(WO4)2:xEu3+ (x = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 
phosphors under 394 nm excitation are presented in Fig. 9. 
We can observe that the emission intensity of the products 
is gradually enhanced with the increase of Eu3+ doping con-
centration. An interesting finding is that the concentration 
quenching phenomenon has not yet occurred when the dop-
ing concentration (x) of Eu3+ ions is as high as 0.6. This 
is closely related to the scheelite structure of the matrix. 
In NaGd(WO4)2 host lattice, W6+ is located in the center 
of the tetrahedron formed by four oxygen atoms, and the 
Na+ and Gd3+ ions are surrounded by eight oxygen atoms 
[30]. The doped Eu3+ ions are expected to occupy the Gd3+ 
cation sites and the bond angles of Eu–O–W and O–W–O 
are larger than 100°, leading to a longer distance between 
Eu3+ ions [31]. Thus the resonance energy transfer between 
Eu3+ ions will be inhibited and the quenching concentration 
of Eu3+ ions is high in NaGd(WO4)2:Eu3+ phosphors [32]. 
The phosphors with higher Eu3+ concentration will exhibit 
strong red emission and can be potentially applied as red 
phosphors for NUV-excited WLEDs.

In general, the luminous color is crucial for the practical 
application of phosphors. Figure 10 shows the CIE chro-
maticity diagram of representative NaGd1−x(WO4)2:xEu3+ 
(x = 0.05, 0.6) samples under 254 nm excitation and the inset 
presents the digital image of NaGd0.4(WO4)2:0.6Eu3+ phos-
phor. The CIE coordinates and color purity of as-prepared 
NaGd1−x(WO4)2:xEu3+ phosphors with different Eu3+ con-
centration are summarized in Table 1. It can be found that 
all the color coordinates are close to the standard red CIE 
coordinates (0.67, 0.33). Moreover, the as-synthesized phos-
phors show high color purity, which are above 99% when the 

Fig. 8   The emission spectra of the samples prepared at pH = 8 and 
180 °C with different reaction times. The inset shows the dependence 
of emission intensity at 614 nm on the reaction time

Fig. 9   The emission spectra of NaGd1−x(WO4)2:xEu3+ phosphors 
with different doping concentration of Eu3+ synthesized at pH  =  8, 
180  °C and 20  h. The inset shows the variation trend of emission 
intensity at 614 nm with Eu3+ concentration
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concentration of Eu3+ is in the range of 0.1–0.6. The bright 
red emission can be observed from the inset of Fig. 10, 
which demonstrates that NaGd(WO4)2:Eu3+ phosphors may 
have widespread applications in display and lighting fields.

4 � Conclusion

Eu3+-doped NaGd(WO4)2 phosphors with controllable mor-
phology have been synthesized by a simple hydrothermal 
method without any additives. The samples obtained at the 

pH value of 7 or 8 are pure tetragonal phase, which exhibit 
shuttle-like tetrahedrons and square plates morphology, 
respectively. Time-dependent experiments reveal the for-
mation process of the square plate-like microcrystal, which 
is dominated by the nucleation–dissolution–recrystalliza-
tion–further growth mechanism. Upon NUV excitation, the 
synthesized phosphors show characteristic red emission 
ascribed to the 5D0 → 7F2 transition of Eu3+. The luminous 
intensity of the square plate-like sample prepared at the pH 
value of 8 is stronger than others. The emission intensity of 
the phosphors is gradually increased with increasing Eu3+ 
concentration. Interestingly, no concentration quenching 
can be observed within the concentration range of 0.05–0.6. 
Therefore, well-crystallized and uniform square plate-like 
NaGd(WO4)2:Eu3+ microcrystals with excellent luminescent 
properties and high red color purity may be applied as candi-
dates of red phosphors in the field of NUV-excited WLEDs.
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