
Materials Letters 226 (2018) 34–37
Contents lists available at ScienceDirect

Materials Letters

journal homepage: www.elsevier .com/ locate/mlblue
Sol-gel synthesis and up-conversion luminescence of GdPO4–Gd3PO7:
Yb3+, Ln3+ (Ln = Er, Ho, Tm) phosphor
https://doi.org/10.1016/j.matlet.2018.04.117
0167-577X/� 2018 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: angarciam@ipn.mx (A. García Murillo).
A. Rosas Camacho a, F. de J. Carrillo Romo a, A. García Murillo a,⇑, J. Oliva b, C.R. García b

a Instituto Politécnico Nacional, Centro de Investigación e Innovación Tecnológica CIITEC, Cerrada de Cecati S/N. Col. Santa Catarina, Azcapotzalco, 02250 México D. F., Mexico
bCONACYT-Facultad de Ciencias Químicas, Universidad Autónoma de Coahuila, 25280 Saltillo, Coahuila, Mexico

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 March 2018
Received in revised form 26 April 2018
Accepted 30 April 2018
Available online 30 April 2018

Keywords:
Pechini sol-gel
Up-conversion
Ceramics
Phosphors
This work reports the structural, morphological and luminescent properties of GdPO4–Gd3PO7:Yb3+, Ln3+

(Ln = Er, Ho, Tm) phosphors which have been synthesized by Pechini sol-gel process. The XRD patterns
indicated that all the samples are crystalline and have a mixture of monoclinic monazite and monoclinic
phases. Some samples were synthesized with ammonium hydroxide (NH4OH) and had better crystallinity
than these synthesized without NH4OH. The up-conversion emissions were obtained under excitation at
967 nm. According to our results, the color emission was tuned from red to green by increasing the Yb3+

concentration from 5 mol% to 20 mol%. Moreover, the use of NH4OH to synthesize the samples doped
with 20 mol% of Yb3+ enhanced their green emission band �3 times. The results reveal that doping the
GdPO4–Gd3PO7 particles with rare earths produce an up-conversion emission which can be useful for
the fabrication of luminescent coatings or lighting devices.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Photon up conversion (anti-Stokes emission) is a multi-photon
process where the absorption of infrared (IR) photons leads to vis-
ible emission [1]. In most known and efficient systems, the anti-
Stokes emission is the result of two-photon excitation of at least
one Ln3+ ion or energy transfer between two Ln3+ ions, such as
an absorbing infrared Yb3+ ion (sensitizer) and emitting activator,
e.g., Er3+, Ho3+, Tm3+, ions [2]. In fact, the use of the Yb3+ sensitizer
allows the efficient generation of blue, green and red emissions
through the energy transfer toward the Er3+, Ho3+, Tm3+ ions
as reported in hosts such as: YAl3(BO3)4, CaGd2(WO4)4 and
NaSrLa1-x(WO4)3 [3–5].

On the other hand, Gadolinium orthophosphate (GdPO4)
belongs to the monazite type structure and has been doped with
rare earth ions to produce phosphors with different color emission.
The Compound Gd3PO7 adopts a monoclinic structure, and the Eu3+

ions in this host lattice have no inversion symmetry [6], indicating
that Ln3+ ions in Gd3PO7 mainly occupied non-centrosymmetric
sites [7,8]. In this work, we report the effect of the Yb3+ concentra-
tion and the influence of NH4OH on the luminescent properties of
the GdPO4–Gd3PO7:Yb3+, Ln3+ (Ln = Er, Ho, Tm) phosphor.
2. Experimental

The microcrystalline powders of GdPO4–Gd3PO7: Yb3+, Er3+,
Ho3+, Tm3+, were synthesized by the sol-gel Pechini type reaction
[9–11]. Sigma-Aldrich analytical grade reagents were used as reac-
tants without further purification. Gadolinium (III) oxide (Gd2O3,
99.9%), Ytterbium (III) oxide (Yb2O3, 99.9%), Erbium (III) oxide
(Er2O3, 99.9%), Holmium (III) oxide (Ho2O3, 99.9%), Thulium (III)
oxide (Tm2O3, 99.9%), (Fermont) ammonium dihydrogen phos-
phate ((NH4)2HPO4, 99.9%) were used as precursors. (J.T. Baker)
citric acid (C6H8O7), ammonium hydroxide (NH4OH), glycerol
(C3H8O3), ethylenglicol (C2H6O2), nitric acid (HNO3, 96%) and etha-
nol (CH3CH2OH) were used in the samples syntheses.

The oxide precursors were changed into respective nitrate form
by reacting with a 1 ml of nitric acid at 160C without agitation to
yield a transparent solution. The concentration was kept for the
Yb3+ 5 mol%, Er3+ 1 mol%, Ho3+ 1 mol% and Tm3+ 0.5% mol with
respect to Gd3+ (92.5 mol%). In the second set, the rare-earth com-
position was taken as Yb3+ 20 mol%, Er3+ 1 mol%, Ho3+ 1 mol% and
Tm3+ 0.5 mol% and Gd3+ (77.5 mol%).

A solution was prepared with distillate water–ethanol (1:7)
containing citric acid as chelating agent for the metal ions. The
molar ratio of gadolinium metal ions to citric acid was 1:2, under
constant agitation at ambient temperature to make a transparent
solution of 8 ml approximately. The solution with the citric acid
was incorporated into the solution with the as obtained nitrates.
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Table 1
S1-S2 with Yb: 20% mol and S3-S4 with Yb: 5 mol% respect to the Gd.

GdPO4–Gd3PO7 : Yb 5 mol%, Er 1 mol%, Ho 1 mol%, Tm 0.5 mol%
S1 0.0 ml NH4OH
S2 0.5 ml NH4OH

GdPO4–Gd3PO7 :Yb 20 mol%, Er 1 mol%, Ho 1 mol%,Tm 0.5 mol%
S3 0.5 ml NH4OH
S4 0.0 ml NH4OH

Fig. 1. XRD patterns of mixed cryst
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Under constant stirring 0.5 ml of NH4OH was added to change
acidity. The molar ratio of Gd-P (1:1.5) was determined for the
(NH2)2HPO4 and then was aggregated in the solution. The Proper
quantity of ethylenglicol was added as crosslinking agent (4 ml
approximately). The solution was stirred for 1 h at ambient tem-
perature. The transparent solution when being stirred it for 25–
30 min at 180 �C turned to slightly brown sol which was further
heated at 300 �C for an hour. The final product was obtained as
alline phase of S1-S4 samples.
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dark brown powder which was then calcined at 1000 �C for 2 h to
yield a white powder. Table 1 shows the different obtained sam-
ples according to the previous method of synthesis.

The crystalline structure of the products was analyzed by
using a Bruker ECO8 Advance powder diffractometer with Cu-Ká
radiation (1 = 1.548 A�). The UC emission spectrum were mea-
sured under excitation with a 967 nm laser diode and analyzed
with Spectra-Sense software. Fourier transform infrared spec-
troscopy (FT-IR) spectra were recorded with a Perkin Elmer
580B infrared spectrophotometer using the KBr pelleting
technique. The surface morphology was examined by a JEOL-
JSM5900 scanning electron microscopy (SEM). All optical charac-
terizations were performed at room temperature and powders
were compacted to pellets that guarantee the same quantity of
excitation over all the material.
3. Results and discussion

3.1. Structure and morphology

The X-ray Diffraction (XRD) patterns of the samples annealed at
1000 �C for 2 h are shown in Fig. 1. In all the samples, the peaks
agree with the monoclinic monazite phase for the GdPO4 phase
according to the ICDD file (00-032-0386) [12]. A second phase
was also found, and the peaks agree with the monoclinic
phase of Gd3PO7 according to the ICDD file (00-034-1066) [13].
The space group for the GdPO4 crystalline phase of is P21/m No.
14 and for the Gd3PO7 is Cm No.8 for a monoclinic system.
Fig. 2. SEM images and IR spectra of GdPO4–
The SEM images of samples S1-S4 in Fig. 2a–d indicate that all
the samples present a porous structure and some coalesced grains
with quasi-spherical morphology are observed in general. The
average pore size was 115, 110, 200, and 145 nm for a, b, c and
d, respectively. The Yb3+ concentration is increased from 5 mol%
in S1 to 20 ml% in S4 (those samples were made without NH4OH),
the degree of coalescence among grains increases and the uniform
particles of S1 with an average size of 380 nm is not observed
anymore (see d) in Fig. 2). Also, the samples S2 and S3 made with
NH4OH presented grains with an average size of 200 and 165 nm
respectively, and the increase of the Yb3+ concentration from
5mol% in S2 to 20ml% in S3 did not produce coalescence in this case.

The inset in Fig. 2d shows the FTIR spectra of GdPO4–Gd3PO7

co-doped without NH4OH in a) and no doped with NH4OH in b).
As observed, there is a vibrational band in the range of
527–584 cm�1 a band centered at 625 cm�1 which correspond to
the deformation angle modes of (PO4)3� anion [14]. The vibration
at 968 cm�1 is attributed to the P—O displacement while the band
in the range of 1000–1130 cm�1 is associated to the anti-
symmetric displacement of the PO4 group [15]. Finally, the bands
centered at 1504 cm�1, 1630 cm�1 and 3400 cm�1 correspond to
OH vibration [16,17]. As expected, stronger OH vibration bands
showed in Fig. 2d–b.
3.2. Photoluminescent properties

As shown in Fig. 3a, the up-conversion (UC) luminescence spec-
tra of samples S1-S2, this presented red an infrared emission
Gd3PO7 a) 20Yb, 1Er, 1Ho, b) non-doped.



Fig. 3. UC PL emission spectra at kexc = 967 nm and CIE diagram for samples co-
doped with a) Yb3+ 5 mol% and b) Yb3+ 20 mol%
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bands. The red emission band in the range of 640–690 nm is gen-
erated by the overlapped transition from Er3+ (4F7/2 ? 4I15/2) and
Ho3+ (4F7/2 ? 4I15/2), the peak at 760 nm comes from the Ho3+ emis-
sion (5S2, 5F4 ? 5I7) and the band centered at 807 nm is attributed
to the Tm3+ emission (3H4 ?

3H6) [18]. The samples S3 and S4
showed an additional green band which is attributed to the over-
lapped emission of Er3+ (2H11/2 + 4S3/2 ? 4I15/2) and Ho3+ (5S2, 5F4
? 5I8) [19], see Fig. 3b. According to literature, the dopant ions
have to occupy the inversion symmetry Gd3+ sites to produce emis-
sion [17]. Furthermore, it is clear from these spectra that an
increase in the Yb3+ concentration enhanced the green emission
and quenches the IR emissions at 760 nm and at 807 nm, this
occurred due to the preferential absorption of the Yb3+ energy by
the Ho3+ and Er3+ ions for the generation of visible light [18,19],
this in turn, causes less energy absorption by the Tm3+ ion and
decreases its emission in the IR region. The chromaticity coordi-
nates were calculated for each sample: S1 = (x: 0.31, y: 0.14), S2
= (x: 0.381, y: 0.156) S3 = (x: 0.265, y: 0.681), S4 = (x: 0.306, y:
0.507) according to the 1931 Commission International de l’Eclai-
rage (CIE) diagram [20], see inset of Fig. 3a. As observed, an
increase of Yb3+ concentration from 5 mol% to 20 mol% changes
the overall luminescence from the red to the green region.

4. Conclusions

The GdPO4–Gd3PO7:Yb3+, Ln3+ (Ln = Er, Ho, Tm) phosphors
showed a mixture of monoclinic monazite and monoclinic phases
of GdPO4 and Gd3PO7 respectively according to the XRD analysis.
SEM images revealed that all the samples present coalesced grains
and an increase in the Yb3+ concentration in the samples made
without NH4OH produced a complete coalescence of grains. The
luminescence of the phosphors was tuned from red to green by
increasing the Yb3+ concentration from 5 to 20 mol%.
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