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a b s t r a c t

Rare-earth up-converting nano-phosphors (RUNPs) have wide applications, and most of these applica-
tions require hydrophilic RUNPs with high up-converting luminescence efficiency. In this work, we report
a simultaneous control of the phase and luminescent intensity of hydrophilic Gd3+ doped NaYF4:Yb/Er
nanoparticles with diameters of 40–100 nm, which were prepared by a facile one-pot solvothermal syn-
thesis with ethylene glycol as the solvent and poly(vinylpyrrolidone) as the ligands at 220 ◦C for different
time. When reaction time is 3 h, the increase of Gd3+ dopant concentration from 0 to 30 mol% results in
the transformation from cubic to hexagonal phase, and pure hexagonal phase NaYF4:Yb/Er nanoparticles
can be obtained with Gd3+ dopant concentration up to 30 mol%. Gd3+ dopant concentration at 15 mol%
leads to a maximal luminescent intensity in a wide dopant range of 0–80 mol%. Furthermore, the increase
uminescent intensity of reaction time from 3 to 24 h favors the formation of hexagonal phase samples and therefore improves
greatly luminescence intensity. 15 mol% Gd3+ doped NaYF4:Yb/Er nanoparticles prepared for 24 h exhibit
the highest upconverting luminescence intensity which is almost 11 times as strong as that of ones pre-
pared for 3 h and almost 28 times as strong as that of hexagonal phase NaGdF4:Yb/Er (namely NaYF4:Yb/Er
sample with 80 mol% Gd3+ prepared for 3 h). Due to its small size, high hydrophilicity and excellent up-
converting luminescence, this 15 mol% doped NaYF4:Yb/Er sample has great superiority for biological

applications.

. Introduction

Upconversion luminescence is a process where low-energy
ight, usually near-infrared (NIR) or infrared (IR), is converted
o higher-energy light (UV or visible), through multiple photon
bsorptions or energy transfers [1–3]. Rare-earth up-converting
ano-phosphors (RUNPs) have attracted increasing attention
ecause of their potential applications in solid-state lasers [4],
at-panel displays [5], solar cells [6], and optical-fiber-based
elecommunications [7]. As for biological applications, RUNPs have
xhibited many advantages over conventional downconversion
uorescent materials (dyes and quantum dots), such as sharp
bsorption and emission lines, superior photostability, high chem-
cal stability, low toxicity, noninvasive and deep penetration of NIR

adiation, and the absence of autofluorescence of biological tissues
2,3,8]. Very recently, based on up-converting luminescent proper-
ies of RUNPs and deep penetration of NIR radiation in biological
issues, our group has reported a 980-nm laser-driven photovoltaic

∗ Corresponding authors. Fax: +86 21 67792855.
E-mail addresses: zgchen@dhu.edu.cn (Z. Chen), hu.junqing@dhu.edu.cn (J. Hu).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.122
© 2011 Elsevier B.V. All rights reserved.

cell as a kind of novel biological electrical source [9]. Generally,
most of these applications require hydrophilic RUNPs with high
NIR to visible up-converting luminescence efficiency.

For obtaining hydrophilic RUNPs, two types of synthetic strate-
gies have typically been developed. Strategy one is two-step
controllable synthesis, and the first step is to prepare RUNPs
with hydrophobic organic ligands (such as oleic acid, oleylamine)
coating their surface, for example, by the hydrothermal route
assisted with oleic acid or linoleic acid [10–13], thermolysis of
rare-earth trifluoroacetate [14–16], or some other reaction sys-
tems [17–20]. The second step is to convert the hydrophobic
RUNPs into hydrophilic ones, for example, by SiO2/amphiphilic
copolymer encapsulation [21,22], ligand exchange [15,20], layer
by layer assembly [23]. We have also developed a simple and
versatile strategy for converting hydrophobic RUNPs into water-
soluble and carboxylic acid-functionalized analogues by directly
oxidizing oleic acid ligands to azelaic acid [8]. Strategy two is

one-pot synthesis of hydrophilic RUNPs, for example, by hydrother-
mal synthesis assisted with hydrophilic polymer [24,25], reverse
microemulsion-solvothermal route [26] and high temperature syn-
thesis with ethylene glycol as the solvent [27], or glycol-mediated
solvothermal synthesis [28]. However, luminescence efficiencies of

dx.doi.org/10.1016/j.jallcom.2011.03.122
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zgchen@dhu.edu.cn
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hese hydrophilic RUNPs are not well optimized and thus are still
nsatisfied.

For obtaining RUNPs with high up-converting luminescence
fficiency, some effective ways have been adopted, for example,
y tuning host material, crystal phase, size, structure, dopant and
urface ligand [2,29–32]. Until now, NaYF4 has been reported to
e one of the most efficient host materials for RUNPs, and particu-

arly hexagonal phase NaYF4 exhibits about an order-of-magnitude
nhancement of up-converting luminescence efficiency relative to
ts cubic phase counterpart [2,15,33]. However, hexagonal phase
aYF4 typically exists in bulk materials and large sized parti-
les (size: several �m) [15,34]. Although hexagonal phase NaYF4
anocrystals (size: <100 nm) have been synthesized by the ther-
olysis of rare-earth trifluoroacetate in organic solvents [14,15],

he synthesis require toxic organometallic precursors and haz-
rdous coordinating solvents. Very recently, Liu et al. [35] reported
hat Gd3+ ion doping approach results in a simultaneous control of
hase, size, and luminescence of NaYF4, and ultra-small (∼10 nm)
exagonal phase NaYF4 nanocrystals can be fabricated via oleic
cid-assisted hydrothermal process. However, all these obtained
aYF4 nanocrystals with efficient up-converting luminescence are
ydrophobic, and therefore surface functionalization as the second
tep is still necessary in many applications because of their very
ow solubility in water and unfavorable surface properties [36].

Therefore, it is necessary to develop simple methods for the
ne-pot preparation of hydrophilic RUNPs with high up-converting
uminescence efficiency. In the present work, we report a facile
ne-pot solvothermal synthesis of hydrophilic Gd/Yb/Er co-doped
aYF4 nanocrystals by using ethylene glycol as the solvent and
oly(vinylpyrrolidone) (PVP) as the ligand. We find that Gd3+ dop-

ng concentration and solvothermal time have no obvious effect on
heir sizes but have strong effect on their phase and luminescent
ntensity. An aqueous solution of 15 mol% Gd3+ doped NaYF4:Yb/Er
18/2) nanocrystals prepared by the solvothermal treatment for
4 h exhibits the most efficient up-converting luminescence, mak-

ng them have great superiority for biological applications such as
80-nm laser-driven photovoltaic cells and bio-imaging.

. Experimental

All of the chemicals used are commercially available and were used as received
ithout further purification. Poly(vinylpyrrolidone) (PVP K30), sodium fluoride,

thylene glycol, and ethanol were purchased from Sinopharm Chemical Reagent
o. (China). Y2O3, Yb2O3, Er2O3 and Gd2O3 were obtained from Jinan Henghua Co.,
hina).

NaYF4:Yb/Er nanocrystals with different Gd3+ doping concentration were pre-
ared by a solvothermal process with ethylene glycol as the solvent. In a typical
ynthesis of 15 mol% Gd3+ doped NaYF4:Yb/Er, 0.5 mmol (total amounts) of rare
arth oxide (0.325 mmol Y2O3 + 0.075 mmol Gd2O3 + 0.09 mmol Yb2O3 + 0.01 mmol
r2O3) was dissolved in 10% hydrochloric acid (10 mL), and then the solution was
eated to evaporate the water completely. 10 mL ethylene glycol containing 0.5 g
VP was added to dissolve the obtained rare-earth chloride LnCl3 (Ln = Y, Gd, Yb,
r), and the solution was magnetically stirring until a homogeneous solution was
ormed. Then, 16 mL ethylene glycol colloidal solution containing 7.2 mmol (0.302 g)
aF was injected rapidly into the above solution. The resulting solution was agitated

or about 10 min, then transferred to a 30 mL autoclave, sealed, and solvothermally
reated at 220 ◦C for 0–24 h. The system was cooled to room temperature naturally,
nd white precipitates were collected by centrifugation at 10,000 rpm, and washed
ith deionized water and ethanol several times to remove impurities. Finally, the
recipitates were dried under vacuum at room temperature for 24 h. NaYF4:Yb/Er
anocrystals with different Gd3+ doping concentration were synthesized by using
he same protocol except that part of Y2O3 was replaced by Gd2O3.

X-ray diffraction (XRD) measurement was performed on a Bruker D4 X-ray
iffractometer using Cu K� radiation (� = 0.15418 nm). Sizes and morphologies of
amples were determined by using a high-resolution transmission electron micro-
cope (HR-TEM, JEOL JEM-2010F). Fourier transform infrared (FT-IR) spectrum was

easured using an IRPRESTIGE-21 spectrometer (Shimadzu) from samples in KBr

ellets. Up-converting luminescence spectra were measured by using a JASCO FP-
600 spectrometer, but the excitation source was an external 0–1 W adjustable
80 nm semiconductor laser device with an optic fiber accessory with a diameter of
00 �m (Beijing Hi-Tech Optoelectronic Co., China) instead of the Xenon source in
he spectrometer.
Fig. 1. XRD patterns of NaYF4:Yb/Er samples prepared by the solvothermal treat-
ment at 220 ◦C for 3 h in the presence of 0, 15, 30, 45, 60 and 80 mol% Gd3+ dopant
ions, respectively. The standard patterns of cubic phase of NaYF4 and hexagonal
phase of NaYF4 and NaGdF4 are also supplied.

3. Results and discussion

3.1. Effects of Gd3+ ion concentration

With ethylene glycol as the solvent and PVP as the surfactant, Li
and Zhang [27] reported the preparation of NaYF4:Yb/Er nanopar-
ticles by liquid-phase synthesis at 160 ◦C, but they did not optimize
the upconverting luminescence of NaYF4:Yb/Er nanocrystals. In the
present work, we investigated the effects of the Gd3+ ion dop-
ing concentration on the crystal phases, sizes, morphologies and
upconverting luminescence of NaYF4:Yb/Er nanocrystals. All these
NaYF4:Yb/Er samples in the presence of 0–80 mol% Gd3+ dopant
ions were prepared by the solvothermal process at 220 ◦C for 3 h.

Fig. 1 shows X-ray diffraction (XRD) patterns of NaYF4:Yb/Er
(18/2 mol%) samples with different Gd3+ ion concentration. In the
absence of Gd3+ ion, XRD pattern of NaYF4:Yb/Er sample can be
indexed as the pure cubic (JCPDS file no. 77-2042) phase of NaYF4.
Interestingly, the NaYF4:Yb/Er sample in the presence of 15 mol%
Gd3+ dopant ions is related to a mixture of the cubic and hexag-
onal phases of NaYF4. The pure hexagonal phase (JCPDS file no.
16-0334) NaYF4 is obtained as Gd3+ ion concentration reaches
30 mol%. Thus, the transformation from cubic to hexagonal phase
in these NaYF4:Yb/Er samples is evident with the addition of Gd3+

ion, which should be attributed to the fact that an increase of Gd3+

dopant content in the NaYF4 host favors the formation of hexagonal
phase nanocrystals [35]. With further increase of Gd3+ ion con-
centration up to 60 mol%, no extra diffraction peaks are observed,
indicating the formation of a homogeneous Y–Gd solid solution
[35]. This result should be attributed to the small structural dif-
ference between the hexagonal phase NaYF4 (JCPDS no. 16-0334)
and NaGdF (JCPDS no. 27-0699).
4

Subsequently, the sizes and morphologies of NaYF4:Yb/Er
samples with varying dopant concentration of Gd3+ ion were inves-
tigated. Fig. 2 shows the typical transmission electron microscope
(TEM) images of NaYF4:Yb/Er samples without and with 80 mol%
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reported previously for these materials [8–21], and they exhibit
three distinct Er3+ emission bands. The green emissions between
514 and 534 nm and between 534 and 560 nm are attributed to the
2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions, respectively. A domi-
Fig. 2. TEM images of NaYF4:Yb/Er samples (A) witho

d3+ dopant ions. All these NaYF4:Yb/Er samples consist of irreg-
lar spherical nanoparticles with diameter of 40–100 nm. Thus, no
bvious effects of Gd3+ ion doping concentration on the sizes and
orphologies are observed, which is different from the previous

esults about the reduction of sizes of NaYF4:Yb/Er nanoparticles
rising from Gd3+ dopant ions [35], and result from different sol-
ent system. In our case, ethylene glycol as the solvent without
ddition of water, which is different from oleic acid/ethanol/water
olvent system used by Liu et al. [35], may have similar inhibiting
ffects for the growth of cubic and hexagonal phases of NaYF4, and
hey also may reduce Gd3+ doping-induced size evolution.

Surface functional chemical groups of RUNPs are important for
ost of their applications [2,3,8]. Herein, the capping ligands on the

urface of NaYF4:Yb/Er are identified by FT-IR spectrum (Fig. 3). The
s-prepared NaYF4:Yb/Er sample exhibits a broad band at around
440 cm−1, corresponding to O–H stretching vibration from water
olecule. The transmission bands at 2920 and 2851 cm−1 are,

espectively, assigned to the asymmetric (�as) and symmetric (�s)
tretching vibrations of methylene (CH2) units in PVP and/or ethy-
ene glycol. The bands at 1640 cm−1 should be related to a strong

O adsorption from the lactam group in the side chains of PVP.
ased on the above results, it is concluded that there are ethylene
lycol and PVP ligands on the surface of NaYF4:Yb/Er samples.

As a result of the presence of ethylene glycol and PVP ligands

n their surface, NaYF4:Yb/Er nanoparticles could be readily dis-
ersed in water and in some polar organic solvents such as DMF,
r DMSO. Fig. 4A presents the up-converting luminescence spectra
f colloidal aqueous solutions containing 1.0 mg/mL NaYF4:Yb/Er

Fig. 3. FTIR spectrum of the NaYF4:Yb/Er nanoparticles.
+ dopant ions and (B) with 80 mol% Gd3+ dopant ions.

nanoparticles with different Gd3+ dopant concentration under 980-
nm laser excitation. All these spectra are similar to what have been
Fig. 4. (A) Luminescence spectra of aqueous solutions of NaYF4:Yb/Er nanoparticles
doped with various concentrations of Gd3+ ions under continuous-wave excitation
of 980 nm laser: (a) no Gd3+, (b) 15 mol% Gd3+, (c) 30 mol% Gd3+, (d) 45 mol% Gd3+, (e)
60 mol% Gd3+ and (f) 80 mol% Gd3+. (B) Upconversion emission intensity calculated
from the area of emission peaks versus dopant concentration of Gd3+ (0–80 mol%).
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ant red emission is observed between 635 and 680 nm due to the
ransition from 4F9/2 to 4I15/2 (For interpretation of the references
o color in this figure, the reader is referred to the web version of
he article.).

It is clear that Gd3+ dopant concentration has a strong effect
n the luminescent intensity of NaYF4:Yb/Er samples. As shown
n Fig. 4B, the luminescent intensity, which is calculated from the
rea of emission peaks, goes up with the increase of Gd3+ dopant
oncentration to 15 mol%, and then exhibits a gradual decrease
pon further increase of Gd3+ dopant concentration to 80 mol%. This
henomenon is consistent with the previous results, and the ini-
ial increase of luminescent efficiency should be attributed to the
nhancement of relative amount of hexagonal phase NaYF4 [35].
owever, in our case, all these NaYF4:Yb/Er samples have similar

hapes and sizes, thus the subsequent decrease of luminescent effi-
iency cannot be associated with the change of sizes of NaYF4:Yb/Er
amples, which is different from the previous results [35]. This
ecrease should be attributed to the use of NaGdF4 as the host mate-
ial which is inefficient compared with even cubic phase NaYF4. For
xample, luminescent intensity of cubic phase NaYF4:Yb/Er with-
ut Gd3+ doping is almost 2.5 times as strong as that of hexagonal
hase NaGdF4:Yb/Er (namely NaYF4:Yb/Er sample with 80 mol%
d3+).

.2. Effect of solvothermal time

Obviously, NaYF4:Yb/Er nanoparticles with 15 mol% Gd3+

opant concentration exhibit the highest up-converting lumines-
ent intensity among these samples prepared by the solvothermal
rocess at 220 ◦C for 3 h. In order to further improve the lumines-

ent efficiency, we investigated the effects of solvothermal time on
he crystal phases, sizes, morphologies and upconverting lumines-
ence of NaYF4:Yb/Er nanocrystals. These NaYF4:Yb/Er samples in
he presence of 15 mol% Gd3+ dopant ions were fabricated by the
olvothermal process at 220 ◦C for 3–24 h.

ig. 6. TEM images and particle size distribution plots of 15 mol% Gd3+ doped NaYF4:Yb/
A, B) 3 h, (C, D) 6 h, (E, F) 12 h, and (G, H) 24 h. Scale bar = 200 nm.
Fig. 5. XRD patterns of 15 mol% Gd3+ doped NaYF4:Yb/Er samples fabricated by the
solvothermal process at 220 ◦C for 3–24 h.

Fig. 5 shows XRD patterns of NaYF4:Yb/Er samples prepared by
the solvothermal process for different time. The diffraction peak
positions and intensities confirm the existence of both cubic (JCPDs
card 77-2042) and hexagonal (JCPDs card 16-0334) phase NaYF4.
When solvothermal time is 3 h, 15 mol% Gd3+ doped NaYF4:Yb/Er
sample exhibits dominant cubic phase accompanied by small
amounts of hexagonal phase. With the increase of solvothermal

time, the relative intensity of cubic phase NaYF4 goes down while
that of hexagonal phase NaYF4 goes up, indicating the enhancement
of relative amount of hexagonal phase. At last, the sample prepared
for 24 h exhibits dominant hexagonal phase accompanied by small
amounts of cubic phase. Therefore, it can be concluded that the

Er samples fabricated by the solvothermal process for different solvothermal time:
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Fig. 7. Colloidal aqueous solutions of 15 mol% Gd3+ doped NaYF4:Yb/Er nanocrystals
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repared for 24 h: (A) the solution showing its transparency; (B) total upconver-
ion under continuous-wave excitation at 980 nm; (C and D) upconversion viewed
hrough red and green filters, respectively. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

ncrease of solvothermal time favors the formation of hexagonal
hase NaYF4:Yb/Er samples.
The effects of the solvothermal time on the sizes and shapes
f the as-prepared 15 mol% Gd3+ doped NaYF4:Yb/Er samples have
een studied by TEM images (Fig. 6). All these samples prepared
y the solvothermal treatment for 3–24 h are composed of irreg-
lar nanoparticles with diameters of 40–100 nm, and the median

ig. 8. (A) Luminescent spectra of aqueous solutions of 15 mol% Gd3+ doped
aYF4:Yb/Er samples prepared for different reaction time: (a) 3 h, (b) 6 h, (c)12 h and

d) 24 h. (B) Upconversion emission intensity calculated from the area of emission
eaks versus solvothermal time (3–24 h).
pounds 509 (2011) 6539–6544 6543

diameter is about 60 nm, which shows a relatively broad size dis-
tribution. Solvothermal time has no obvious effects on the size and
shape of the samples, although it can affect their crystal phase. This
may result from that ethylene glycol as the solvent inhibits the
further growth of the nanoparticles.

Similarly, all these 15 mol% Gd3+ doped NaYF4:Yb/Er samples
prepared for different solvothermal time could be readily dispersed
in water due to the presence of ethylene glycol and PVP ligands on
their surface, as shown in Fig. 7A. Fig. 8A shows the up-converting
luminescence spectra of colloidal aqueous solutions containing
1.0 mg/mL 15 mol% Gd3+ doped NaYF4:Yb/Er samples under 980-
nm laser excitation. All these spectra exhibit three distinct Er3+

emission bands, which are similar to the previous reports. Inter-
estingly, both the green and red emission intensities go up rapidly
with the increase of solvothermal time from 3 to 24 h, which should
be attributed to the enhancement of relative amount of hexagonal
phase NaYF4 as revealed in Fig. 5 (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web
version of the article.). It is clear that the nanoparticles prepared
for 24 h exhibit the highest upconverting luminescence intensity
(Fig. 8B), which is almost 11 times as strong as that of ones prepared
for 3 h and almost 28 times as strong as that of hexagonal phase
NaGdF4:Yb/Er (namely NaYF4:Yb/Er sample with 80 mol% Gd3+ pre-
pared for 3 h). The total luminescence (Fig. 7B) of 15 mol% Gd3+

doped NaYF4:Yb/Er nanoparticles prepared for 24 h appears bright
yellow-green in color due to a combination of red and green emis-
sions from the Er3+ ion. This is confirmed by Fig. 7C and D, where the
solution under the same excitation conditions is viewed through
red and green filters, respectively. Since all these samples have
similar sizes and shapes, 15 mol% Gd3+ doped NaYF4:Yb/Er sample
prepared for 24 h has great superiority as luminescent materials
due to its highest luminescence efficiency.

4. Conclusions

Hydrophilic Gd3+ doped NaYF4:Yb/Er nanoparticles with diam-
eters of 40–100 nm have been prepared by a one-pot solvothermal
synthesis with ethylene glycol as the solvent and PVP as the ligands
at 220 ◦C for different time. Gd3+ doping concentration and reaction
time has no obvious effects on their sizes but have strong effects on
their phase and luminescent intensity. The increase of Gd3+ doping
content favors the transformation from cubic to hexagonal phase,
and Gd3+ doping content at 15 mol% results in high up-converting
luminescence efficiency. Longer reaction time leads to higher lumi-
nescence efficiency, and an aqueous solution of 15 mol% Gd3+ doped
NaYF4:Yb/Er (18/2) nanocrystals prepared for 24 h exhibits the
most efficient up-converting luminescence. This 15 mol% doped
NaYF4:Yb/Er sample has great superiority for biological applica-
tions due to its small size (40–100 nm), high hydrophilicity and
excellent up-converting luminescence.
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