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ARTICLE INFO ABSTRACT

Upconverting NaErF,:Yb®*,Gd** nanoparticles (NPs) and nanorods (NRs) with improved red emission have
been successfully achieved via a facile hydrothermal route using oleic acid as the assistant surfactant. The
crystalline phase, morphology even the size are simultaneously tuned by controlling the reaction temperatures
and Gd>* doping contents. The higher synthesis temperature leads to the morphology evolution from NPs to
NRs. The integrated intensity ratio of red to green emissions is much improved for Gd** codoping nanos-
tructures. The microstructure characterizations along with the steady and transient spectroscopy are performed
to better understand the underlying mechanisms of phase evolution and emission enhancement. For the different
states of Er™, ie. 2H;; s> and 4F9/2, the radiative/non-radiative transition probabilities could be affected by
Gd** doping in different ways as for NPs and NRs, based on the lifetime and emission intensity data.
NaErF,:Yb**,Gd®>* nanosctructures are expected to have promising applications in multimodal bioimaging for
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deeper tissue penetration.

1. Introduction

Recently, lanthanide-doped upconversion nanocrystals (UCNCs)
have attracted increasing interest due to their potential applications in
various domains of biological probes, in vivo imaging, solar cells and
color displays [1-8]. Compared to the conventional fluorescent probes
such as organic dyes and quantum dots, UCNCs possess some unique
advantages in terms of the tissue penetration depth, weak background
autofluorescence, excellent physical and chemical stability and low
cytotoxicity [9-11]. Moreover, the fluoride is generally considered as
an optimal host matrix owning to its low phonon energy, high upcon-
version efficiency, enhanced resistance to photobleaching [12-14]. In
comparison with the most widely used Y-based compounds (e.g. NaY-
F4:Yb,Er) [15,16], Er-based host matrix favors the intense red emis-
sions, which is more beneficial to the in vivo bioimaging because of their
low tissue absorption [17]. In addition, appropriate content of Yb®*, an
efficient sensitizer, can remarkably enhance upconversion emissions by
taking advantage of its large absorption cross-section for 980 nm ex-
citation wavelength and efficient energy transfer to Er>* [18-20]. As in
the previous reports, Gd>* can be used as an intermediary to promote

the energy transfer of fluoride due to the far distance between the first
excited state level (°P;,,) and the ground level (%S,,,) of Gd®>* 4f
electron configuration [21,22]. Extensive efforts have been devoted
into controllable synthesis of lanthanide-doped UCNCs with homo-
geneous size/phase distribution and better dispersity besides the high
upconversion efficiency to meet the growing demand of biological ap-
plications. Among most of the techniques, hydro/solvothermal ap-
proach proves to be a most effective and convenient one for cubic or
hexagonal fluoride nanocrystals with various shapes and sizes [23]. The
reduction in UCNCs size has been achieved in NaYF,:Yb,Er systems via
introducing of Gd®* into the crystalline lattices [24]. Meanwhile, the
reaction temperature also plays a significant role in the morphology
evolution of the final products [25]. A few achievements have been
reported so far the successful synthesis of f-NaYF4:Yb, Er/Tm NCs with
bright green fluorescence [26]. Ding and colleagues have precisely
controlled the growth of 3-NaYF,:Yb, Er microcrystals and simulta-
neously provided a reference for exploration of the morphology-de-
pendent UC luminescence properties [27]. However, as far as we know
up to date, very few research have been reported on phase-controlled
synthesis of Yb®*, Gd®* co-doped NaErF, UCNCs with improved UC
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luminescence.

In this contribution, NaErF,:Yb®" and NaErF,:Yb®",Gd*" nano-
crystals with various morphologies were synthesized via a facile hy-
drothermal process. The effects of reaction temperature and Gd**
doping content on the crystalline phase, size and upconversion lumi-
nescence have been investigated in detail. Steady state and transient
spectroscopy measurements were performed to better understand the
mechanisms of enhanced luminescent properties after doping Gd>*.
The possible formation mechanism for the phase and morphology
evolution was also discussed.

2. Experimental
2.1. Materials

RE(NO3); (RE = Er, Yb and Gd) solutions are freshly prepared by
dissolving RE,O3 in nitric acid. RE;O3 (purity > 99.9%) and Oleic acid
(OA, 90%) are purchased from Sigma-Aldrich. NaF, NaOH, and HNO3
are supplied by Sinopharm Chemical Reagent Co., Shanghai, China. All
of the other chemical reagents are analytical grade and used directly
without further purification.

2.2. Synthesis of NaErF.:Yb>*, G&®* UCNCs

NaErF4: 30%Yb3* /xGd®* (x = 0, 25 mol%) UCNCs were prepared
by a hydrothermal route using oleic acid (OA) as the capping ligand and
surfactant as previously reported [28]. At first, 10 mL anhydrous al-
cohol and 3 mL deionized water containing 1.2 g of NaOH were mixed
under stirring to form a homogeneous solution, then followed by
adding 20 mL OA to form a sodium-OA complex. As presented in
Table 1, 1 mmol RE(NO3); with designed molar ratios and 8 mmol NaF
were added into aforementioned solution with vigorously stirring at
room temperature for 20 min. Subsequently, the gelatinous solution
was sealed in a 50 mL Teflon-lined stainless autoclave, which was
continuously heated at a particular temperature (Table 1) for 12 h.
After the reaction, the system was cooled down to the room tempera-
ture naturally. The obtained precipitates were isolated by centrifuga-
tion at 10,000 rpm for 10 min, washed three times with ethanol and
deionized water in sequence to remove the residue of organic ligands
and other mixtures on the samples, and finally dried in vacuum oven at
60 °C for 10 h.

2.3. Characterization

The X-ray powder diffraction (XRD) patterns of the as-prepared
samples were measured on a Rigaku D/Max IIA with Cu Ka radiation
(A = 1.54056 10\). The scan range was set from 10 to 70° with the
scanning rate of 6.0°/min. The morphologies of the nanocrystals were
obtained by using a transmission electron microscope (TEM, JEM-
2000EX) operating at an acceleration voltage of 200KV.
Photoluminescence spectra were recorded by using a spectro-
photometer (Hitachi F-7000) under external excitation of a CW 980 nm
diode laser. The decay curves are detected by a Triax 550 spectrometer
(Jobin-Yvon) and recorded using a Tek-tronix digital oscillters (TDS
3052), while a pulsed laser of 10 ns with tunable wavelengths from an
optical parametric oscillator (OPO) pumped by a Nd: YAG laser

Table 1
Summary of the composition of nanocrystals, synthesis temperature (T), and morpholo-
gies of the samples.

Samples Composition T (°C) Morphology
s1 NaErF,: 30%Yb®* 140 NPs
S2 NaErF,: 30%Yb®* /25%Gd>* 140 NPs
S3 NaErF,: 30%Yb®* 190 NRs
S4 NaErFy: 30%Yb®* /25%Gd>* 190 NRs
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Fig. 1. XRD patterns of as-prepared samples. S1:NaErF4: 30%Yb®* NPs; S2: NaErF4: 30%
Yb>* /25%Gd®* NPs; $3: NaErF,: 30%Yb>* NRs; S4: NaErF4: 30%Yb®*/25%Gd>" NRs.
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(Spectraphysics, GCR 130) is used as an excitation source. All the
measurements were performed at room temperature.

3. Results and discussions

Fig. 1 shows the XRD patterns of the as-prepared NaErF,: 30%Yb>*
nanocrystals along with 25 mol% Gd®* co-doped samples at different
synthesis temperatures. When the reaction temperature was 140 °C, the
Gd®" -free sample matched perfectly with standard cubic phase NaErF,
(JCPDS No: 77-2041), demonstrating that pure cubic phase nano-
particles can be obtained at lower reaction temperature. At the Gd*>™*
doping concentration of 25%, the crystal phase of UCNCs transforms
from cubic phase to hexagonal phase completely. In current host lattice
of NaErF,, GA®* (r = 1.193 A) is rationally considered to replace Er®*
(r = 1.144 A) owing to the identical charge valence. Importantly, lan-
thanides with larger ionic radius show a higher trend towards electron
cloud distortion due to increased dipole polarizability, and thus pre-
ferably induce the hexagonal structures. Similar expanding effects in
unit-cell volume as well as interplanar distance resulting from dopant
ions with larger radius than substituted ions have been reported in
Gd3+ doped NaYF, nanocrystals [29]. In the case of the reaction tem-
perature of 190 °C, all of the diffraction peaks of NaErF,: 30%Yb>*
were found to be in good agreement with the standard hexagonal phase
NaErF, (JCPDS No: 27-0689), indicating that single hexagonal phase
nanorods with good crystallinity were formed. And the diffraction
peaks of NaFErF,: 30%Yb®*/25%Gd>** nanorods mainly present the
hexagonal phase. Simultaneously, the diffraction peak shifts slightly
towards the lower-angle side because of the expansion in unit-cell vo-
lume and interplanar distance attributed to the substitution of Er>* ions
by larger radius Gd®>* in the host lattice. We also noticed that the dif-
fraction peaks get broadened by doping Gd** ions, revealing the
shrinkage of the average crystalline size. It is noteworthy that as the
synthesis temperature was increased up to 190 °C, the crystalline phase
of NaErF.: 30%Yb®* converts from cubic to hexagonal (see the XRD
patterns of S1 and S3 shown in Fig. 1). Compared with the high-tem-
perature metastable cubic phase, the hexagonal phase is more stable
thermodynamically. Therefore, synthesizing the hexagonal phase
UCNCs needs excess thermal energy to overcome the higher energy
barrier. Such growth processes of NaYF, nanocrystals governed by
thermodynamics have been already documented [30]. It is reasonable
to believe that reaction temperature is highly important for the phase
control of the NaErF,: 30%Yb®* nanocrystals.

Fig. 2 presents the transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) images illustrating the mor-
phology/phase evolution of the samples synthesized under the condi-
tions listed in Table 1. The typical TEM images show the excellent
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Fig. 2. TEM images of the as-prepared nanoscale samples (a) 140 °C, NaErF,: 30%Yb NPs (b) 140 °C, NaErF,: 30%Yb/25%Gd NPs (c) 190 °C, NaErF,: 30%Yb NRs (d) 190 °C, NaErF,: 30%

Yb/25%Gd NRs; (e-h) the representative SAED respectively taken from (a-d).

monodispersity of all final products. At 140 °C, NaErF,: 30%Yb®* na-
nocrystals demonstrate a large quantity of nanocubes with the average
granular size of 20 nm (Fig. 2a). Nevertheless, with the addition of
Gd3*, the particle size becomes smaller about 12 nm in diameter as
shown in Fig. 2b. When the reaction temperature rises up to 190 °C, the
morphology of as-synthesized samples presents clear evolution from
nanocubes to nanorods. It is reasonable to believe that the reaction
temperature has a prominent effect on the morphology formation
process of nanostructures. In Fig. 2c, the products exhibit a uniform size
with the length of about 1.05 ym and lateral diameter of about 100 nm.
After doping of 25 mol% Gd>*, the mean aspect ratio of NRs remains
about 11 but the size decreases conspicuously (Fig. 2d). The re-
presentative SAED patterns taken from (a-d) as shown in Fig. 2(e-h)
correspondingly clarify the phase transformation trend clearly, which
agrees well with the aforementioned XRD results. The reduction in
NaErF,:Yb®*, Gd®* nanocrystal size partly results from the crystal
surface charge modification after the substitution of lager Gd*>* for
Er’” in the crystal lattice. The increase of electron charge density on
the nanocrystal surface substantially hinders the diffusion of negatively
charged F~ ions to the surface due to the charge repulsion. The result
consists with a previous literature [31], in which lager Eu®** ions doped
into NaYF, nanocrystals induces the size reduction.

The UCL properties of the as-prepared four samples with different
phases and morphologies have been investigated. Fig. 3 presents the
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Fig. 3. Room temperature upconversion emission spectra of NaErF,: 30%Yb>*/xGd>*
(x = 0, 25 mol%) UCNCs at different synthesis temperatures under excitation with CW
980 nm diode laser. The inset presents the calculated R/G ratio of four samples.

511

upconversion emission spectra of NaErF,: 30%Yb**/xGd** (x = 0,
25 mol%) UCNCs synthesized at different synthesis temperatures under
the excitation of CW 980 nm diode laser. The relatively stronger red
emission bands at about 654 nm and the weaker green emission bands
at about 520 nm and 540 nm, are stemming from “Fg,5 — *I;5/2, (*Hy1,
2*S3/2) = *I;5,, transitions of Er®™ ions, respectively. Calculated red-
to-green emission intensity ratio of four samples under different
synthesis conditions has been plotted in the inset of Fig. 3. The sample
S3, i.e. NaErF,: 30%Yb>* NRs, has the strongest emission intensity and
the largest R/G ratio of 7.37 at the identical measurement conditions
because of the relatively large size and high crystallinity. Nevertheless,
the decrease in emission intensity of NaErF,: 30%Yb>*/25% Gd>* NRs
has been observed and may be resulted from the reduction in crystal
size and the occurrence of cubic phase structures. On the other hand,
the expansion of the distance between the Yb and Er ions because of the
heavy doping level of Gd®>* could also be responsible for the decline of
the overall upconversion luminescence intensity in NRs sample S4
compared to S3, which depresses the energy transfer rate between the
sensitizers and the luminescent centers. It is interesting to note that the
luminescence intensity and R/G ratio decreases sharply when the
morphology changed from NRs to NPs. This can be mainly attributed to
the size reduction of the nanocrystals along with the change in mor-
phology which leads to the high surface-to-volume ratio of the UCNCs,
and this is in accordance with the previous report from Murray’s group
[32]. However, with doping Gd®* at reaction temperature of 140 °C,
the emission intensity and R/G ratio of S2 are improved compared with
that of S1, which is possibly ascribed to the formation of hexagonal
component in NaErF,:Yb®**, Gd®>* nanostructure.

In order to reveal the upconverting photon excitation mechanism,
pumping power dependent integrated intensity of the red (*Fq 5 — *I;5,
2) as well as green (®Hyq,,*Ss/2) — 15,5 transitions were measured
and plotted in a double logarithmic scale respectively in Fig. 4(a—d) as a
function of the 980 nm excitation power. In a general UC process, the
relationship between UC emission intensity and the excitation power
can be described by the following equation: Iyc, o« Pyg " [33,34].
Where n is the number of the required pumping photons for one up-
converting emission photon, Iy, is the UCL intensity, Py is the
pumping power of near infrared excitation. As displayed in Fig. 4, all
corresponding slopes of the linearly fitted lines for UCL emissions at
520, 540 and 654 nm are achieved in the range of 1 to 2. This de-
monstrates that green and red UCL in NaErFy,: 30%Yb®* and NaFErF,:



W. Xie et al. Materials Research Bulletin 95 (2017) 509-514
(b) 6 Fig. 4. Pumping power dependence plotted in the
(a) = H 4 = 2 4 . . 4 4
L e SlOPE=1.25 s1 H,,,~ |, Slope=1.77 s2 double logarithmic scales of the red (*Fo 5 — “I;5,2),
= sl ‘s, ,;—'l,, slope=1.14 = o %S 5" slope=1.92 green (*Hiy/2,"S3/2) = “Iis/» UCL intensity of (a)
= PR Sl = 5t e 140 °C, NaErFy: 30%Yb®* NPs (b) 140 °C, NaErF,:
z o SOPET — H 4 Fgply, slope=1.24 30%Yb%+/25%Gd®* NPs () 190 °C, NaErF,: 30%
g a £ z Yb®* NRs (d) 190 °C, NaErF4: 30%Yb®* /25%Gd>*
S ar &8 NRs. (For interpretation of the references to colour in
;E' é’ 4r this figure legend, the reader is referred to the web
& g | version of this article.)
g 3t S
= =
= = 3
¥ gﬂ
- 2} -l
N s N " N N L s N '
15 1.6 1.7 1.8 1.9 2.0 1.5 1.6 1.7 1.8 1.9 20
Log(Excitation power(mW)) Log(Excitation power(mW))
(c)7 (d P
2 4 = = H 1., slope=1.87
a H, = g Slope=1.95 53 § ! wz_: ¢, SIOPE 34
2 ‘s ", slope=196 2 + s>, slope=1.79
» A
5 6 s °F_ "1 _ slope=1.88 E ‘Fm—)‘lm slope=1.55
3 oz s 5 %
£ £
& & |
z oy st i
w 5 7]
= =
2 S
= =
= =
& 4} & 4}
-l -
1.5 1.6 1.7 1.8 1.9 2.0 1.5 1.6 1.7 1.8 1.9 2.0

Log(Excitation power(mW))

30%Yb3*/25%Gd®" systems follow a two photon process under the
excitation of 980 nm NIR laser.

To further clarify the upconversion mechanism as well as the tai-
loring effect of Gd®* codoping on the upconversion emissions, the
transient behavior of Er®*: ?H;, , and “Fo, states for both Gd®>* doped
and Gd®*-free samples under a pulsed laser excitation of 980 nm has
been intensively investigated at room temperature. Fig. 5(a) and (b)
show the normalized decay profiles of the characteristic Er®*2H;;,
T /o transition at 525 nm and “Fy /2 —> s /2 transition at 654 nm.
There always exists a rise and a decay process in each transient profile
of the samples, which clearly indicates the energy transfer process in
this upconverting system. All the decay curves could be well fitted to
double exponential function which could be simply described as:
I(t) = Iy + Aje /" — Aje=/" where I(f) and I, are the luminescence
intensities at time t and 0. A; and A, are emission intensity constants, z,
and 74 represent the rise and decay times of kinetics process for the
exponential components, respectively. The effective decay time 7, is

‘/:)ool(t)tdt

S 1w
0
I(t) represents the luminescence intensity at time t. The fitted upcon-

version lifetimes of the Er®* green and red emission energy levels, i.e.

determined by means of the following equation, 7 = , in which

Log(Excitation power(mW))

Table 2
UCL lifetimes of the ?Hy1,, and “Fy, states of Er®* in the NaErF,:Yb®* NPs and NRs
codoped with 0 and 25 mol% Gd>*-

Sample/morphology 2Hy1/0 “Foz
T (us) Ta (us) T (s) Ta (us)
S1/NPs 1.71 11.11 8.12 34.48
S2/NPs 4.20 9.44 8.60 60.32
S3/NRs 2.52 39.95 9.30 65.81
S4/NRs 4.34 30.52 10.80 110.07

®Hy1,5, *Foyp for all the samples of Gd** doped and Gd**-free
NaErF,Yb®* nanostructures under the synthesis temperatures of
140 °C and 190 °C, respectively, are listed in Table 2.

It is worth pointing out that the decay process of upconverting lu-
minescence does not mean the depopulation of the emissive state all the
time and meanwhile, the observed luminescence rise does not always
represent the population of the emissive state as well, when analyzing
the transient data. As a typical example, in upconverting Yb, Er co-
doped fluoride nanocrystals, the short 7, components are determined by

Fig. 5. Time evolutions of NaErF,: 30%Yb** /xGd>*
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Fig. 6. Schematic energy level diagram showing the proposed upconversion mechanism
of NaErF,:Yb**, Gd** system.

the self-decay of emissive states °Hy; /2 “Fy /2, therefore, they are always
shorter than the decay components, even though the population on
these levels is slower than the depopulation processes [35]. The longer
lifetime 74 components mainly reflect the nature of the intermediate
state and determined by the product of the decay functions of the Yb®*:
2F5,, and Er’* intermediate states [36].

The decay lifetimes of red emission state Er®*: *F,,, in Gd**-doped
NaErF,:Yb NPs (sample S2) and those of the green emission state Er®*:
2H,,,, in NRs (sample S4) show a positive correlation trend to the
upconversion luminescence intensity compared with those of the Gd** -
free samples i.e. S1 and S3, respectively, as shown in Table 2. As a
matter of fact, the photoluminescence lifetime of excited energy level is
proportional to the inverse sum of radiative transition probability W,
and non-radiative transition probability W, i.e.T « Y, +w,. Therefore,
this is implying that Gd>* doping could tune the W, of the emission
states since the higher non-radiative transition probability could lead to
the lower emission intensity as well as the shorter decay lifetime as for
the green emission in NRs. Nevertheless, for the 2Hy1 /5 — 15/ tran-
sition of NaErF4:Yb NPs and the *Fg,, — “I;5,» transition of the NRs, the
decay lifetimes of excited state exhibit a discrepancy tendency after
Gd3*-doping. For instance in the case of NPs, the decay lifetime of
green emission state becomes shorter but the emission intensity get
enhanced profoundly. One could then come to a reasonable deduction
that the radiative transition probability W, of green emission state has
been greatly increased in NPs and decreased in respect of the red
emission state in NRs. On the other hand, the partly released inversion
symmetry and the crystal field distortion increase the electronic dipole
transitions probability due to the introduction of Gd** into the crys-
talline lattices, which could be favorable for the enhanced UCL in-
tensity.

The schematic energy level diagram depicting the upconversion
emission process of the as-prepared samples is given in Fig. 6. In doping
Gd3* systems, the lowest excited level of Gd®* is far higher than the
excited levels of Yb®* and Er®*, which can perfectly avoid excitation
energy loss by energy transfer between Yb®*/Er®* and Gd®™. In the
upconversion processes, the electrons are firstly excited from the F;,,
level to the %Fs,, excited states of Yb®* after absorbing the laser ex-
citation energy at 980 nm. Then the energy transfer occurs from the
excited Yb®* to Er***l;5,, ground state to populate the *I;; 5 level.
Subsequently, Yb®* can further migrate excitation energy to the Er**
pumping the excited electrons at *I;; 5 to *F; 5 level by the excited state
absorption. Excited electrons in “F; , state partly transfer to the *Hy -
and the S, states through multiphonon nonradiative relaxation steps,
which consequently lead to the green emission at around 520 and
540 nm by radiative decay to the ground state. In the other way the
electrons at “I;1 , level undergo non-radiative relaxation process to the
*1,3,, state and then jump to “F,, level by absorbing accessional energy
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from Yb®*. As a result, red emission around 654 nm was then generated
through a radiative transition process from “Fy,, level to the ground
state “I;5,5 of Er° ™.

4. Conclusions

In summary, we have prepared NaErF,:Yb>",Gd** UCNCs under
various experimental conditions by a facile hydrothermal route.
Through tuning the synthesis temperature and Gd®>* doping contents
the crystalline phase, morphology, size and the relative intensity of
upconversion luminescence can be simultaneously controlled. Gd ions
codoping could induce the partly release of inversion symmetry and the
crystal field distortion, which improved the UCL efficiency as well as
the R/G ratio. NaErF,:Yb®" ,Gd®* nanostructures with intense red
emissions show a great promising application in the biological field,
particularly in in vivo multimodal imaging for deeper tissue penetration.
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