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A series of LaxGd1-xF3:Nd
3+ (x = 0~1) nanocrystals (NCs) were 

prepared via doping-controlled hydrothermal method. The 

XRD patterns show that orthorhombic phase of GdF3 

transforms into hexagonal phase of LaF3 completely when x = 

0.3, which is dramatically different with x = 0.5 for the bulk 

materials. Morphologies and near-infrared to near-infrared 

(NIR-to-NIR) fluorescence properties exhibit a direct 

dependence on the La/Gd ratio, providing an effective way to 

prepare numerous fluorescence NCs. 

1. Introduction 

GdF3 is an excellent luminescent host matrix for various 

optically active lanthanide ions (Ln3+) due to its low phonon 

energy and minimized quenching of the exited state of Ln3+, 

which is favourable for attaining high fluorescence quantum 

efficiency.1-3 So far, great efforts have been devoted to the 

synthesis methods for preparing lanthanide fluorides, such as 

decomposition of lanthanide organic precursors,4-7 microwave 

and ionic liquid based synthesis method (ILs),8-11 and 

hydrothermal/solvo-thermal method.12-14 These methods, in 

spite of their significant contribution for optimizing the 

morphology and performance of lanthanide fluorides, still have 

their respective limitations. For instance, thermal 

decomposition of lanthanide trifluoroacetate precursors, the 

most widely-used method to prepare lanthanide fluorides with 

high monodispersity, should be carried out at a relatively high 

reaction temperature (>200 oC) under inert gas protection. 

Although the microwave and ILs methods have been 

successfully used in GdF3 synthesis via a relatively green and 

facile route under mild conditions, they often require expensive 

equipments and reagents.  

Hydro/ solvothermal method has been proven to be an 

effective and convenient process in preparing various inorganic 

nanomaterials, since its easily controllable reaction conditions, 

relatively high yield of the products, as well as frequently using 

environmental-friendly reagents (such as water, ethanol, et al) 

as the reaction medium.12, 15 However, most GdF3 nanocrystals 

(NCs) obtained by hydro/solvothermal method are composed of 

irregular particles in micrometre sizes.12, 13 In order to obtain 

well-defined crystal phase and morphology of GdF3 NCs, the 

hydro/solvothermal synthetic process generally imposed 

stringent control over a set of experimental parameters, such as 

surfactants, temperature, reaction time and concentration of 

precursors.3, 14, 16 More importantly, most of the GdF3 NCs 

obtained by these three synthetic methods crystallized in 

orthorhombic structure, which have been proved to be not as 

efficient as hexagonal phase with respect to fluorescent.3   

At present, more attention is paid to the research on doping-

controlled synthesis of lanthanide fluorides. Despite the widely 

investigated cubic to hexagonal phase transition in NaYF4
17, 18 

and NaGdF4
19 by Ln3+-doping, trigonal GdF3 with 15 mol% 

La3+-doping were also prepared.20 Moreover, phase and 

morphology control of lanthanide fluorides were achieved via 

alkaline earth elements doping.16, 21, 22 However, as far as we 

know, there have been few systematically studies focusing on 

the lanthanide doping-controlled synthesis of hexagonal GdF3, 

neither research on fluorescence properties of GdF3:Ln3+.   

In this communication, we have synthesized a series of 

undoped and Nd3+-doped LaxGd1-xF3 NCs via a facile 

solvothermal method [see experimental details in 

supplementary information]. It is interesting that, by 

introducing high content of La3+ (30 mol%) into GdF3, 

orthorhombic GdF3 NCs are completely transformed into the 

hexagonal La0.3Gd0.7F3 solid solutions, as far as we know, 

which have not been reported. Significantly, the morphology of 

these NCs turned to be nearly-monodispersed nanospheres with 

phase transformation from orthorhombic to hexagonal. 

Meanwhile,  the near-infrared to near-infrared (NIR-to-NIR) 
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emissions of the Nd3+ doping into the NCs are greatly 

intensified by La3+-doping. 

2. Results and discussion 

 
Fig. 1 XRD patterns of LaxGd1-xF3 (x = 0, 0.1, 0.2, 0.3, 0.6 and 1.0) NCs. 

The X-ray powder diffractions (XRD) (Fig. 1) indicated that 

GdF3 samples (x = 0) can be indexed to the standard card of 

orthorhombic GdF3 (JCPDS 49-1804) without any impurity 

phase. With the increase of La3+ ions concentration, a gradual 

transformation from the orthorhombic phase of GdF3 to the 

hexagonal phase of LaF3 (JCPDS 32-0483) was observed, and 

30% La3+ ions is sufficient for GdF3 crystallizing in the LaF3 

hexagonal phase completely, which is dramatically different 

with 50% for the bulk materials.23 

With further increase in La3+ ion concentration, no extra 

diffraction peaks were observed, indicating the formation of a 

homogeneous La-Gd solid solution.17 At the same time, a slight 

peak shifts towards lower diffraction angles can be observed, 

which result from expansion in unit-cell volume owing to the 

substitution of Gd3+ (1.053Å) ions by larger La3+ (1.216Å) 

ions24 in the host lattice with the increase of La3+/Gd3+ ratio.17 

Transmission Electron Microscopy (TEM) images (Fig. 2) 

showed that GdF3 NCs exhibited a rod-like and somewhat 

irregular shape, and some of the rods tended to aggregate at one 

end. The selected area electron diffraction (SAED) pattern and 

the high-resolution TEM (HRTEM) image (Fig. 2 g) of the un-

doped GdF3 demonstrated the orthorhombic structure and 

single-crystalline nature of GdF3 sample. With addition of La3+ 

ions (10 and 20 mol%), the anisotropic growth of these NCs 

weakened obviously, and the samples are mainly composed of 

irregular particles (Fig. 2 b, c).When La/Gd ratio reaches to 3/7, 

these NCs exhibit a spherical shape with an average diameter of 

~50nm. The HRTEM image (Fig. 2 h) with clear lattice fringes 

indicates the crystallinity of the La0.3Gd0.7F3 NCs. By further 

increasing La3+/Gd3+ ratio (x = 0.3-1.0 mol%), the morphology 

of NCs had no significant change while the average size 

decreased gradually (Fig. 2 c-f), which is consistent with 

previous reports in the case of Eu3+-doped NaYF4
25 and Gd3+ 

doped NaYF4
17. 

 
Fig. 2 (a)-(f), TEM images of LaxGd1-xF3 NCs obtained after 12 h hydrothermal 

treatment at 170 °C. (From a to f, x = 0, 0.1, 0.2, 0.3, 0.6 and 1.0). (g) and (h) are 

HRTEM images of (a) and (c), and the illustrations are SAED patterns of (a) and 

(c), respectively. 

Crystal structure has been proved to be one of the most 

important factors that affect the growth behaviour of NCs.13 

When x = 0-0.3, the transition of two different phases can be 

found from the XRD patterns clearly as increasing La3+ 

concentration, which is supported by the observation of 

significant morphology changes in TEM images (Fig 2 a, b and 

c). By increasing La3+ concentrations (x>0.3), the products kept 

hexagonal phase, this may be the main reason for negligible 

changes in particle morphology. However, the particle size of 
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LaxGd1-xF3 (x = 0.3-1.0) NCs decreased gradually, which can 

be partly attributed to the effect of the La3+ dopant ions on 

crystal growth rate through surface charge modification.17 With 

Gd3+ ions in the crystal lattice was replaced by La3+ ions, the 

surface electron charge density of NCs increased. Then the 

diffusion of negatively charged ions (F-) to the surface was 

slowed down owing to an increase of charge repulsion and 

resulted in a reduction of the NCs size. 

The transition of size and morphology for LaxGd1-xF3 NCs 

with increasing La3+ ions concentration was showed in Fig. 3. 

 
Fig. 3 Schematic illustration of the size and morphology transition of LaxGd1-xF3 

NCs with La
3+

 ions concentration increasing. 

We propose that the key reason for the crystalline transition 

from orthorhombic phase to the hexagonal phase of GdF3 is the 

lowering of the energy barrier induced by dopant La3+. It is 

known that the hexagonal phase is more thermodynamically 

stable than the orthorhombic phase of GdF3.
26, 23 Thus, phase 

transition from orthorhombic to hexagonal can be achieved in 

two different ways. One of the methods is to provide enough 

energy to overcome the energy barrier between the 

orthorhombic and hexagonal phase, such as a high temperature 

up to 907.4oC.23 The other method is to reduce the energy 

barrier between orthorhombic phase and hexagonal phase 

during the synthesis process.18 As confirmed by previously 

reports, Ln3+ ions with larger ionic radius have lower energy 

barriers to the hexagonal phase products.12, 13, 18 In our study, 

when the LaxGd1-xF3 NCs were synthesized, the dopant La3+ 

with larger ionic radius can decrease the energy barrier from 

orthorhombic to hexagonal transition, and tip the balance in 

favour of hexagonal phase GdF3 during the process of crystal 

growth. 

There is increasing interest in Nd3+-doped NCs due to their 

NIR-to NIR stokes emission by ~800 nm excitation, which 

result in higher tissue depth, less thermal effect and 

significantly enhanced quantum yield (QY) than upconversion 

nanoparticles (UCNPs).5, 27, 28 The fluorescence performance of 

dopant Ln3+ is tightly related to the environmental structure.3, 17, 

21 Hence, the phase conversion from orthorhombic to hexagonal 

phase may cause some interesting fluorescence for the dopant 

Nd3+. 

Photoluminescence properties of LaxGd1-xF3:Nd3+ NCs were 

also investigated in these paper. Three emission peaks of 

LaxGd1-xF3:Nd3+ (3 mol%) (x = 0, 0.1, 0.2, 0.3, 0.6 and 1.0) 

NCs centred at ~890 nm, ~1060 nm and ~1330 nm can be 

observed, which are assigned to the transitions of 4F3/2→
4I9/2, 

4F3/2 →
4I11/2, 

4F3/2 →
4I13/2, respectively. The fluorescence 

intensity for the transition of 4F3/2→
4I11/2 of increased firstly 

and then decreased with increasing La3+ ions concentrations 

(Fig. S1), and the sample with x = 0.2 exhibited the highest 

fluorescence intensity, which was about 3 times of that of 

GdF3:Nd3+ (x=0) NCs. To sum up, the photoluminescence 

properties of NCs are largely affected by factors such as the 

crystal structure, surface effect and morphology, et al.29, 30 It 

has been reported that the fluorescence performance of 

hexagonal LaF3 was superior to orthorhombic GdF3.
3 As x 

changes from 0 to 0.3, crystal structure of LaxGd1-xF3 

transforms from orthorhombic phase to hexagonal phase 

completely, and the morphologies of NCs changed 

significantly, which improve the fluorescence properties 

together. In the region of 0.3~1.0, crystalline phase and 

morphology of NCs did not change significantly, but the 

specific surface area increased with La3+ ions concentrations 

increasing (Tab. 1). Thus  fluorescence quenching increased 

with increasing surface quenching centres. However, this issue 

will not be discussed in detail since it is complex and no final 

conclusion has yet been reached.21, 31, 32 

Tab. 1 Measured Brunauer–Emmett–Teller (BET) and Langmuir surface 
areas of LaxGd1-xF3 (x=0-1) NCs. 

x value 0 0.1 0.2 0.3 0.6 1.0 
BET 

(m2g-1) 
10.25 12.34 13.08 17.75 28.19 32.50 

Langmuir 
(m2g-1) 

13.98 17.59 17.68 24.20 38.58 43.87 

 
Fig. 4 Fluorescence spectra of LaxGd1-xF3:Nd

3+
 (3 mol%) (x = 0, 0.1, 0.2, 0.3, 0.4, 

0.6 and 1.0) NCs, measured at room temperature under 790 nm excitation. 

The fluorescence lifetimes (4F3/2→
4I11/2 transition) of LaxGd1-

xF3:Nd3+ NCs (x = 0, 0.1, 0.2, 0.3, 0.6 and 1.0) had a similar 

variation trend with the fluorescence intensity (Fig. S2). 

Calculated by fitting the decay curves with double-exponential 

function, the lifetimes of LaxGd1-xF3:Nd3+ NCs (x = 0, 0.1, 0.2, 

0.3, 0.6 and 1.0) for 4F3/2→
4I11/2 transition were determined as 

95 µs, 128 µs, 222 µs, 210 µs,183 µs and 207 µs, respectively 

(Fig. 5).  
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Fig. 5 Fluorescence decay curves of LaxGd1-xF3:Nd

3+
 (3 mol%) NCs. 

3. Conclusion 

In summary, we have investigated the effect of La/Gd ratios 

on the crystal phase, morphologies and fluorescence properties 

of LaxGd1-xF3 NCs (x = 0~1). The orthorhombic GdF3 

transforms into hexagonal phase completely when x = 0.3, and 

La0.2Gd0.8F3:Nd3+ NCs exhibit the highest fluorescence intensity 

and longest lifetime for 4F3/2→
4I11/2 transition. Considering both 

the excitation (790 nm) and emission (~890 nm, ~1060nm and 

~1320nm) bands of these materials are in the “optical 

transparency window”, as well as the intrinsic paramagnetic 

properties of Gd3+ ions, this doping-controlled sovolthermal 

method may open up an effective way to prepare various multi-

function nano contrast agents. The research on magnetical 

properties and biomedical applications will be studied in the 

following work. 
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