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Abstract X-rays are energy sources exhibiting extended penetration depths, and they have

attracted increasing attention in industry and for clinical application. With the rapid development

of nanomaterials and X-ray excited luminescent nanoparticles (XLNPs), new modalities for

bioimaging and cancer therapy have been developed, such as X-ray luminescent computed tomog-

raphy (XLCT) and X-ray excited photodynamic therapy (X-PDT). To meet the requirements of

biomedical applications, XLNPs must exhibit high luminescence intensities, appropriate size distri-

butions (less than100 nm) and negligible cytotoxicity. Due to the optical properties associated with

f-electrons, rear earth (RE) elements are highly suitable for creating XLNPs. NaREF4 nanoparticles

(NPs) have been shown to be suitable hosts with high luminescence intensities, controllable sizes,

and biocompatibility for X-ray-based biomedical applications. Syntheses of NaLuF4 NPs doped

with rare earth elements for upconversion applications have been systematically studied. However,

for X-ray excited applications, the doping levels of the NPs must be totally different, which greatly

affects the morphologies and sizes of the NaLuF4 NPs. Thus, in this paper, nucleation, phase tran-

sitions, morphologies and sizes, and luminescence properties of Tb3+-doped NaLuF4 NPs were sys-

tematically studied. OA-capped NaLuF4:Tb
3+ NPs were synthesized via coprecipitation processes

with different reaction temperatures and reaction times to study the nucleation mechanism system-

atically, and the morphologies, size distributions and crystal phases were characterized with TEM

and XRD. The morphologies, size distributions and crystal phases of these NPs were seriously influ-
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enced by the reaction temperature and reaction time. At 295 ℃, the NP sizes increased with pro-

longed reaction time, and the crystalline phase was a mixture of cubic and hexagonal phases. At

300 ℃ and 310 ℃, the pure hexagonal phase was obtained after 20 min and 35 min reaction times,

respectively. The luminescence strengths of these NPs were associated with the particle sizes, crys-

talline phases, and Tb3+ doping levels. Stronger luminescence was achieved with larger particle

sizes and purer hexagonal crystal phases. In addition, the 15 % doping level for Tb3+ provided

the maximum luminescence intensity. The present work provides insights into the mechanism of

NaLuF4:Tb
3+ nanocrystal growth.

� 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

X-rays have been widely used in clinical diagnostic imaging and radio-

therapy. In addition, due to the physical properties of high energy X-

ray photons, which have unlimited penetration depths and eliminate

the autofluorescence backgrounds seen in tissues with UV/Vis/NIR

light sources, X-rays have also attracted considerable attention in

new modalities of bioimaging and cancer therapy. In the past decade,

with the assistance of nanotechnology, novel X-ray excited luminescent

nanoparticle (XLNP)-based bioimaging and cancer therapies have

been established, such as X-ray luminescent computed tomography

(XLCT) and X-ray excited photodynamic therapy (X-PDT) (Gao

et al., 2017, Zhang et al., 2017, Zhang et al., 2017, Gao et al., 2018,

Liu et al., 2018, Pu et al., 2018, Zhang et al., 2018, Liu et al., 2019).

In both XLCT and X-PDT, X-ray excited optical luminescence

(XEOL) of the XLNPs is essential.

A wide range of XLNPs, such as LaF3:Ce
3+, Gd2O2S, Tb2O3,

LiYF4:Ce
3+, SrAl2O4:Eu

2+, GdEuCl2, NaGdF4:Eu
3+, and NaLuF4:

Tb3+, have been explored in the fields of X-PDT, XLCT, and X-ray

excited optical imaging during the past 2 decades (Chen and Zhang

2006, Abliz et al., 2011, Bulin et al., 2013, Sudheendra et al., 2014,

Zou et al., 2014, Chen et al., 2015, Kaščáková et al., 2015, Chen

et al., 2017, Zhang et al., 2017, Zhang et al., 2018). Among these

XLNPs, lanthanide (Ln)-doped XLNPs have attracted considerable

interest due to their rich optical properties, which exhibit broad spec-

tral ranges from 300 nm to 3000 nm with narrow emission bands.

Notably, NaREF4 (RE: Rare earth) nanoparticles doped with Ln have

been systematically studied as ideal upconversion nanoparticle

(UCNP) hosts with high quantum yield efficiencies and minimal toxi-

cities. Compared with NaGdF4 as the XLNP host, NaYF4 and

NaLuF4 have been proven to emit stronger XEOL intensity (Ou

et al., 2021, Pei et al., 2021). Due to the ample presence of electron/hole

traps, NaLuF4 exhibits luminescence lasting for up to 30 days, which is

suitable for in vivo excitation-free imaging and therapy to avoid radia-

tion damage to tissues (Pei et al., 2021). However, similar to XLNPs,

NaLuF4:Ln
3+ studies on controlled syntheses, crystalline phase struc-

tures, and XEOL properties are still in their infancy (Sudheendra et al.,

2014, Naczynski et al., 2015, Zhang et al., 2017, Zhang et al., 2018).

In contrast to the compositions, syntheses, and luminescence mech-

anisms of UNCPs, NaREF4-based XLNPs usually have only one

doped species that serves as the luminescent center ion, such as

Tb3+, Eu3+, Er3+, Tm3+ or Nd3+, without doping of Yb3+ or

Nd3+. Yb3+ or Nd3+ dopants could be considered ‘‘impurities”,

which are used to affect the crystalline phase, luminescent intensity,

and nanoparticle sizes. Furthermore, the b-phases of NaLuF4 XLNPs

are preferred because of their higher XEOL intensities compared with

those of a-phase crystalline structures (Li et al., 2017, Zhang et al.,

2019). Syntheses of b-NaLuF4 NPs doped with Yb3+, Tm3+, Er3+,

Eu3+ and Tb3+, which were introduced for upconversion applications,

have been systematically reviewed previously (Yi and Chow 2006, Jia

et al., 2009, Shi et al., 2011, Zeng et al., 2012, Liu et al., 2013). How-

ever, for XEOL-related applications, the growth phase and morphol-
ogy of a b-NaLuF4 host with a single lanthanide ion dopant serving

as the luminescent center would differ from those of the UCNP

NaLuF4.

It is important to systematically study nucleation, phase transi-

tions, Ostwald ripening, and luminescence properties of single-

doped NaLuF4 XLNPs. Thus, in this paper, a time–temperature-p

hase-size diagram was obtained from the effects of different reaction

times and temperatures on the growth processes of NaLuF4 and

constitutes a significant approach for size and phase control in

NaLuF4 synthesis for the first time. In addition, the XEOL proper-

ties of as-synthesized NaLuF4:Tb
3+ with different particle size and

crystal phases have been systematically studied. This paper will pro-

vide an experimental and theoretical guidance for the lanthanide ele-

ment doping design in the field of XEOL-based in vivo imaging and

photodynamic therapy.

2. Materials and methods

2.1. Materials

LuCl3�6H2O and TbCl3�6H2O were purchased from Shanghai

Yuanye Chemical Reagent Co., ltd. Oleic acid (OA, technical
grade, 90 %), 1-octadecene (ODE, technical grade, 90 %),
NH4F (ACS reagent, �98 %) and NaOH (reagent grade,
�98 %) were purchased from Sigma-Aldrich.

2.2. Synthesis of NaLuF4:15 % Tb3+ NPs

OA-stabilized NaLuF4:15 % Tb3+ NPs were synthesized via a

coprecipitation process adopted from the literature with slight
modifications (Liu et al., 2013). LuCl3�6H2O (0.85 mmol) and
0.15 mmol of TbCl3�6H2O were mixed with 6 mL of OA and

15 mL of ODE in a 100 mL four-neck round bottom flask at
room temperature. The mixture was heated to 160 ℃ with vig-
orous stirring under argon for 1 hr to form a homogenous

solution. This solution was naturally cooled to room tempera-
ture. A 10 mL methanol stock solution containing 4 mmol of
NH4F and 2.5 mmol of NaOH was injected into the flask at a
rate of 1 mL/min with a syringe pump. The mixture was stirred

vigorously at room temperature for 1 hr and at 60 ℃ for
another 1 hr to evaporate the methanol. Subsequently, the
mixture was degassed at 120 ℃ for 20 min and heated to the

specific reaction temperature (160–310 ℃) at a rate of 10 ℃/
min. The mixture was maintained at this temperature for a
specific reaction time. After cooling to room temperature,

the as-synthesized NPs were washed with cyclohexane and
ethanol three times to remove excess OA molecules on the
NP surfaces.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Characterization

The crystal phase of the NaLuF4:15 % Tb3+ NPs was deter-
mined by X-ray diffraction (XRD) on a D/Max-3c diffrac-
tometer (DX-2700) with Cu-Ka radiation (k = 1.5406 Å) at

40 kV and 30 mA. All sample was characterized in solid state
with a mass of 50–100 mg. The scan range was from 10� to 70�
with steps of 0.05�. Transmission electron microscopy (TEM)
with a JEOL JEM-2100 system operating with an accelerating

voltage of 200 kV was used to determine the morphologies of
as-synthesized NPs. The specimen of TEM was prepared by
0.01 mg/mL NPs dispersed in cyclohexane. The X-ray excited

emission spectra of XLNPs were determined with a Zolix Flu-
orescence Spectrometer (Zolix Omni-k) equipped with an X-
ray source (Oxford Industry) as the excitation source. The

X-ray source was set to 80 kV and 0.7 mA with a 15 cm dis-
tance to the specimen, which was in a concentration of
20 mg/mL dispersed in cyclohexane. The scanning range of

XEOL spectrum was from 450 nm to 650 nm in a step of 5 nm.

3. Results and discussion

3.1. Impacts of reaction temperature and reaction time on the
sizes and morphologies of NPs

NaLuF4:15 % Tb3+ NPs were synthesized via a high-
temperature coprecipitation process. Oleic acid was used as
both the solvent and NP capping agent with 1-octadecene as

the cosolvent. To understand the growth mechanism of
NaLuF4 NPs, the reaction conditions, such as temperature
and reaction time, were carefully controlled. The X-ray excited
Fig. 1 TEM images of NaLuF4:15 % Tb3+ nanoparticles prepared vi

for 120 min, d) 295 ℃ for 45 min, e) 300 ℃ for 60 min and f) 310 ℃
luminescent nanoparticles of NaLuF4:15 % Tb3+ were suc-
cessfully synthesized at different reaction temperatures ranging
from 160 to 310 �C with different reaction times. Notably, for

the synthesis temperatures 160 �C and 190 �C, no NPs were
observed via TEM. When the reaction temperature reached
210 �C, NaLuF4:15 % Tb3+ NPs with irregular shapes were

observed using TEM, and the particles showed sizes of 7.49
± 5.49 nm with two size distribution peaks located at 3 and
13 nm, respectively, as shown in Fig. 1a and S1a. With the

reaction temperature at 240 �C, the particle size did not show
an obvious increase upon prolonging the reaction time from
60 min (3.53 ± 0.75 nm) to 120 min (4.69 ± 1.15 nm), as
shown in Fig. 1b and S1b-c. When the reaction temperature

reached 270 �C and the system reacted for 120 min, the NPs
were still irregular in shape with a size of 9.13 ± 2.56 nm, as
demonstrated in Fig. 1c and S1d.

The morphologies and size distributions of NPs synthesized
at 295 �C for 15–120 min were characterized by TEM, as
shown in Fig. 1d and Fig. S2-3. The NPs formed at 295 �C
for less than 45 min showed sizes less than 10 nm and were
spherical in shape, while NPs formed with reaction times
exceeding 60 min at 295 �C showed much larger sizes up to

500 nm, a broadened size distribution and irregular morpholo-
gies. The nanocrystals exhibited rapid growth at 295 �C after
45 min and the size distribution of the NPs was broadened,
as illustrated in Fig. 2a.

When the reaction temperature reached 300 �C, as demon-
strated in Fig. 1e and Fig. S4-5, the NPs formed with reaction
times less than 25 min were spherical. The initial 25 min of the

reaction led to relatively slow nanocrystal growth with an aver-
age NP size below 20 nm. Notably, upon prolonging the reac-
tion time to 30 min, stick-like and cuboid-like NPs were found
a reactions at a) 210℃ for 120 min, b) 240℃ for 120 min, c) 270℃
for 25 min.
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via TEM because the nanocrystals in the (0001) plane grew fas-
ter than those growing in the [0001] direction, as reported in
the literature (Liu et al., 2013); this differed from nanocrystal

growth at 295 �C, which was isotropic. Nanocrystal growth
accelerated between 25 min and 30 min, and the average size
of the NPs was 65 nm. By prolonging the reaction time up

to 120 min, the average sizes of the NPs continued to increase
up to 164 nm. As demonstrated in Fig. 2b, the nanocrystal
growth rate followed a stair-like trend. Between the reaction

periods of 25–30 min and 45–60 min, accelerated nanocrystal
growth was found.

NPs formed at a reaction temperature of 310 �C were
spherical in shape and monodispersed in cyclohexane when

the reaction time was less than 25 min, as demonstrated in
Fig. 1f and Fig. S6a. By prolonging the reaction time up to
60 min, stick-like NPs were formed, as shown in Fig. S6. Com-

pared with the NPs grown at 300 �C, many more stick-like NPs
were observed, which meant that the probability of growth in
the [0001] direction increased with increasing temperature. The

average sizes of the NPs increased with increasing reaction
time at 310 �C and reached 211 nm, as illustrated in Fig. S7.
In addition, the nanocrystal growth rate was much faster dur-

ing the reaction time period between 15 and 25 min and then
slowed down, as demonstrated in Fig. 2c.
Fig. 2 Average sizes of NPs obtained from TEM images: a) NPs form
3.2. Influence of reaction temperature and reaction time on the
NP crystalline phase formed

For NaLuF4 NPs, two crystalline phases resulted, the cubic (a)
and hexagonal phases (b) (Liu et al., 2013). Hexagonal

NaLuF4 NPs showed at least a fold stronger luminescence
intensity than the cubic phase (Li et al., 2015). To further
investigate the crystalline structures and phase purities of the
as-prepared NP samples, the XRD patterns of NaLuF4:15 %

Tb3+ NPs formed with different reaction temperatures and
times are illustrated in Table 1. Notably, in the reactions that
occurred at 160 �C and 190 �C, no NaLuF4:15 % Tb3+ NPs

were formed, but only pure NaF was identified by XRD when
the reaction reached equilibrium, as demonstrated in Fig. S8a-

b; this might explain why no nanoparticles were observed via

TEM. For syntheses run at 210 �C and 240 �C, as shown in
Fig. S8c-d, a-phase NaLuF4 nanocrystals started to form in
combination with NaF formation. Since the reaction tempera-

ture reached 270 �C, both a- and b-phase nanocrystals were
formed when the reaction reached equilibrium (Fig. S8e).

When the reaction temperatures reached 295 �C and
above, all diffraction peaks matched well with the values

for the (100), (110), (101), (200), (111), (201), (210),
(211), (102), and (112) planes of b-NaLuF4 (JCPDS No.
ed at 295℃, b) NPs formed at 300℃, and c) NPs formed at 310℃.



Table 1 Crystalline phases of NPs formed with different reaction temperatures and reaction times.

min

℃ 15 25 30 45 55 60 90 120

160 NaF

190 NaF NaF

210 a + NaF

240 a + NaF a + NaF

270 a + b a + b a + b
295 a + b a + b a + b a + b a + b a + b
300 a + b a + b b b b b b
310 a + b b b b b b
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27–0726) and a-NaLuF4 (JCPDS No. 27–0725), as demon-
strated in Fig. 3a and S9-10. Both a- and b-phases were pre-

sent in all samples reacted at 295 �C, as shown in Fig. S10.
Notably, with increasing reaction time at 295 �C, the pro-
portions of the b crystalline phase in the samples increased.

With increasing reaction time, a-phase crystals were trans-
Fig. 3 XRD patterns obtained when the reaction reached equilibrium

310 ℃. d) Growth phase diagram for NaLuF4:15 % Tb3+ synthesized
formed into b-phase crystals. However, until the reaction
ran for 120 min at 295 �C, an ultrasmall peak at

2h = 56� for the a-phase could still be found. Based on
the XRD and morphology data, the mixed crystalline phase
might enhance nanoparticle growth and morphological irreg-

ularity, as shown in Fig. 3d.
for NaLuF4:15 % Tb3+ synthesized at a) 295 ℃, b) 300 ℃, and c)

at 295–310 ℃.
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As demonstrated in Fig. 3b and S11, pure b-phase
nanocrystals were obtained when the reaction reached equilib-
rium at 300 �C. For the first 25 min of the reaction, a mixture

of a- and b-phase nanocrystals was formed. Similar to the
reaction run at 295 �C, the percentage of a-phase nanocrystals
decreased significantly with longer reaction times. Pure b-
phase NPs were synthesized when the reaction time reached
30 min. Notably, the mixed crystalline phases caused enhanced
nanocrystal growth, and morphological irregularity was also

observed, as shown in Fig. 2b (the slope between 25 and
30 min) and in Fig. 3d.

When the reaction temperature reached 310 �C, both a and
b phases were observed during the first 15 min of reaction, as

demonstrated in Fig. 3c and S12. For reactions lasting longer
than 25 min, the crystal structures of all samples were pure
b-phases. Analyses indicating a combination of particle sizes

and small (>10 nm) cubic-phase NPs were found since Ln3+

(Lu3+, Tb3+) and Na+ were randomly distributed within
the cationic sublattices of cubic-phase NPs and occupied rela-
Fig. 4 Relationship between the average sizes and crystalline phases o

d) 295 ℃, e) 300 ℃, and f) 310 ℃.
tively fixed cationic sites in hexagonal-phase NPs. In summary,
the reaction temperature and reaction time both influenced the
crystal phase structures and purities of the as-synthesized NPs,

as shown in Fig. 3d.

3.3. Impacts of crystal phase and size on luminescence strength

Upon X-ray excitation, NaLuF4:15 % Tb3+ NPs were excited
to generate secondary electrons, which directly or indirectly
excited the Tb3+ to emit visible light in the region 450–

650 nm (G. and B.C., 1994). To assess the X-ray excited opti-
cal luminescence (XEOL) of NaLuF4:15 % Tb3+ NPs, the
XEOL emission spectra of the as-prepared NPs were recorded

and are illustrated in Fig. S13-14. The NaLuF4:15 % Tb3+

NPs showed characteristic peaks for Tb3+ due to doping of
Tb3+ as the luminescent center; the peaks were located at
490, 544, 586, and 625 nm and corresponded to the

5D4 ? 7FJ (J = 3, 4, 5, and 6) transitions of Tb3+, respec-
tively, independent of nanoparticle size, which was consistent
f NPs and the integrated luminescence intensities of NPs formed at



Growth phase diagram and X-ray excited luminescence properties of NaLuF4:Tb
3+ nanoparticles 7
with the Judd-Ofelt theory (Zhang et al., 2007, Liu et al., 2009,
Zhang et al., 2018). However, no emission peaks for
5D3 ? 7FJ (J = 4, 5, and 6) transitions were observed due

to self-quenching effect resulting from the relatively high
Tb3+ doping level (Tian et al., 2007). The relative intensity
of the electric dipole transition 5D4 ? 7F5 (544 nm) was higher

than that associated with the magnetic dipole transition
5D4 ? 7F3 (625 nm) in all cases, which suggested crystallo-
graphic sites without inversion symmetry for Tb3+, which

was consistent with the emission peaks observed for
NaLuF4:15 % Tb3+ NPs, as described in our previous report
(Zhang et al., 2018).

Notably, the luminescence strength was affected by the par-

ticle sizes and the crystalline phases of the NPs. Thus, the par-
ticle size- and crystalline phase-dependent XEOL intensity was
studied further, as illustrated in Fig. 4 and Fig. S13-14. The

XEOL intensities from NPs made at three different reaction
temperatures showed that the luminescence strength increased
with increasing particle size because a decreased specific sur-

face area is favorable for inhibiting nonradiative relaxation
pathways (Wang et al., 2010). Combined with crystalline phase
and particle size data, the integrated XEOL intensities of NPs

synthesized at 295 �C showed a linear-like trend and increased
with increasing particle size when the crystals comprised a mix-
ture of the a and b phases (Fig. 4a). When the reaction temper-
ature reached 300 �C, the integrated XEOL intensity of the as-

synthesized NPs increased relatively slowly with increasing
particle size when the a-phase crystal was present, as demon-
strated in Fig. 4b. The integrated XEOL intensity increased

sharply for pure b-phase nanocrystals. For the synthesis run
at 310 �C, the integrated XEOL intensity did not show a sharp
increase instead of a linear-like increase when the crystalline

phase changed from a + b to pure b-phase, which might be
due to the small number of a-phase nanocrystals present in
the sample. When the NPs all formed the pure hexagonal

phase, the luminescence intensity was only size dependent,
which is consistent with the literature (Dong et al., 2015).

In summary, the crystalline phases and nanoparticle sizes
were mainly affected by the synthesis temperature and time.
Fig. 5 a) X-ray excited luminescent spectrum of NaLuF4:3–21 % T

luminescence intensity at 545 nm.
To obtain pure hexagonal-phase NPs, a temperature of at least
300 �C must be achieved. In addition, the luminescence
strength of the NPs was determined by both the crystalline

phase and particle sizes.

3.4. Impact of Tb3+ doping level on luminescence intensity

The doping level of the luminescent centers was another main
factor affecting the luminescence strength (Zhang et al., 2017).
NaLuF4:Tb

3+ NPs with different Tb doping levels (3–21 %)

were successfully synthesized at a reaction temperature of
300 ℃. As illustrated in Fig. S15, the morphologies of these
NPs were mainly spherical and tube-like. The NP sizes were

mainly distributed around approximately 160 nm without sig-
nificant differences among the samples, as demonstrated in
Fig. S16. As illustrated in Fig. 5, the XEOL intensities
increased with increases in the Tb3+ doping level and reached

15 %. With doping levels above 15 %, the luminescence inten-
sities decreased due to self-quenching effects involving interac-
tions between Tb3+ ions, which was also observed in our

previous study (Zhang et al., 2018). In addition, all character-
istic emission peaks of 5D4?

7FJ (J = 3–6) could be observed.
The relative intensity of peak at 545 nm, which represents the

electric dipole transition 5D4?
7F5, is higher than the peak at

625 nm, which represents the magnetic dipole transition
5D4?

7F4. It suggests a crystallographic site without inversion
symmetry for Tb3+. It is worth to note that no emission peaks

from transition 5D3?
7FJ (J = 3–6) were observed due to the

high doping concentration caused self-quenching effect.
The XEOL efficiencies of NaLuF4:15 % Tb3+ NPs were

further studied by changing the X-ray tube voltage. The X-
ray excited luminescence spectrum was recorded with different
tube voltages ranging from 45 kV to 80 kV and with a consis-

tent current of 0.5 mA. As illustrated in Fig. 6a, the XEOL
intensities of all peaks increased with increasing tube voltage
and followed a linear-like trend. Notably, the slopes for each

peak showed approximate ratios of 5.2:1.3:3.1:1.4, which cor-
responded with the XEOL intensity for each peak, as illus-
trated in Fig. 6b. The integrated XEOL intensities showed an
b3+ NPs. b) Relationship between the Tb doping level and the



Fig. 6 A) the x-ray excited luminescence spectrum of naluf4:15 % Tb3+ NPs excited with different tube voltages. b) Relationship

between luminescence intensities for different characteristic peaks of NaLuF4:15 % Tb3+ NPs and X-ray tube voltages. c) Relationship

between the luminescence intensity for NaLuF4:15 % Tb3+ and X-ray tube voltages.
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increasing linear trend, which indicated that the overall XEOL

efficiency was not affected by varying the tube voltage
(Fig. 6c). The chemical compositions of these NPs were char-
acterized with EDX to confirm that pure NaLuF4:15 %

Tb3+ NPs were synthesized, as shown in Fig. S17.

4. Conclusion

In summary, the mechanism for NaLuF4:Tb
3+ NP growth and the

impact on luminescence strength have been systematically studied. Sys-

tematic experiments revealed that the reaction temperature and reac-

tion time were effective variables for regulating the sizes,

morphologies, and crystalline phases. Increasing the reaction tempera-

ture and reaction time favored formation of the hexagonal crystalline

phase for NaLuF4:Tb
3+ NPs. With a reaction temperature of 295 ℃,

the NPs were enlarged up to 500 nm and showed a stick-like morphol-

ogy due to inhibition of growth in the [0001] direction, and the NPs

exhibited a mixture of the cubic and hexagonal phases. When the

NPs were synthesized at 300 ℃ or 310 ℃, pure hexagonal phases were

obtained for the NPs after 30 min and 25 min reaction times, respec-
tively. Maximum NP sizes of 180 nm and 220 nm were achieved at

300 ℃ and 310 ℃, respectively. Notably, many more stick-like NPs

were observed in samples synthesized at 300 ℃ and 310 ℃ due to

greater inhibition of growth in the [0001] direction. The luminescence

strengths of pure hexagonal phase NPs were positively correlated with

particle size. The doping level of the luminescent center was another

key factor affected the luminescence strength. With systematic evalua-

tion, a Tb3+ doping level of 15 % was identified as the optimal doping

level that showed the strongest luminescence.
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