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31NaLuF4 doped Yb/Tm upconversion phosphor was synthesized by a facile hydrothermal method, using
32EDTA as a chelating agent. The influence of synthesis parameters was investigated on UV emission inten-
33sity through face-centered central composite design (CCD). Four parameters including F:RE ratio, pH
34value, reaction time and ethanol percent were considered as independent variables. It was found that
35pH value and F:RE ratio have the highest effect on emission intensity and the ethanol percent and the
36reaction time have mild and low influence on it. Furthermore, at pH 4, nano spherical particles with cubic
37phase were formed and change of other parameters had low influence on phase transformation. However,
38the hexagonal micro prisms with the hexagonal phase were predominant at pH � 6. The role of EDTA was
39indicated on phase transformation and aggregation of particles at the various value of pH. It was shown
40that the crystal phase, the surface smoothness and the particle size are influential factors on UV emission
41intensity.
42� 2018 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
43reserved.
44

45

46

47 1. Introduction

48 In recent years, lanthanide (Ln) doped up-conversion (UC)
49 materials have attracted great interest due to their various poten-
50 tial applications in many fields such as photovoltaic, 3D display,
51 drug delivery, laser, security and 3D printing [1–10]. Until now,
52 numerous hosts have been demonstrated for studying UC phe-
53 nomenon. NaYF4 has attracted particular attention owing to lower
54 phonon energy and higher refractive index. It has been reported as
55 excellent host for UC phosphorous. NaYF4 possess cubic (a) and
56 hexagonal (b) phases in which b-phase has more efficiency due
57 to low symmetry and intrinsic crystalline anisotropy. Compared
58 to previously used hosts, NaYF4 exhibits more intensive UC emis-
59 sion. In this regard, studied have been focused on this host, while
60 other hosts receive relatively low attention [11–13]. Recent inves-
61 tigations showed that NaLuF4 is more efficient than NaYF4, specif-
62 ically for the UV wavelengths. This is due to greater atomic mass of
63 Lu and its smaller atomic radius compared to Tm and Yb atoms.
64 This leads to lower phonon energy and crystal defects. Moreover,

65Lu3+ is more suitable for increasing the 4f-4f transition probability
66and population life time as well as decreasing the conversion effi-
67ciency [14–17].
68UVUC emission intensity depends significantly on the material‘s
69physical properties including: crystal phase, particle size, surface
70smoothness, morphology and crystallinity. These physical proper-
71ties can be manipulated by tuning synthesis reaction condition
72[18,19]. Hydrothermal synthesis functions as a facile, mild,
73environmentally-friendly and controllable route for preparation
74of phosphorous materials. The effects of reaction temperature
75and time, pH, pressure, fluoride concentration, fluoride source,
76chelating agents, surfactants and inorganic salts have been studied.
77These studies are focused especially on the physical and optical
78properties of NaYF4:Yb, (Er, Tm, Ho) by one-factor-at-a-time
79method [20–25]. To the best of our knowledge, a few research have
80been conducted on the effects of hydrothermal variables on the
81physical and optical properties of NaLuF4:Yb, Tm [26–28].
82The present study aimed at investigating the influence of syn-
83thesis parameters including F:RE, pH, the ethanol percent and
84the reaction time on both emission intensities at UV wavelengths
85of 345 and 362 nm. Thereafter, the impacts of these variables on
86crystal phase, morphology and particle size, hydrothermal reaction
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87 yield and elemental composition and surface chemistry of phos-
88 phors is put into discussion. The number of experiments was
89 designed, using the face-centered, central composite design
90 (CCD) of experiments. Thanks to design-expert software, version
91 7.0.0, we managed to design four factors at three levels. Emission
92 Intensity at wavelengths of 345 and 362 nm considered as a
93 response. Upon the analysis of variance (ANOVA), the significance
94 level was considered as 5%. The design summery and experiments
95 design with results are shown in Tables 1 and 2.

96 2. Experimental

97 2.1. Materials

98 The rare earth oxides (99.99%) were purchased from Joysine
99 Tech. Co. Ltd. (China). NH4F, NaF, NaOH, ethylenediaminete-

100 traacetic acid disodium salt (Na2EDTA), cetyltrimethylammonium
101 bromide (CTAB) were purchased from Merck Millipore (Germany).
102 Deionized water was used in all of experiments. The chemicals
103 were of analytical grade and were used as received without further
104 purification.

105 2.2. Sample preparation

106 The rare earth nitrates were prepared by dissolving the corre-
107 sponding oxide in dilute nitric acid at an elevated temperature
108 and then evaporating in vacuum oven. 10 ml aqueous solution,
109 containing 1.2 mmol EDTA (Yn�), was gently mixed with 10 ml
110 aqueous solution of rare earth at the temperature of 50 �C and
111 intensively stirred for 30 min. 0.24 mmol CTAB and adequate
112 amount of ethanol was further added to solution. Afterwards,
113 appropriate amount of solution of NaF (0.5 M) and NH4F (2 M)
114 were mixed and the result was added to solution drop by drop
115 under vigorous stirring for another 1 h. The pH value was tuned
116 by dilute HNO3 and ammonia solution. By means of deionized
117 water, all samples came to an identical amount of 70 ml. The

118obtained suspension was transferred to a 87 ml Teflon-lined auto-
119clave, sealed and maintained at 200 �C for several times. The auto-
120clave rested to naturally cool down to room temperature, the
121precipitates were hence collected and washed with ethanol and
122deionized water in sequence for 3 times and then dried at 80 �C
123for 12 h. EDTA: RE and Na: RE molar ratio were considered at con-
124stant value of 1 and 8 respectively. The molar concentration of rare
125earth cations were 0.795, 0.20 and 0.005 for Lu, Yb and Tm,
126respectively.

1272.3. Characterization

128Phase analysis and composition of samples were determined by
129a PW 1800 Philips X-ray diffractometer with Cu Ka radiation (k =
1301.54187 A). Morphology and particle size of materials were stud-
131ied, using LEO 1455VP Scanning electron microscopy (SEM). Ele-
132mental analysis of samples was performed on a Vista-Pro
133Inductively coupled plasma optical emission spectroscopy (ICP-
134OES). upconversion emission spectra of phosphors were depicted
135by a Perkin-Elmer LS 55 Luminescence Spectrometer equipped
136with external adjustable IR diode laser 980 nm as excitation
137source. Energy dispersive X-ray (EDX) patterns were recorded by
138a Mira-Tescan field emission scanning electron microscopy
139(FE-SEM).

1403. Results and discussion

141The crystal structures and phase purity of the samples were
142studied by XRD measurements. Fig. 1a shows the XRD patterns of
143selected as-prepared samples at pH 4. The samples were the mix-
144ture of a and b phase of NaLuF4 according to standard cards of
145JCPDS No. 27-0725 and 27-0726, respectively. Fig. 1b demonstrates
146XRD patterns of special samples prepared at pH 6 and 8. As shown,
147the dominant crystal phase in sample of S6 is a, sample S3 has a
148little a phase and other samples possess pure b phase. The differ-
149ence in relative intensity of XRD patterns results from preferential
150orientation crystal growth [26].
151As seen in Fig. 1a, predominant phase in pH 4 is a phase. It is
152noticeable that with adjusting pH at 4, hydrolysis of fluoride ion
153would be accelerated. Consequently conversion to HF occurs. This
154conversion leads to reduced concentration of fluoride ions in solu-
155tion according to Eqs. (1) and (2):
156

NaF�! �Naþ þ F� ð1Þ 158158

159
F�þH2O�! �

HFþ OH� with adding acid

F� þH2O �! �

Hþ HFþ OH� ð2Þ 161161

162With decreasing F� concentration, its competitive ability with
163EDTA is weakened. This decreases the release of RE ions from
164EDTA-RE complexes and formation of beta phase. Furthermore,
165the pH values have a significant influence on both existing forms
166and the chelating ability of Yn�. EDTA is present in the form of
167mostly Y2� at mild acidic medium that makes its chelating power
168is weakened. Therefore, it is high probable that at pH 4, EDTA
169enhances nucleation rate and prevents particle aggregation and
170growth [27,28].
171In contrast, at pH 6 and 8, EDTA forms stable complexes with RE
172cations. This differently delays nucleation and growth rate based
173on LaMer model [29,30]. Also fluoride concentration is limitedly
174affected from basic pH values. Consequently, fluoride ion induces
175more beta phase formation.
176SEM images of the samples that are prepared at the pH 4 are
177shown in Fig. 2. The NaLuF4:Yb, Tm turned out to be nearly spher-
178ical particles with particle size from 130 to 200 nm.

Table 1
Design summery.

Factor Name Unit Low High

A F:RE – 8 16
B EtOH % 0 20
C pH – 4 8
D t h 12 18

Table 2
Experiments design and results.

Sample A:F:RE B:EtOH% C:pH D:t h Intensity
345 (a. u.)

Intensity
362 (a. u.)

S1 16 20 8 12 4260 5306
S2 16 20 4 12 2512 2756
S3 16 0 8 18 3766 4760
S4 8 20 4 18 2170 2314
S5 16 0 4 18 2521 2640
S6 8 0 8 12 2300 2606
S7 8 20 8 18 2395 2686
S8 8 0 4 12 2150 2315
S9 8 10 6 15 2636 3223
S10 16 10 6 15 4413 5861
S11 12 0 6 15 3514 4771
S12 12 20 6 15 4516 5960
S13 12 10 4 15 2766 3070
S14 12 10 8 15 3911 5055
S15 12 10 6 12 3449 4592
S16 12 10 6 18 3841 5161
S17 12 10 6 15 4587 6159
S18 12 10 6 15 4501 6099
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