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RED AND YELLOW LUMINESCENCE OF Eu3+/Dy3+ CO-DOPED HYDROXYAPATITE/
B-TRICALCIUM PHOSPHATE SINGLE PHOSPHORS SYNTHESIZED USING
COPRECIPITATION METHOD
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This paper reports the first attempt at the synthesis of single phosphors of europium (Eu3+) and dyspro-
sium (Dy’") co-doped hydroxyapatite (HA)/B-tricalcium phosphate (TCP) nanostructures providing strong
red and yellow luminescence depending on annealing temperature and holding time. The morphology of the
phosphors was observed to have a nanowire structure. The photoluminescence (PL) intensity of the phos-
phors increases with annealing temperature and time. The luminescent phosphors also showed the typical
luminescence of Eu’* centered at 610 nm and Dy** centered at 572 nm, which was more efficient for the an-
nealed Eu’*/Dy’" co-doped HA/TCP phosphors than for as-synthesized ones. These results suggest that the
Eu’" and Dy'" co-doped HA/TCP nanostructures can find potential application in plant cultivation as envi-
ronment friendly phosphors.
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IIpedcmagnenvt pe3ynromamel CUnmMe3d HAHOCMPYKMYP 0OHOKOMNOHEHMHBIX TIOMUHODOPO8 HA OCHO8E
conezuposarnozo uonamu Eu’* u Dy’ zudpoxcuanamuma (I'A)/ f-mpukansyus ¢ocdpama (TK®), obecneuu-
8aIOWUX UHMEHCUBHOE KPACHOE U JHCEeTmoe ceeyenue, 3agucaujee om memMnepamypul U OnumenIbHOCmu om-
orcuea. Mopghonocuueckue uccie008anus NOKA3AAU, YMO JIOMUHODOPLI 001a0arom HAHONPOBOIOUHOU
cmpykmypou. Humencugnocmo ux omomsoMuHecyenyuy 603pacmaen ¢ memnepamypoi u OTumenbHOCnvio
omocuza. JJis nonyuennvix momunodopos nabnodanacy munusnas ona Eu’ u Dy’ momunecyenyus ¢ max-
cumymamu npu 610 u 572 um, komopas oxazanace 601ee 3PPHeKMUsHO y NOOBEPIHCEHHBIX OMIUCUSY 0OPA3-
yos I'A/TK®, conecuposannuvlx uonamu Eu3+/Dy3+, yeM y moabKo 4mo CUHME3UposanHvix oopasyos. lloxa-
3aHA NepCneKmu8HOCMb NPUMEHEHUS CONe2UPOBAHHBIX UOHAMU Ei’" u D)/3+ TA/TK® nanocmpyxmyp 6 xa-
yecmee IKON02UYecKU 6e38PeOHbIX TIOMUHOPOPOS.

Knrwoueesvle cnoea: oucnposuii, nomunecyenyus, 2uOpoKCUanamum, eponuil, HAHOTOMUHOPDOP, HAHO-
ouontromunopop.
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No. 4 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. The development of new phosphors for artificial illumination conditions in agriculture
lighting plays a significant role in designing the plant factory (the so-called green crop production system)
due to its outstanding properties of high yields, safety, environmental friendliness, and non-pollution without
pesticides and chemical fertilizers [1-3]. A synthetic light source with red and blue emission is beneficial to
growth and development of plants [4, 5]. It is well known that the flowering and seed yield of some fruits
can be increased under the specific lighting technique [6, 7]. For example, blue [8, 9], red [10-12], and yel-
low light [13, 14] has been used to illuminate plants, which can significantly enhance plant cultivation.
Therefore, considerable efforts have been made to functionalize phosphors that can emit light in spectral
regions favorable to the plant growth and development [14, 15].

The combination of the advantages of environmental friendly properties with specific luminescence of
phosphors is particular of interest to the development of optoelectronic devices for agriculture lighting. As a
biocompatible material, hydroxyapatite (HA) has received considerable attention as a host material in de-
signing luminescence materials because HA can incorporate a wide variety of substitutions for Ca*" and
PO4> and/or OH ion based on the flexibility of the apatite structure [16, 17]. Nevertheless, there are only a
few reports on the effect of dysprosium doped hydroxyapatite [18, 19]. In particular, to our knowledge, there
are no reports on the red and yellow dual luminescence of Eu’"/Dy’" doped HA/TCP for plant cultivation.
Recently, strong red light emission has been obtained from Eu doped hydroxyapatite and silicon-substituted
hydroxyapatite synthesized successfully in our laboratory by the coprecipitation method [20-22]. To expand
this research, we herein report for the first time both red and yellow light emission from Eu®*/Dy*" co-doped
HA/TCP synthesized using the co-precipitation method. The crystal structure of the specimen was character-
ized by X-ray diffraction. The microstructure and chemical composition of the Eu’*/Dy’" doped HA/TCP
were characterized the transmission electron microscope (TEM) and field emission scanning electron mi-
croscopy (FE-SEM). The optical properties of the phosphor were also determined by a photoluminescence
spectrometer.

Experimental procedure. Europium and dysprosium co-doped HA/TCP was synthesized through a co-
precipitation method, as follows. An aqueous solution with a stoichiometric amount of (NH,),HPO, (0.2 M,
99.9% purity, Aldrich) was added to an aqueous solution containing Ca(NO;), - 4H,0 (0.2 M, 99.9% purity,
Aldrich), Dy(NOs);, and Eu(NOs); solutions. Dy(NO;); and Eu(NO;); were obtained by dissolving Dy,0;
(99.9% purity, Aldrich) and 0.4 g Eu,O3 (99.9% purity, Aldrich) in dilute HNO;3 with vigorous stirring. The
concentration of Eu(NOs); was kept constant, while the concentration of Dy(NO3); was varied to control the
luminescent properties. The reaction mixture was stirred for 0.5 h followed by the precipitation method at
80°C, and the pH was adjusted to 11 using aqueous ammonia. The resulting precipitates were washed three
times and then dried at 100°C for 6 h (as-received sample). A fraction of each as-prepared sample was
treated at 600, 800, 900, 1000, and 1100°C for 1 h in air. The crystal structures of the Eu’"/Dy’" co-doped
HA/TCP were characterized by X-ray diffraction (XRD, D8 Advance, Bruker, Germany). The microstruc-
ture and chemical composition of the Eu3+/Dy3+ co-doped HA/TCP were determined by transition electron
microscope (JEOL, JEM 1010, JEOL Techniques, Tokyo, Japan) and field emission scanning electron mi-
croscopy (JEOL, JSM-6700F, JEOL Techniques, Tokyo, Japan). Photoluminescence (PL) tests were per-
formed to evaluate the optical properties of the Eu’"/Dy’" co-doped HA/TCP. A NANO LOG spectro-
fluorometer (Horiba, USA) equipped with a 450 W Xe arc lamp and double excitation monochromators was
used. The PL spectra were recorded automatically during the measurements.

Results and discussion. Figure 1 show an XRD diagram of the as-synthesized Eu’"/Dy*" co-doped
HA/TCP and Eu’"/Dy*" co-doped HA/TCP prepared by co-precipitation with thermal annealing of 1100°C
and Dy concentration of 1 mol.%. All of the XRD patterns showed a mixture of HA (PDF 01-084-1998) and
B-tricalcium phosphate (B-TCP) (PDF 09-0169) with good crystallinity. However, it should be noted that the
as-received Eu’"/Dy’" co-doped HA/TCP showed a relatively strong HA (Fig. 1a). On the other hand, when
the thermal annealing temperature of 1000°C was applied, a dominant 3-TCP peak was observed (Fig. 1b). It
can also be seen that the XRD diagram obtained for the Eu’"/Dy’" co-doped HA/TCP samples does not re-
veal the presence of any phases related to Eu and Dy species, suggesting the successful preparation of the Eu
and Dy doped HA/TCP. Based on the specific application, controlling the phase composition of calcium
phosphate is of particular interest. The HA and B-TCP phase combination in the specimens may suggest a
better performance in the environmental friendly phosphors because of the strong luminescence and good
biocompatibility of the B-TCP host [20, 23].
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Fig. 1. XRD patterns of the as-synthesized Eu’"/Dy** co-doped HA/TCP (a)
and Eu/Dy codoped HA/TCP (b) at thermal annealing of 1000 °C.
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Fig. 2. Microanalysis of the as-received Eu®"/Dy’* co-doped HA/TCP prepared by the co-precipitation
method (a), and TEM image and EDS analysis of chemical composition of specimens (b).

The representative microstructure and chemical composition of the as-received Eu’"/Dy’" co-doped
HA/TCP were characterized by TEM and EDS, as shown in Fig. 2. The specimen showed a long nanowire
microstructure (Fig. 2a) with a length of 700 nm and diameter of 40 nm. Peaks corresponding to the Eu and
Dy elements were observed (Fig. 2b), indicating the presence of Eu and Dy in the HA/TCP. In addition, the
calculated atomic concentration of the Eu and Dy incorporated was as low as ~1.3 and 3.2%, respectively,
which suggests successful doping of Eu and Dy ions into the host HA/TCP. The presence of the C peak in
the EDS spectrum was high because the powders were attached on a conductive C tape for the SEM and
EDS analysis.

Figure 3 shows the emission spectra of the Eu3+/Dy3+ co-doped HA/TCP phosphor with Dy concentra-
tion of 1 mol.% annealed at different temperatures monitored at 393 nm. All the Eu’"/Dy’" co-doped
HA/TCP showed strong visible emission peaks appearing at about 590, 616, 650, and 700 nm, and they can
be attributed to the *Dy—'F 1 *Dy-'F 5, ‘Dy-'F 3, and ’Do—'F, transitions within the Eu** ion, respectively. The
characteristic emission peaks observed at 482 and 572 nm correspond to transitions *Fon—"H,sn and
4F9/2—6H13/2, indicating the presence of Dy3+ ion activating as the luminescence center in the phosphors.
However, it should be noted that the relative PL intensity of the phosphors increased by increasing the an-
nealing temperature, and they reached the maximum value at 1100°C. This significant increase in PL was
mainly attributed to the presence of the B-TCP phase in the HA/B-TCP system, which can be explained by
the absence of hydroxyl (OH ) groups that constitute possible quenching centers for the luminescence of the
Eu’"/Dy’" co-doped HA/TCP phosphors [20, 23].

Figure 4 shows the emission spectra of the Eu’"/Dy’" co-doped HA/TCP phosphor annealed at 1100°C
with variation of Dy concentrations monitored at 393 nm. It can be seen that the intensity of the PL increased
with increase in Dy concentration when the Dy concentration was 1%. They reached the maximum value
and then decreased with further increase in concentration due to concentration quenching effects. More spe-
cifically, there was the optimum distance between neighboring Dy3+ ions in the host matrix at Dy concentra-
tion of 1 mol.% that prevents nonradioactive concentration quenching resulting in the enhancement of PL.
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Fig. 3. Photoluminescence spectra of the Fig. 4. Photoluminescence spectra of the
Dy’"/Eu’" co-doped HA/TCP with Dy con- Eu’"/Dy’" co-doped HA/TCP phosphor as a func-
centration of 1 mol.% annealed at different tion of Dy concentrations.
temperatures.

Figure 5 shows the emission spectra of the Eu3+/Dy3+ co-doped HA/B-TCP phosphor annealed at
1100°C with different holding times monitored at 393 nm. Similar to the annealing temperature effect, the
luminescence of the Eu’"/Dy’" co-doped HA/TCP showed two strong visible emission ranges at red and yel-
low appearing at about (590, 616, 650, 700 nm) for the red and (482 and 572 nm) for the yellow, which were
attributed to the transitions between energy levels within Eu®” ion and Dy’" ion, respectively. However, it
can be seen that the PL intensity increased with increase in holding time. When the holding time was 60 min,
they reached the maximum value and then decreased further with time. This PL characteristic of the
Eu’"/Dy’" co-doped HA/TCP was mainly attributed to concentration quenching of Eu and Dy in the
Eu’"/Dy*" co-doped HA/TCP phosphors [21, 24, 25]. More specifically, during the first 5 min to 60 min,
there was enough distance between neighboring Eu or Dy ions in the host matrix, which prevents the nonra-
dioactive concentration quenching resulting in enhancing PL.
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Fig. 5. Photoluminescence spectra of the Fig. 6. Photoluminescence spectra of the
Eu’"/Dy’" co-doped HA/TCP annealed at Eu’"/Dy’" co-doped HA/TCP phosphor with Dy
1100°C with different holding times. concentration of 1 mol.% annealed at 1100°C as

a function of excitation wavelength.



680-5 ABSTRACTS ENGLISH-LANGUAGE ARTICLES

The photoluminescence of the Eu’'/Dy’" co-doped HA/TCP phosphor with Dy concentration of
1 mol.% annealed at 1100°C as a function of excitation energy was further characterized, as shown in Fig. 6.
When the phosphors were excited at the excitation wavelengths from 254 to 360 nm, the yellow emission
gradually increased, accompanied by decreased red emission intensities. However, when the phosphors were
excited at the excitation wavelength of 370-393 nm, the yellow emission decreased, accompanied by in-
creased red emission. This PL characteristics of the phosphors were mainly attributed to activation of differ-
ent emission centers in the Eu’*/Dy’" co-doped HA/TCP.

Iy
3+

-~ -HA:Eu Eu"(D,-'F,)

——HA:Eu™, Dy
<
]
: 3
) T
1 1
2 i
> g
] 5 &
j it
H ™ 5, [a}
D ooy(RH) a
1 3:
H w

5 7
Eu”('D,~F)

500 600 700 A, nm

Fig. 7. Photoluminescence spectra of the Eu®* doped HA/TCP and Eu’/Dy*"
co-doped HA/TCP annealed at 1100°C.

The luminescence of the phosphors synthesized without and with the addition of Dy in the coprecipita-
tion process is shown in Fig. 7. The phosphor synthesized without the addition of Dy showed peaks at about
590, 616, 650, and 700 nm, which can be attributed to the ‘Dy-'F 1 5D()—7F2, *Dy-'F 3, and ’Dy—'F, transi-
tions within Eu®" ion, as is often the case with phosphors synthesized by the co-precipitation method [20].
However, when Dy dopants were added, the phosphors showed the luminescent peak at 590, 616, 650, and
700 nm, corresponding to the emission from Eu’’, as well as peaks at 482 and 572 nm, attributed to the
emission from Dy3+, respectively. These results indicate that the luminescent properties of the phosphors
could be tailored by addition of Dy.

Conclusion. We herein demonstrated that the red and yellow light-emitting Eu’*/Dy’" co-doped
HA/TCP phosphor were synthesized successfully by the co-precipitation method followed by thermal an-
nealing up 1100°C. In particular, the luminescence of the phosphors was significantly affected by annealing
temperature and times. Moreover, under suitable excitation wavelength, the phosphors exhibited the charac-
teristic emission of the dominant Eu’" at about 590, 616, 650, and 700 nm with the additional emission cen-
ter of Dy’" at about 482 and 572 nm. These findings suggest that the combination of Eu’" and Dy*" in the
host is very useful to achieve red and yellow single phosphors, which is of particular importance for poten-
tial applications in agriculture such as plant cultivation where a combination of red and yellow light is re-
quired for stimulating the fruit production.
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