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SUMMARY
A continuous flow reactor equipped with a low-loss flow
channel and a microwave cavity was developed for synthesizing nanophosphors. A continuous solution synthesis of YVO4 :Eu,Bi nanophosphor was
succeeded through the rapid hydrothermal method using this equipment.
Internal quantum eﬃciency of YVO4 :Eu,Bi nanophosphor obtained by 20
minutes microwave heating is about 30% at 320 nm as high as that obtained
by 6 hours hydrothermal treatment in autoclave.
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1.

Introduction

Nanophosphors including quantum dots (QDs) have been
extensively investigated during the last two decades due
to their potential for display [1]–[5], photovoltaic cells [6]–
[8], bio-labels [9], [10], security [11] and so on. Especially,
QDs-utilized light emitting diode (LED) backlights realize a
wide color gamut display due to their excitonic narrow emission bands [4]. Another important use of nanophosphors is
expected to be an in-vivo bio-sensing application [10]. In
any case, a high quantum eﬃciency (QE) and a size-control
are required for nanophosphors in order to utilize in real applications.
Preparation of nanoparticles is generally done by
liquid-phase synthses including coprecipitation [12]–[14],
colloidal [15], sol-gel [16]–[19], solvothermal [20]–[22],
and so on. Nanophosphors are also normally produced via
liquid-phase synthses [4], [6], [7], [9], [11], [23]. To obtain an eﬃcient nanophosphor, a long time solvothermal
synthesis using an autoclave, which leads a batch reaction
with low yield and wide distribution of size and physical
properties, is commonly used. Microreaction technology
has proven beneficial for producing nanoparticles [24] because of homogeneous mixing of source solutions and pHcontrollability. This technology has been also applied to
producing nanophosphors [25]–[28]. Since microwave synthesis has advantages of a very rapid and a homogeneous
heating of solution and/or solids, a few minutes synthesis of
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inorganic phosphor materials were reported using a singlemode microwave oven [29]. The single-mode cavity realizes an eﬃcient coupling of the works and microwaves in
the cavity in comparison to the multi-mode one, resulting
in the rapid reactive sintering of the thin disk of source materials. Microwave-assisted solvothermal synthesis of inorganic materials using a combination of a quartz tube vessel and a single mode cavity or a low-loss autoclave and
a multi-mode cavity has been also developed [30] and wellestablished equipments are commercially available in recent
years.
Our work addressed the possibility of obtaining wellcharacterized oxide nanophosphors in a short time using
a combination of a microreactor and a microwave heating
method. Eu and Bi co-doped YVO4 phosphor is selected
as a target material. YVO4 :Eu is a well-known eﬃcient red
phosphor used in plasma display panels [31], high-pressure
mercury lamps [32] and scintillator [33]. YVO4 :Eu,Bi
nanophosphors were also developed as a wavelength convertor for the Si-solar panel [6], [7]. In this study, the suspension including the precursor of YVO4 :Eu,Bi nanophosphor
was injected into the flow channel placed into the singlemode rectangular microwave cavity. The cavity was designed as the electric field of microwaves was uniform in
the horizontal plane which was parallel to the flow channel, and then it could be expected that the suspension was
heated simultaneously and homogeneously in the channel
under microwave irradiation. Physical properties of obtained YVO4 :Eu,Bi nanophosphors were investigated.
2.

Experimental

The YVO4 :Eu,Bi nanophosphor particles were prepared by
the citric-acid-gel method [23]. An aqueous solution of yttrium acetate tetrahydrate (20.182 mmol) and europium acetate tetrahydrate (4.838 mmol) and an ethylene glycol solution of bismuth nitrate pentahydtrate (1.104 mmol) were
mixed with an aqueous solution of sodium citrate (7.742
mmol). The molar ratio of Y : Eu : Bi in the starting
mixture is 0.772 : 0.185 : 0.042. An aqueous solution of
sodium orthovanadate (22.312 mmol) and sodium hydrate
(8.000 mmol) was added to the prepared white suspension.
The suspension was aged at 70◦ C for 1 hour. After cooling,
the suspension was diluted with deionized water; the diluted
suspension was then hydrothermally treated using a contin-
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Fig. 1 Schematic diagram of developed flow reactor system using microwave heating. Microwave components were manufactured by IDX Ltd.

uous flow reactor equipped with a syringe pump, a low-loss
flow channel made of polyether-ether-ketone (PEEK), a single mode microwave rectangular cavity and a magnetron
(2.45 GHz, ≤ 2 kW) as shown in Fig. 1. The magnetron
was operated with an output power up to 1 kW. The residence time of the suspension in the channel was 20 minutes.
The temperature of suspension at the outlet of flow channel
was measured using thermocouple. The resulting colloidal
solution was washed with deionized water and centrifuged
(11000 rpm, 1 hour) several times in order to obtain the
gel including YVO4 :Eu,Bi nanophosphor particles. Powder
phosphors for some analyses were collected from gels using
freeze drying for several days.
The obtained YVO4 :Eu,Bi nanophosphor particles
were analyzed by X-ray diﬀraction (XRD) using diﬀractometer (Rint-2000, Rigaku) and photoluminescence (PL)
and PL excitation (PLE) spectra recorded using spectrofluorophotometer (RF-5300PC, Shimadzu). The internal QE
(iQE) was also measured with the absolute photoluminescence quantum yields measurement system (C9920-02G,
Hamamatsu photonics). The size distribution of the nano
particles were obtained by dynamic light scattering (ZetasizerNano, Malvern Inst.). Chemical composition of the
obtained powders were analyzed using X-ray fluorescence
spectroscopy (Axios, PANalytical). All measurements were
carried out at room temperature.
3.

Results and Discussion

Figure 2 shows the XRD profiles of as-aged sample (Ref)
and the sample obtained through microwave treatment
(MW). The broad peaks observed in both samples are
originated from the tetragonal zircon type structure of
YVO4 [34]. The diﬀraction angles of observed peaks suggest that the approximately 25% of Y ions are replaced into
the Eu and Bi ions as shown in Fig. 2. The crystalline sizes,
D, along the a-axis of the Ref and MW samples are estimated to be 7.1 and 7.8 nm, respectively, using following
Scherrer formula,

Fig. 2 XRD profiles of as-aged (Ref) and microwave treated (MW) samples. The profile of MW sample is drawn by using oﬀset (0.6 kcps). JCPDS
pattern of Y0.75 Gd0.25 VO4 (PDF 85-2318) is also shown as reference.

Fig. 3 Typical particle size distribution of colloidal suspension after microwave treatment.

D=

0.9λ
β cos θ

(1)

where λ is the wavelength of X-ray (CuKα, 0.154 nm), θ
is the Bragg’s angle of diﬀraction peak, and β is the half
width of the peak after subtracting instrumental broadening,
in radians. From these D values, the crystalline volume increases 30% after microwave irradiation. The absorption of
microwave power by flow-channel is negligibly small because the rise in temperature of the channel without solution is only 10◦ C or below under microwave irradiation,
which is quite insuﬃcient for the hydrothermal synthesis.
Thus the irradiated microwave power was absorbed by aqueous solution, then the solution was heated, resulting in the
slight crystal growth via microwave treatment. As shown
in Fig. 3, the mean size of obtained dispersed nanoparticle
is estimated to be 35 ± 10 nm, which are about five times
larger than crystalline size (∼ 7 nm), because of the agglomeration.
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Fig. 4 PL spectra of as-aged (Ref) and microwave treated (MW) samples. Excitation wavelengths are (a) 340 nm and (b) 395nm.

Fig. 5 CIE color coordinate of obtained YVO4 :Eu,Bi nanophosphor
(closed circle). The triangle area shows the NTSC standard. The inset
shows the photograph of transparent gel including nanophosphor under UV
illumination.

As shown in Fig. 4 and Fig. 5, the both samples exhibit
saturated red emission due to Eu3+ substituted into the Y
site of YVO4 crystal as reported elsewhere [6], [7], [23],
[28], [31]–[33], [35]–[37]. The sharp lines with saturated
red color; (CIEx, CIEy)=(0.663, 0.330) has an advantage in
the display application, which is superior to the QDs. However it is diﬃcult to apply the YVO4 :Eu,Bi nanophosphor to
the LED backlight due to the lack of absorption in the blue

Fig. 6 (a) PLE and (b) iQE spectra of as-aged (Ref) and microwave
treated (MW) samples. Monitored wavelength is 619 nm.

spectral region. The shape of PL spectra and the color coordinate do not change before and after microwave treatment.
On the contrary PLE spectrum significantly varies after microwave treatment as shown in Fig. 6. The PLE spectrum
consists of the sharp peaks due to f-f transitions of Eu3+ and
two broad bands due to charge transfer transitions related to
Bi (∼ 350 nm) and VO4 3− group (∼ 320 nm) [23]. The strong
sharp line at about 395 nm, which is attributed to the direct
absorption of Eu3+ , suggests that the high-concentration Eu
ions up to approximately 20 mol% are activated in obtained
nanophosphors in contrast with the bulk material which normally shows the maximum iQE at about 5 mol% [35]. Some
YVO4 :Eu [37] and YVO4 :Eu,Bi [28] nanophosphors shows
relatively high iQE even at the high Eu concentration (about
20 mol%) as high as in this study. These indicate that the
interactions between Eu ions are less eﬃcient or the deexcitation of VO4 groups seriously occurs until the excitation reaches a Eu ion. In the bulk material, an eﬃcient
energy-transfer pathway from VO4 groups might result in a
high iQE (beyond 70%) for a small Eu content. Comparison to this, Huignard et al. suggested that surface eﬀects
and a structural disorder which limit the iQE might lead
an apparent high quenching concentration [36], [37] in the
nanophosphors. In our study, similar behaviors are thought
to be observed, however, the reason is not well understood
at the present time.
The intensities of the peaks slightly decrease while the
intensities of the bands significantly increase through the
microwave treatment. The decrease of PLE intensity of the
sharp line at about 395 nm, which is attributed to the direct absorption of Eu3+ , is due to the decrease of Eu con-
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Table 1
Ref
MW(1kW)

Table 2

Cation ratio of obtained powders.
Y
0.423
0.347

Eu
0.108
0.085

Bi
0.025
0.019

V
0.443
0.552

(Y,Eu,Bi) ratio in Y site of obtained powders.
Ref
MW(1kW)

Y
0.760
0.769

Eu
0.194
0.188

Bi
0.045
0.043

centration and decrease of energy migration between Eu
ions. Chemical compositions of the obtained powders and
the cation (Y,Eu,Bi) ratio in Y site are listed in Table 1 and
Table 2, respectively. The Eu concentration of the MW
sample slightly decreases in comparison to the Ref sample, which is consistent with the decrease of PLE intensity of the sharp line. On the other hand iQE increases
via short-time microwave irradiation over the all excitation
wavelength region as similar to the long-time hydrothermal
treatment [28]. These facts suggest that the pathway of nonradiative relaxation, such as Eu-Eu concentration quenching, energy-dissipation of excitons in VO4 groups and OH
quenching [36], reduces through the hydrothermal treatment
in the solution heated by microwave irradiation. Therefore
a continuous solution synthesis of YVO4 :Eu,Bi nanophosphor was succeeded. At present, the iQE of YVO4 :Eu,Bi
nanophosphor is not suﬃcient to the practical use. The limitation of iQE might be originated from the composition deviation in the precursor suspension. This problem will be
solved by applying the microreaction method.
Finally the synthesis processes in the reactor presented
are discussed. Figure 7 shows the microwave power dependence of solution temperature and iQE. The (Y,Eu,Bi) ratio
is almost kept (0.77:0.19:0.04) with slight deviation before
and after microwave heating, and this ratio is almost same
as one in the starting material, while (Y+Eu+Bi)/V ratio is
significantly varied from 1.25 to 0.82 before and after microwave heating, respectively. In the case of as-aged (Ref)
sample, (Y,Eu,Bi)-hydroxide, which does not react with orthovanadate ions, might still remain in the gel. After microwave heating, by-products such as metavanadate and/or
poly-vanadate might be yielded due to the variation of pH
under heating [38]. As shown in Fig. 7, the iQE values related to the V-O and Bi-V absorption as mentioned above
similarly increase with increasing the solution temperature.
This increase of iQE means that the solution temperature in
the flow channel exceeds 100◦ C even at the 0.8 kW. The microwave power in the cavity is directly absorbed by the solution in the channel due to the low dielectric loss of PEEK,
then the so-called “super-heating phenomenon” might occur inside the solution, resulting in the high temperature beyond the boiling point of aqueous solution. The temperature might be enough to realize the condition for the hydrothermal reaction. It can be expected that a part of remained (Y,Eu,Bi)-hydroxide reacts with orthovanadate ions
via microwave heating. To clarify the reaction process as

Fig. 7 The iQE of resultant phosphors and average solution temperature
as a function of output microwave power. The points at 0 kW mean the iQE
and aging temperature of as-aged sample. The average solution temperature is measured during the synthesis period at the outlet of flow channel.

discussed above, further systematical syntheses and structural studies must be carried out. These are the future problems.
4.

Conclusion

A continuous flow reactor equipped with a low-loss flow
channel and a microwave cavity was developed for synthesizing nanocrystalline phosphors. Continuous solution synthesis of nanocrystalline YVO4 :Eu,Bi phosphor was succeeded through the rapid hydrothermal method using this
equipment. After 20 minutes microwave irradiation, iQE of
YVO4 :Eu,Bi nanophosphor obtained in this study reaches
about 30% at 320 nm as high as that obtained by 6 hours hydrothermal treatment. At present, the iQE of YVO4 :Eu,Bi
nanophosphor obtained by our process is not suﬃcient to the
practical use. Further improvement of this continuous flow
reactor is now in progress. In near future, advanced synthesis using a combination of micro reaction and microwave
heating will be examined.
References
[1] H.-S. Chen, C.-K. Hsu, and H.-Y. Hong, “InGaN-CdSe-ZnSe Quantum Dots White LEDs,” IEEE Photonics Technol. Lett, vol.18, no.1,
pp.193–195, 2006.
[2] E. Jang, S. Jun, H. Jang, J. Lim, B. Kim, and Y. Kim, “WhiteLight-Emitting Diodes with Quantum Dot Color Converters for Display Backlights,” Adv. Mater., vol.22, no.28, pp.3076–3080, 2010.
[3] H.V. Demir, S. Nizamoglu, T. Erdem, E. Mutlugun, N. Gaponik, and
A. Eychmüller, “Quantum dot integrated LEDs using photonic and
excitonic color conversion,” Nanotoday, vol.6, no.6, pp.632–647,
2011.
[4] S. Coe-Sullivan, W. Liu, P. Allen, and J.S. Steckel, “Quantum Dots

KUNIMOTO et al.: CONTINUOUS LIQUID PHASE SYNTHESIS OF EUROPIUM AND BISMUTH CO-DOPED YTTRIUM VANADATE NANOPHOSPHOR

1253

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

for LED Downconvertsion in Display Applications,” ECS J. Solid
State Sci. Tech., vol.2, no.2, pp.R30226–3030, 2013.
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