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Abstract

Novel PF*, Ho*, and EF¥' single-doped G&rBa,.xyWO, phosphors were successfully
prepared via a facile hydrothermal method. The diygirmal process was conducted in aqueous
condition without the use of any organic solventfactant, or catalyst. The effects of doping-host
composition and RE doping concentration on the emission intensity evévestigated to
optimize the luminescent properties ofota,Ba1,><_YWO4:RE3+ phosphors. Experimental results
demonstrate that the morphologies of the produstg gradually and regularly with the change of
the host composition, in which the anisotropic diowlayed a key role. Moreover, the
down-conversion emissions of°PrHo>*, and E" in CaSrBa.x.yWO, host were successfully
realized. After  optimizing the luminescent propesti Ca_4Sro_6WO4:O.01P?+,
Cab_BSro_zWO4:0.OlHo°’+, and Ca_GSro_41,WO4:O.005Et°’+ exhibited optimal luminescent property,
with orange, yellowish-green, and green emissimspectively.
Keywords: Hydrothermal method; Doping-host combination; Tstage; Phosphor
1. Introduction

Rare-earth (RE) ions have received enormous aitertased on their unique electronic and
optical characteristics developed from the differemrangement of their 4f electrons [1].
Therefore, most rare-earth elements are often dogedmany hosts and used as light-emitting
materials and laser materials. Luminescence of-garh ions can be categorized as
down-conversion and up-conversion emission prosedssed on the mechanism of luminescence
[2]. Among them, the down-conversion process isdbeversion of higher energy photons into
lower energy photons, which obeys Stokes' law T8k up-conversion process can emit a higher

energy photon. In this process, the sequentialrpbsn of two or more photons leads to the



emission of light, which is well known as an anidp¥&s emission process under near-infrared
(NIR) or infrared light (IR) (low energy) excitatig4,5]. Accordingly, phosphors can be divided
into down-conversion phosphors and up-conversiaspihors, which are usually distinguished by
the doped rare-earth ions. The commonly used dawmersion activators include Eu Tb*,
Snt*, and Dy, which have abundant emission peaks in the whislble region under UV light
excitation [6-8]. Pt, EF*, Tm*, and H3" ions are the most common activators that generate
up-conversion luminescence because of the lackkealirangement of their energy levels [9,10].
Among them, EY shows the highest up-conversion efficiency, whiohld be due to the similar
energy gaps frorfilys;, to “l11, and 11, to *Fyy» [11]. However, in up-conversion process, some
additional sensitizers must be added to donate #siorbed energy to the above activators, and
Yb® ion is a particularly suitable sensitizer for thextivator ions [12,13]. Pt Ho*, and EF*
ions also can be excited by UV, near-UV, and bigktland then emit their nature light in the
visible region. However, reports on this subjeet still limited. As far as we know Tamrakar et al.
[14] and Upadhyay et al. [15] prepared a,GgEr" phosphor via the combustion synthesis
method. Xin et al. [16] used solid-state method ggnthesize a versatile phosphor
Shd(POs)ss(BO4)o(BO,):PP*. Zou et al. [17] developed a novel red emittingdapersistent
luminescent phosphor @aa,GeO;:Pr** by mean of solid state reaction. All the aboveksdrave
studied the down conversion properties of Bnd PT".

Metal tungstates have emerged as an importantyfashiluminescent materials owing to their
excellent spectroscopic properties, chemical stesil[18], and potential applications as a catalys
[19], as a scintillator [20], for production of E&xsand phosphors and optical fibers [21-23]. MWO

(M=Ca, Sr, and Ba) possess the tetragonal schediiteture with the space groufa/a. In these



compounds, W is coordinated by four Dat a tetrahedral site, which makes WW@elatively
stable. M" ions are coordinated by eight @om near four WG with S, symmetry [24]. As well
known, WQ?~ group has strong absorption in the UV region,teoenergy transfer process from
WO, group to rare-earth ions can easily occur, whimh greatly enhance the external quantum
efficiency of rare-earth ions doped materials [ZHjerefore, the MWQcould be a suitable host
for PP*-, Ho®"-, and Ef*-activated phosphors. For instance, the emissi@ttspn of pure
CaWwQ, shows an intense broadband ranging from 300 to ®®0 with a maximum at
approximately 420 nm, and the blue emission ban@aWQ, is due to its intrinsic emission. A
number of studies concerning alkaline earth metas replace with each other (entirely or partly)
in the same host, and some results show that ttieabproperty of RE ions can been changed
[24]. A variety of methods, such as sol-gel process, rectpitation, hydrothermal and
sonochemical methods, have been developed to préyragstates. Particularly, the hydrothermal
method has been proven to be an efficient and coenetechnique for the large-scale production
of inorganic materials with diverse morphologied aegular particle sizes under practicable
environments [26]. As a typical solution-based apph, this route is based on solution-phase
colloidal chemistry, in which the reactants carhbenogeneously mixed at molecular or ion level
in solutions, thereby allowing the products to becsely tuned in terms of composition, shape,
and size [3]. Alkaline earth metal ions can replaaeh other in the same host due to the similar
chemical properties and small ionic radius diffeeenThus, Ca&Sr/Bay.x.vy WO, materials can be
prepared by hydrothermal method.

The emission intensity of REdoped phosphors could be manipulated by some otiovel

factors, such as doping-host composition, partiiee, shape, phase, electric-field, doping



concentration, and so on. According to the repdhis rare-earth ions are embedded into the host
lattice in low concentration (on the whaote5 mol %) to reduce the concentration quenching of
luminescence, and not changing the crystal streabiirthe host material [27,28]. Generally, an
optimal doping concentration exists, at which tmeission intensity has the maximum value.
Many studies also showed that the emission intessif RE*-doped phosphors are dependent on
their size. Larger phosphors will show strongealttiminescence emission and a sharp increase
in quantum yield. Less activator ions are foundtesurface that suffer from the ligand induced
or surface defect induced quenching of luminesceasdarger phosphors have smaller surface
area, eventually resulting in less non-radiatidexations of the surface activator ions [3,29,30].
As for the host composition, which can form solidusions by adjusting the cations or anions of
the host compound [31], the sub-lattice structamesind the luminescent center ions {RHvill

be expected to be somewhat diverse. Therefordumhieescent intensity of rare-earth ions should
be enhanced. Unfortunately, reports about the teftdc doping-host composition on the
luminescent property are scarce and unsystemagicaige the host composition also can affect
other factors, such as particle size, shape, phase, electric-field, and these effects are
complicated and hard to control.

Based on the above investigations and motivatedhbyattempt to develop novel efficient
phosphors, series of ¥r Ho**, and Ef* single-doped G&rBa,.xyWO, phosphors were
prepared via a facile hydrothermal method. The moiqgies of the products vary gradually and
regularly with the change of the host compositibine down-conversion emissions of PHo*,
and Ef* in CaSrBay.x.yWO, host were successfully realized in our work. Aiddially, after

optimizing their luminescent properties, OQSrO_6W04:0.01PF+, CaJ_BSrO_ZWO4:O.01Hc?+, and



Cab_@,Sr0_4WO4:0.005Ei5+ exhibited the optimal luminescent property.
2. Experimental
2.1. Sample preparation

CaySrYBal,X_YWO4:RE3+ (RE=Pr, Ho, and Er) phosphors were synthesized avifacile
hydrothermal method. N&/O,-2H,0 (A.R.), Ca(NQ),-4H,0 (A.R.), Sr(NQ).: (A.R.), Ba(NQ).
(A.R.), PEOy1 (99.99 %), HeO3 (99.99 %), and BEO; (99.99 %) were used as starting materials.
Rare-earth nitrate aqueous solutions were prodbgedissolving the corresponding rare-earth
oxides in nitric acid solution under stirring. Tresulting solutions were evaporated with heating,
and then the residues were again dissolved irlléistivater, transferred to a volumetric flask, and
diluted. All the doping ratios of Pt Ho*", and E¥* were molar in our experiments. In a typical
synthesis process, the stoichiometric weights oNOW),-nHO (M=Ca, Sr, and Ba) were
dissolved into 20 mL deionized water, and thenrdwpiired volume of RE(N§); solution was
added into the above solution, resulting in themiion of the mixed colorless solution of
RE(NG;); and M(NQ); (labeled as M(NQZ:RE3+). Meanwhile, 3.0 mmol of N&VO,-2H,O was
dissolved into 15 mL deionized water. Then, undgonous stirring, the above M(NJ:RE®"
mixed solution was slowly dropped into N¥O, solution. White precipitate was immediately
observed in the glass beaker. The vigorous stimiag maintained for 30 min. Finally, the
precursor solution was transferred into a 50 mUorefined stainless steel autoclave, which was
subsequently sealed and maintained at 120 °C fdr. Bfter that, the autoclave was allowed to
cool down to room temperature naturally. The resufirecursor was separated by centrifugation,
washed by deionized water and absolute ethanaddweeral times, and then dried in vacuum at

70 °C. At last, the final sample was obtained.



Series of phosphors with different proportion of Gg and Ba were synthesized to optimize the
luminescent properties of QﬁrYBal,X_YWO4:RE3+. These phosphors are marked as No. 1-21, and
showed in table 1. Total ionic radius of alkalirete ions is Xr(C&") + Y r(SF) + (1-X-Y)
r(Ba2+) for CacSrBa;.x.yWQO, host, and all the total ionic radii were listedale 1.

2.2. Characterization

The samples were examined by X-ray diffraction (3Ri@easurements performed on a Rigaku
D/max-1l B X-ray diffractometer with monochromatieu K, radiation. Morphology and size of
the as-synthesized products were characterisedelisefmission scanning electron microscopy
(FE-SEM, S-4800, Hitachi), and employed the acegileg voltage of 5 kV. Constituent elements
of the as-prepared phosphors were detected by enksgersive spectroscopy (EDS) using an
X-ray detector attached to the FE-SEM instrumesetaided morphological and structural analyses
were observed by using a Hitachi 8100 transmisslentron microscope (TEM, Hitachi, Tokyo,
Japan). Photoluminescence (PL) excitation and @misspectra were recorded with a Hitachi
F-7000 fluorescence spectrophotometer equippedavithO W Xe lamp as the excitation source.
Photoluminescence decay curves were obtained frobecoy Wave Runner 6100 Digital
Oscilloscope (1 GHz) using a tuneable laser asetk@tation. All the measurements were
performed at room temperature.

3. Reaults and discussion
3.1. Phase structure and composition

Measurements on the powder X-ray diffraction fotla samples were performed to verify the

phase purity, and all the diffraction peaks canwel indexed to the standard data of pure

single-phase scheelite structure CapAN&WQ,, or BaWwQ. The XRD patterns of all samples are



almost the same as each other, hence only theatyRD patterns of Ef-doped samples No.
7-11 are shown in Fig. 1a, as well as the standata of SrWQ (JCPDS No. 08-0490). It can be
seen that the diffraction patterns ofoa\(Ba1_><_YWO4:0.005Et°’+ (X=0.2; Y=0.8, 0.6, 0.4, 0.2, 0)
can be indexed with the pure tetragonal phase ¢sgemip:14,/a), and they are mostly consistent
with the standard data of scheelite structured SyVé&cept that there is a discernible shift in the
position of the diffraction peaks, which can belakped by the difference in the total ionic radii
of alkaline earth ions. The ionic sizes (CN=8)ludde alkaline earth ions follow the tren(C&")
(1.12 A) <r(SP") (1.26 A) <r(Ba®") (1.42 A) [32]. With increasing Baions concentration, the
total ionic radii increased as shown in table 1,d amthe diffraction peaks of
CaySrYBal,X_YWO4:O.005Ei5+ shift to a lower degree, in accordance with thadggr equation:
A=2dsind. From the schematic illustration of the tetraggrtadse structure Ca/Sr/BaW@ig. 1b),
it can be seen that the centraf’is coordinated by four equivalenf@t a tetrahedral site, while
M?* (M=Ca, Sr, or Ba) ions share corners with eiglig@eht G from near four WG without an
inversion centre. Considering the smaller ioniduadiifference between f¥and Ef*, the doped
Er** ions are expected to randomly occupy the Ca/Ssi&&s in the host lattice, thus no peaks
corresponding to any other phases or impurities bmetected, which confirmed by the XRD
results. Moreover, the above results also conflat these products are pure substance, rather
than a mixture of CaWg)SrwaQ,, and BaWwQ.

EDS analysis of some scientifically selected praslweas performed to verify the presence of
RE* and determine the chemical composition of the rapared phosphors. However, this
analysis cannot be performed on the samples whinkam both Sr and W, because thesignal

of Sr overlaps with thé, signal of W in the energy scale of about 1.9 k&4g.only the EDS



spectra of CgBay WO4;0.01HF", CaBagWO,0.01PF*, Ca BanWO40.005EF*, and
C<':b_zBao_8WO4:O.005Ei5+ phosphors are presented in Fig. 2. These EDScdaftam the presence
of calcium (Ca), barium (Ba), tungsten (W), oxydé), and the corresponding rare-earth element
(Ho, Pr, and Er). With increasing Baconcentration, it also can be seen clearly thatrtensity
of Ca peak decreased while that of Ba peak incded3ee approximate molar ratios of Ca and Ba
extracted from the EDS data are about 3.8, 1.%, @ad 0.24 respectively, which is considerably
closer to the theoretical value of 4.0, 1.5, 0.&7d 0.25. The results reveal that the obtained
phosphors are consistent with the originally destgrcomposition, and the phosphors with
different proportion of Ca, Sr, and Ba can be sssitaly prepared by the hydrothermal method.
3.2. Morphological analysis

The morphology and size of a series of 0.5‘%—Eoped CaSrBa;.x.yYWO, were investigated
by FE-SEM. The SEM images of doped single-component CaWGrwaQ,, and BawQ are
presented in Fig. S1 (in the Supporting Informgtidm order to write concisely, only the chemical
formulas of the host are employed in this sectinom Fig. Sla, it can be seen clearly that the
as-prepared CaWshows the microsphere-like shape with an averagmealer of about fum.
SEM image of SrW@ shown in Fig. S1b reveals that the product is amsead of abundant
hamburger-like microstructures, and the diametethelse micro-hamburgers is aboutug.
Moreover, each micro-hamburger has a joint boundasiging the particle into two hemispheres
or four quarter spheres like Sr\WWOrhis phenomenon can be assigned to crystal tmgnand
splitting [33]. Fig. S1c displays the morphology tbe BaWaQ. It can be seen clearly that the
product is composed of uniform micro-cylinders, dmefe are some sawtooth at both ends of the

cylinder. These cylinders are abouyir® in length and um in diameter.



SEM images of SrWg0.0025EF", SrwQ;:0.005EF*, SrWQ;:0.01EF*, and SrW@0.015EF"
were displayed in Fig. S2. It can be observed fféig S2 that with the increase of*Eions
doping concentration the shape and size of thasplea are almost the same. It is because that
the EF* ions have been embedded into the SiMéftices and the doping concentrations of Er
ions were so few that can't change the crystattire and morphology of the sample.

SEM images of Ef-doped double-component £2r.xWO, (X=0.8, 0.6, 0.4, and 0.2) and
CaWaQ,, SrwaQ, for comparison are shown in Fig. 3. The imagewsti@at the morphologies of
these samples change from microsphere-like to hegeblike shape gradually with increasing
S ions concentration. As shown in Fig. 3b and chhbe CggSrh WO, and CaSih WO,
present a microsphere-like shape similar to thaCaWQ, the average diameters of them are
about 3um and 6um, respectively. With further increase of 'Sions concentration, the joint
boundary begins to appear and the joint boundacprbes more and more obvious as shown in
Fig. 3d and e.

Fig. 4 shows the SEM images of'Edoped double-component {&e, WO, (X=0.8, 0.6, 0.4,
and 0.2), as well as CaWOBaWQ, for comparison. It can be observed in Fig. 4 ittt
morphologies of these particles change from midmesplike to microcylinder-like shape
regularly with increasing Baions concentration. G@aBay WO, reveals a near microsphere-like
shape with inhomogenous size ranging fropn2 to 3um, as shown in Fig. 4b. SEM image of
Ca.dBay.,WO, in Fig. 4c shows that the middle parts of thesermspheres begin to crack. With
further increasing BA ions concentration, the micro-cylinders with ab8ytm in length and 2
um in diameter appeared, as shown in Fig. 4d. Itbzaclearly observed that the GBay WO,

sample is also composed of micro-cylinders (Fig. &ed closer to the shape of BaWQhe
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average length of these micro-cylinders is aboutr3 and the average diameter is aboyin®
Moreover, it can be obviously seen that the sawt@btthe ends of the micro-cylinder becomes
more and more obvious with increasingfBians concentration.

Fig. 5 depicts the SEM images of Edoped double-component,®a;, xWO, (X=0.8, 0.6, 0.4,
and 0.2) and SrwgBawaQ, for comparison. By comparing the morphologiesait be seen that
the shapes of these particles change from hamblikgeto cylinder-like gradually with
increasing B% ions concentration. Similar to the shape of SpWOrp Bay WO, shows a
hamburger-like shape with an average diameter ofitaBum (Fig. 5b). As shown in Fig. 5c, the
morphology of SBay WO, has a great change, and shows a dumbbell-likeosticicture. The
length of such 3rEBay WO, dumbbell is about 4m, and the width of the two terminals is about
3 um, while the middle parts come near tqud. It can be seen clearly from Fig. 5d that the
as-prepared $Bay WO, shows the micro-cylinder shape with some sawtabdthoth ends of the
cylinder, and the average length of these cylinderabout 4um. With increasing B4 ions
concentration, the morphologies are more and mlosedo the micro-cylinder. The SEM image
in Fig. 5e illustrates that the SBaygWO, sample is composed of a uniform cylinder-like
structure with a length of aboutn.

Fig. 6 displays the SEM images of 3Edoped three-component £ .Bag WO,
Cay 4Si0.4Bag WOy, Ca.4S10.2Bag. AW Oy, Cay.2SIh.eBag. 2 WOy, Ca.2S10.4Bay.AW Oy, and
Ca 2SS BaggWO, samples, respectively. These images clearly itgitzat the final products
tend to form the similar morphology to the singlemponent CawW@ SrwQ, or BawaQ,
depending on their main component. Fig. 6a givesStEM image of GaSro .Bag WO, it can be

seen that the as-prepared product consists of spibeyes with an average diameter of about 2.5
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um. In the case of GaSrBa WO, sample (Fig. 6b), the morphology is also the
microspheres-like shape with aboutuf in diameter. From Fig. 6¢, it can be seen thah wi
increasing the B4 ions concentration, the intermediate position loé 1Cg 4StyBay WO,
microspheres has an obvious crack. Similar to tbephology of SrWQ, the microstructure of
Ca Sl Bag WO, is near the hamburger-like shape, and each menablarger has a joint
boundary dividing the particles into two hemisplseras shown in Fig. 6d. The morphology of
CasSlh.Bag WO, is converted to uniform dumbbell-like microstruetu The length of such
Ca2Srh.Bag WO, dumbbell is about 3.bm, and the width of the two terminals is abouyirs,
while the middle parts come near tou. From Fig. 6f, it can be seen that the 53 ;Bag sWO,
product exhibits cylinders-like shape with some teath at both ends of the cylinder. The low
magnification SEM images of typical three-compongmbsphors are also indicated in Fig. S3. It
can be seen that these samples are consists dataimoo-dispersed and homogeneous patrticles
with narrow size distribution.

TEM and selected area electron diffraction (SAEB3lgsis of the representativeEdoped
three-component products was performed to obtardétailed morphology and crystal structure
of the above deferent shapes. The TEM images in Figlearly illustrate that both the
morphologies and sizes of these six samples arsistent with that observed from the SEM
images which shown in Fig. 6. All the shapes of BAgatterns (inserted in TEM images) are
fully concentric rings, implying that the produetse polycrystalline. The interplanar spaces were
calculated from the diameters of the rings, and pamed with those in the JCPDS standard.
Moreover, all SAED patterns show the same (1 120 4), (1 1 6), and (3 1 6) planes which in

good accordance with the XRD results.
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According to the above results, it can be seen ¢aah sample have only one shape, also
proving that the products are pure substance, rati@ a mixture of CawWg) SrwQ, and
BaWwO,. Moreover, in our experiments, the morphologiestte products vary gradually and
regularly with the change of the host compositidrew other conditions are kept constant, which
suggests that the composition plays a crucial iolthe formation of CaSrBay x.yWO, with
different morphologies. It is believed that the ptwlogies of the final products mainly relate to
the intrinsic structure of the sample, the growitielics during the reaction, and the surface charge
distribution of the crystal nucleus in the growtlogess [34-36]. Based on the experimental
phenomena and the above results, we can carefoiiglede that the formation of the above
morphologies can be explained through three comisecstages. Firstly, fast nucleation: at the
initial stage, direct mixing of two solutions whiclntaining Ca/Sr/Ba(Ng), and NawO,, white
precipitate was immediately observed, due to thel& precipitation reaction. The formed tiny
nuclei of Ca/Sr/BawW@ can serve as precursors of the crystal. Secordibgolution and
re-crystallization: when the precipitate was transfd into the autoclave, under the hydrothermal
condition, the original nuclei dissolved and reth€4*, SP*, B&*, and WQ” gradually. This
step made the next reaction oPC&r*, B&* and WQ? slow down, and results in the formation
of different shape Ca/Sr/BaW@articles. Because the crystal faces of the sanwith different
proportion of Ca, Sr, and Ba have different grondte. Even in on sample, the growth rates of
different faces are different, which is called afispic growth. Eventually, further growth: each
particle aggregated during the reaction procesghwiiriven by the electrostatic interaction and
the minimization of the total energy of the systeamd finally result in the formation of the above

different morphologies. Anisotropic growth is bekel to be an important process to form diverse
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morphologies [37], and the different proportion@d, Sr and Ba is a sensitive factor in deciding
the anisotropic growth, so the morphologies chamigfethe host composition.
3.3. Luminescence properties of Pr¥, Ho®* and Er® single-doped SrWO, phosphors

Fig. 8a illustrates the excitation (EX) and emiss{EM) spectra of SrWg0.01PF* phosphor.
Monitored at 644 nm, the excitation spectrum cdsasi$ an intense broadband and three sharp
excitation peaks. The wide band ranging from 25820 nm is responsible for the charge transfer
band (CTB) of 3 —W°®" within the tungstate group. The strong CTB is faable for the
effective energy transfer and luminescence &f.Pthe sharp excitation peaks which located at
448, 472, and 485 nm are correspondetHte~>P,, *H,—%P,, and®H,—>P, transitions of P¥,
respectively [38]. It can be seen that the SR8 phosphor can be effectively excited by blue
light. Under the excitation of 448 nm light, ther@sponding emission spectrum exhibits a series
of emission peaks belonging to the characteristiasitions of P¥. Seven major emission peaks
at about 528, 553, 600, 616, 644, 682, and 736 remaasigned to th&P,—°Hs, *Po—>Hs,
'D,—%Hy, *Po—He, *Po—°F,, *Pe—>Fs, and®Py—3F, transitions, respectively [39]. The strong
sharp red emission peak at 644 nm should be oévalimproving the colour rendering index.

The measured excitation and emission spectra ofCBIM01HG"* phosphor are presented in
Fig. 8b. The excitation spectrum was obtained bynitodng 657 nm emission which
corresponding to théFs—"lg transition of HA". Its excitation spectrum also consists of two part
one is an intense broadband ranging from 250 torB@@&ttributed to the CTB, the other one is
composed of some sharp lines from 350 to 500 nnighnik ascribed to the intra f-f transitions of
Ho®" ions. These obvious excitation peaks at 360, 400, 450, and 482 nm are attributed to the

electronic transitions from th#s ground state to th¥G,, °Gy, °Gs, °F;, and’F, excited states of
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Ho®" ions, respectively. The remarkable excitation Isdndate in the blue region indicate that the
SrWO,:0.01HJG" can act as a potential blue light exciting phospifwom the corresponding
emission spectrum excited at 450 nm, we can sdetithaemission spectrum consists of three
prominent peaks centered at 541, 614, and 657 heselpeaks are assigned to ¥gS,—ls,
°F,—°l,, and°Fs—°lg transitions of HY' ions, respectively [40]. Moreover, the strongestssion

at 657 nm is observed as two sub-peaks, due t&tm energy splitting, which is theJ21)
Stark components dkdegeneracy splitting. It is influenced by the taysield around H& ions

in the host lattice.

Fig. 8c presents the excitation and emission speofr the SrWQ@O0.005EF" phosphor.
Monitored with the characteristfsg,z—>4ll5,2 emission of Ef at 550 nm, the excitation spectrum
contains the absorption of the host and the gerfdratansitions of EY' ions. The strongest
excitation peak centered at 378 nm is due to #Hiesition of EF" ions from the ground stafelm
to the excited statéGll,z. Upon the excitation of 378 nm light, the emissispectrum of
SrWO,:0.005EF* phosphor should be divided into three parts: tieeys peaks in the 513-536 nm
and 536-569 nm green region are assigned to’the,—l1s» and *Sy,—’l1s, transitions
respectively, while the weak peaks in the 644-6%8 ned region are assigned ‘1(59,2—>4I15,2
transition [41]. Moreover, each emission is fouade two sub-peaks just like that of #iéons.

In order to clearly show the transition procesgheke rare-earth ions, the energy level schemes of
PP*, Ho*, and EF¥* are shown in Fig. 8d. According to the above tssil can be seen that the
down-conversion emission of PrHo®*, and EF' in SrWQ, host have been successfully realized
in our work.

The photoluminescence decay curves of Sﬁw.(l)lP?+, SrWQ:0.0ch?+, and

15



SrWO,:0.005EF* phosphors were monitored at their strongest earigséaks and shown in Fig. 9.
It indicates that all the decay curves can be ¥idld into a single exponential function kg
exp (#/z), in whichl is the emission intensity at timertis the decay lifetime. The fitting results
were 0.38499, 15078, and 0.52749 ms for SﬁWOlP?+, SrWQ:0.0ch?*, and
SrWO,:0.005EF* phosphors, respectively.

3.4. Influence of the doping concentrations on the luminescent properties of Pr¥, Ho*, and
Er** doped SrWO, phosphors

The emission intensity of REdoped phosphors could be manipulated by doping-hos
combination, particle size, shape, phase, elefitlid; doping concentration, and so on, as
mentioned above. Therefore the influences of doporgentrations and host compositions on the
luminescent properties of Pr Ho*, and EF* single-doped G&rBay.x.yWO, phosphors are
systematically studied in this section.

The emission spectra of SrW@hosphors with different RE concentrations excited at their
strongest excitation wavelength were presentedgn Ioa-c, and the variation trend of relative
emission intensity with different REconcentrations was shown in Fig. 10d. It can bsepted
from the emission spectra of SrW&Pr" (Fig. 10a) that the peak positions and their ragul
pattern of every curve are very similar except floe intensity. With increase of Prions
concentration, the emission intensities increasslyfi and reach a maximum at x6Q, then
decrease with the further increase of*Pions concentration, excessive doping leads to
concentration quenching of the®Pemission. The emission spectra of SiWE0®* reveal the
similar variation trend as SIW@Pr*, as shown in Fig. 10b. When #Hdons are doped into

SrWO, host, an initial increasing of emission intendiyobserved with increase of Hoons
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doping concentration, which can be summarized @agnttrease of luminescence centres. Then the
emission intensity reaches the maximum value atOf&@nd finally decreases beyond 0.01 due to
concentration quenching, which results from enemgysfer between adjacent luminescence
centers. It can be seen clearly from Fig. 10c that intensities of emission transitions of
SrWO,:zEF* phosphors enhance with the increase of Eons concentration and reach a
maximum at z=M05. Then they reduce inversely because of corat@rir quenching. In
summary, the above results suggest that the optideped concentrations of PrHo**, and EF*

in SIWQ, host are 0.01, 0.01, and 0.005, respectively.

With the increase of RE ions concentration, the average distance betwegt ®Rns will
reduce. The excitation energy may transfer betwieertlose RE' ions [42]. For this reason, it is
necessary to obtain the critical distané®)( which is the critical separation between donors
(activators) and acceptors (quenching site). Thiealr distanceR: of the energy transfer between
the same activators Pr Ho™*, or EF* in the SrWQ host can be estimated according to the

following equation:

1
o VP
R = 4chJ 1)

Wherey.is the critical concentratior\ is formula units in the SrWQunit cell andV is the
volume of the unit cell. By taking the experimerdald analytic values gf, N, andV (0.01, 4,
349.80 A& for PP*; 0.01, 4, 348.48 Afor Ho*"; 0.005, 4, 350.66 Afor EF*, respectively) the
critical transfer distances of PrHo>*, and E¥* in the SrWQ host are found to be about 25.57,
25.53, and 32.24 A, respectively.

In addition, concentration quenching usually is tlesult of non-radiative energy transfer

among luminescent centers. Non-radiative energystea from one RE to another RE may
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take place via exchange interaction, radiation segiiion, or electric multipolar interaction [43].
The exchange interaction needs a large direct direict overlap between donor and acceptor,
which is responsible for the energy transfer fobidden transitions and shorter critical distances
of less than 5 A [44]. In single-doped Srwghosphors th&: are much larger than 5 A, hence,
the mechanism of exchange intercalation is ingffectThe mechanism of radiation reabsorption
comes into force only when the emission and thé&atian spectra have broad overlap. Thus, the
small spectra overlap for the SrWPr*/Ho>/Er* phosphors indicates that the radiation of
reabsorption can be ignored in this case. As dtrebe energy transfer process of Ribns in
SrWQ, would be due to electric multipolar intercalatiofhere are three electric multipolar
interactions: dipole-dipole, dipole-quadrupole, guddrupole-quadrupole, respectively.

According to the theory of Dexter, The emissiorindityl is expressed by the formula given in
the following [45]:

|/ x=k[1+ ()" ) (2

Wherex is the activator concentratiokandg are constants under the same excitation condition
for a certain systen#) represents the interaction mechanism betweeregth-ions, and = 6, 8,
or 10 for electric dipole-dipole, dipole-quadrupoler quadrupole-quadrupole interactions,
respectively. Fig. 11 shows that the relationsHifpg(l/x) versudogx is linear and the slopes are
-3.60, -2.11, and -2.54 for ¥y Ho®, and EF* respectively. By using the above formula (2), the
values off are found to be 10.80, 6.33, and 7.62, which ppraximately equal to 10, 6, and 8.
Therefore, the dominant concentration quenchinghaeisms for Bf, Ho®*, and E¥* in SrwQ,
host are electric quadrupole-quadrupole, dipoleldip and dipole-quadrupole interaction,

respectively.
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3.5. Influence of the host compositions on the luminescent properties of Pr*, Ho*, and Er®
doped CaySryBay.x.yWO,4 phosphors

Series of phosphors with different proportion of, Ga, and Ba were synthesized to further
optimize the luminescent properties ofoa,Bal,X_YWO4:RE3+. The excitation and emission
spectra of all these phosphors were examined. Téereso many spectra, so only that of the
typical P#*-doped three-component samples were presentedirLZi It can be clearly observed
that the peak positions and their regular pattérnoth excitation and emission spectra are very
similar with each other except for the intensityl the strongest excitation peaks are located at
448 nm, and the strongest emission peaks are tbaai@ very narrow range (644-648 nm, show
in the insert of Fig. 12b). These transitions assigned to the 4f-4f intra-configurational
transitions, which are shielded by neighbouring5ps shells, so these transitions have low
susceptibility to crystal-field and environment.

Fig. 13 a, b, and c show the intensity variati@met of CaSrYBa1_><_YWO4:0.01Pt°’+ at 644 nm,
CaSkBayxyWO,:0.01HF" at 657 nm, and G&rBay xyWO,:0.005EF" at 550 nm,
respectively. In order to ensure the repeatabdlitg accuracy of these data, three repeated tests
have been conducted under the same reaction camliti

It can be seen from Fig. 13a that the luminesc#ansity of the phosphors prepared three times
may change slightly, but they have the same vandiiend in the three tests (in addition to the
second point in the test 3). The optimum doping-lkcosnposition is Ca,Sr, WO, for PE* ions.
The emission at 644 nm is ascribed to IRe—°F, hypersensitive transition of ¥r(4 $=0,

A =2, AL=2) [46], which is corresponding to the forced &iecdipole transition, and strongly

varies with the chemical environment surroundingP6f. The f-f hypersensitivity transition of
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rare-earth ions is related to numerous factors.eldeer, the factors that affect the transitions are
very complicated [47]. The ionic radius, morpholpgnd crystallinity of the prepared phosphors
in our experiment all varied with the host comgosit which leads to the emission intensities
reveal a non-monotonic decreasing (or increasiagption trend. On one hand, it is possible that
increasing the total ionic radius of alkaline earihtal ions can distort the hosts’ structures. In
other words, it can lead to the larger degree sbrdier and lower local symmetry of*Pions.
Eventually, it can improve th#©,—°F, transition of P¥". On the other hand, with the increasing
of the total ionic radius, the bond covalency of®&&Ba;.x.v-O will decrease and the length of
the Pr-O bond becomes longer. Depending on theytledd. R. Judd, the higher covalency has
the greater transition intensity [46], and the loRg*-O® distance decreases the exchange
interaction probability for Bf ions to transfer energy. So the lower covalenaylanger distance
of Pr-O bond may result in the decreas«-f’R@f—>3F2 transition intensity. And the results of the
emission intensity led by the above two aspectscangradictory. Furthermore, the morphology
and size of the synthetic phosphors also have dgndlaence on the emission intensity of
RE*"-doped phosphors. The phosphors with nearly spilesfape and big size will have stronger
emission intensity. Because larger crystals impyraller surface area and less’RiEns near to
the surface to suffer from the ligand-induced andase-defect quenching of luminescence,
resulting in less nonradiative decay losses ofsindace luminescence ions [3]. The improved
emission intensity in the spherical phosphors canbasically attributed to the high packing
densities and low scattering of light [48]. Eveliyaas a comprehensive result of the above
factors, the emission intensities reveal a non-rtwnio decreasing (or increasing) variation trend,

as shown in Fig. 13a.
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The emission intensity variation trend ofx(Saa(Ba1,><_YWO4:0.01Hc?+ at 657 nm shows that the
emission intensities of the phosphors preparecttinges have the same variation trend (Fig. 13b).
The optimum host composition is &8 WO, for Ho®* ions. The intensity variation trend of
CaySrYBal,X_YWO4:O.005Ei5+ at 550 nm is also the same (except the fifth pmirthe test 1), as
shown in Fig. 13c. The optimum host composition g ¢Sth WO, for EF" ions. Like
CaSKkBa.xyWO,:0.01PF*, the emission intensities of (3rBay xyWO40.0l1HG" and
CaySrYBal,X_YWO4:O.005Ei5+ phosphors also reveal a non-monotonic decreasinqi¢reasing)
variation trend due to the multiple factors. Unfimidtely, the present work did not obtain a precise
rule, because these effects are complicated armtitbarontrol, needing further investigation. As
can be seen from the present results, the optinagihdompositions only contain Ca and Sr. So in
our later work, we willresearch the influence of different proportion od @nd Sr on the
luminescent properties of ;;Srl_xWO4:RE3+ phosphors.

Chromaticity coordinates is one of the importarttdes in evaluating the performance of the
prepared phosphors. So the chromaticity coordinates Ca>_4Sr0_6WO4:0.OlP?+,
Cab_BSro_zWO4:0.OlHo°’+, and Ca_GSro_4WO4:0.005Et°’+ phosphors have been calculated based on
the corresponding emission spectrum and using 1Be 1031 colour matching functions. The
chromaticity coordinates are (0.572, 0.420), (0,32891), and (0.290, 0.686) respectively, and
they have been represented in Fig. 13d. The camespg correlated colour temperatures are
1865, 4617, and 6224 K respectively. It can be sleanthe Cg;aASro_e;,WOﬂ,:0.01Pi3+ phosphor will
emit orange light, Q)z_agSro_ZWOA,:0.01H0°’+ will emit yellowish green light, and
Ca.6S1o.WN04:0.005EF" will emit green light.

4. Conclusions
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In summary, C)aSrYBal_X_YWO4:RE3+ (RE=Pr, Ho, and Er) phosphors have been succBssful
prepared via a facile hydrothermal method. The moiqgies of the products vary gradually and
regularly with the change of the host compositionwhich the anisotropic growth has played a
key role. Down-conversion emissions of PHo*, and EF* in CaSKkBayx.yWO, host have
been successfully realized. The emission intelszstrfea(:a(SrYBal,X_YWO4:RE3+ phosphors reveal
a non-monotonic decreasing (or increasing) vamatioend due to the multiple factors.
Additionally, among these phosphors, (G3tWO40.01PF*, Ca ¢St WO,0.01HG*, and
Cab_@,Sr0_4WO4:0.005Ei5+ have the optimal luminescent property, and thdsasghors will emit
orange, yellowish green, and green light, respelgtiv
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Figure Captions
Fig. 1. XRD patterns of QaSrYBal,X_YWO4:O.005E?+, and the standard data of SrWwgabwder
(JCPDS No. 08-0490) (a), structure diagram of ¢etinal phase Ca/Sr/BaW@b).
Fig. 2. EDS spectra of GaBa,WO,0.01HG" (a), CadBa.WO.0.01PF* (b),
Ca..Ba \WO4:0.005EF" (c), and Cg.Bag gWO4:0.005EF* (d).
Fig. 3. SEM images of I':ef-doped double-component &3 WO, (b), Ca.eSth. WO, (C),
Ca.4S1hsWO, (d), Ca S aWO, (e) and CaW@(a), SrwQ (f) for comparison.
Fig. 4. SEM images of I'—fF-doped double-component §Bay WO, (b), Ca.Bay WO, (c),
Ca.Bay WO, (d), Ca Ba sWO, (e) and Caw@(a), BawQ (f) for comparison.
Fig. 5. SEM images of I':ef-doped double-component ¢3Bay WO, (b), SkBan WO, (c),
Sih.4Bag WO, (d), SpBay WO, (e) and SrwQ(a), BawaQ (f) for comparison.
Fig. 6. SEM images of F_gi*-doped three-component £31y -Bag WO, (a), Ca.4Sth.Bag WO, (b),
Cay.4SIh.2Bag N O, (C), Ca 2Sio.6Bag WO, (d), Cay 2SIh.4Bay WO, (€), and CqpSio Bag WO, (f).
Fig. 7. TEM images and SAED patterns of dg8rhBay WO, (a), Ca.sShBa WO, (b),
Cay.4Sh.2Bag AN O, (C), Cay 2Sio.6Bag WO, (d), Cay 2Slh.4Bay WO, (€), and CqpSio 2Bag WO, (f).
Fig. 8. Excitation (EX) and emission (EM) spectra of SrWID1PF* phosphor (a),
SrWO,:0.01Hd™ phosphor (b), SrWg0.005EF* phosphor (c), and the energy level schemes of
PP*HO*'/Er** in SIWQ, host (d).
Fig. 9. The decay curves of SrWO.01PF* (a), STWQ:0.01HG" (b), and SFWQO0.005EF" (c).
Fig. 10. Emission spectra of S'WGPr* upon 448 nm excitation (a), SrW@Ho*" excited by
450 nm light (b), Sf'WQzEr" upon 378 nm excitation (c), the dependence of rédative

emission intensity on REconcentrations (d).
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Fig. 11. The relationship offog(1/x) versusogx for Pr** (a), H3" (b), and Ef* (c) in SrWQ host.
Fig. 12. Excitation (A) and emission (B) spectra ofsG3ip Bay WO, (a), Ca.4Shh.Bag WO, (b),
Ca.4S1h.Bag..NO, (c), Ca 2SI 6By WO, (d), Ca.2SIh.4Ba9.AWO, (), and CaSho. Bag sWO; (f).
Fig. 13. The intensity variation trend of Q;ﬁrYBa1_><_YWO4:0.01Pt°’+ at 644 nm (a),
CaySrYBal,X_YWO4:O.OlH0°’+ at 657 nm (b), QaSrYBa1_><_YWO4:0.005Et°’+ at 550 nm (c), and CIE
chromaticity coordinates of GBS WO,:0.01PF", Ca Sl WO4:0.01HG™,

Cay.6Slh .W0,:0.005EF",
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Table 1
The sample numbers and total ionic radii of CaxSry Bay.x.yWO,:RE* phosphors

No. Host compound Total ionic radius of
alkaline earth ions (A)
1 CaySriBagWO, 1.260
2 CapSrogBag 2 WO, 1.292
3 CapSro.eBagsWO, 1.324
4 CapSrp.4BagsWO, 1.356
5 CaySroBagsWO, 1.388
6 CaySroBa;WO, 1.420
7 Cay2SrosBagWO, 1.232
8 Cay2SrosBag WO, 1.264
9 Cay2Srg.4Bag WO, 1.296
10 Cay2Sro2BagsWO, 1.328
11 Cay2SroBagsWO, 1.360
12 Cay4SrosBagWO, 1.204
13 Cay4Sro.4Bag WO, 1.236
14 Cay4Sro2Bag WO, 1.268
15 Cay4SroBagsWO, 1.300
16 Cay6Sro.4BagWO, 1.176
17 Cay6Sro2Bag WO, 1.208
18 CaySroBag sWO, 1.240
19 CaysSro2BagWO, 1.148
20 CaysSroBag, WO, 1.180

21 Ca;SroBagWO, 1.120
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Resear ch highlights

Down-conversion emissions of Pr**, Ho*" and Er®" are successfully realized.
The morphologies of products vary regularly with the change of host combination.
These phosphors can be excited by both the near-UV and blue light.

Ca0.4Sr0eWO::0.01Pr**, CaggSro ,WO::0.01H0*", Cag 6SrosWO4:0.005Er*" are best.



