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Abstract 19 

Inorganic phosphors which can be effectively excited with blue-light are highly desirable for 20 

white light-emitting diodes (WLEDs). Herein, Eu3+-activated La2Ce2O7 phosphors are prepared 21 

by a self-rising reaction using urea and glycine as leavening agents under hydrothermal 22 

conditions. The phosphors display a well-distributed round or elliptical particle shapes with an 23 

average diameter of about 55±10 nm. The excitation spectrum is dominated by the 7F0→
5D2 24 

transition (∼466 nm) that overlaps the emission of efficient blue LEDs, rendering these phosphors 25 

as very attractive as blue converters. The luminescence performance can be effectively improved 26 

by optimizing the molar ratios of leavening agents and the content of Eu3+ concentration and, 27 

thus, the absolute quantum yield can reach 0.229±0.023. By combining a commercial blue LED 28 

chip (InGaN, 465 nm) and the phosphors, intriguing efficient pure red emission is achieved with 29 

CIE color coordinates of (0.669,0.330). This pure red emission is used to tune the well-known 30 

poor correlated color temperature values of WLEDs based on YAG:Ce3+. WLEDs are fabricated 31 

by coating blue LED chips with blends of YAG:Ce3+ and Eu3+-activated La2Ce2O7, yielding 32 

prototypes with enhanced color rendering index that is easily adjusted from 7119 to 3242 K, 33 

demonstrating that this strategy may use to complement the red component in WLEDs. 34 

Keywords: Europium; red phosphor; photoluminescence; blue converter; white light-emitting 35 

diode 36 

 37 

 38 

 39 

 40 

 41 
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1. Introduction 42 

    The International Energy Agency estimated the total electrical energy consumptions for 43 

lighting loads of about 19% worldwide [1] (the number for USA is about 10% accordingly 44 

to the U.S. Energy Information Administration [2]). Energy consumption, with the 45 

depletion of fossil-based fuel reserves, has become problematic, creating several 46 

challenges, and gained increased attention worldwide. The cumulative global energy crisis 47 

is, then, demanding high energy-efficient lighting systems that can help to conserve 48 

energy and reduce lighting costs. Nowadays, great efforts have been devoted to the 49 

development of alternative lighting devices to replace traditional illumination lamps in 50 

order to save energy. In this regard, WLEDs have emerged as an important class of 51 

lighting devices that has been used to replace conventional lighting due to their admirable 52 

merits such as extraordinary efficiency, lower energy consumption, longer operation 53 

lifetime, environmental friendly characteristics, compactness and robustness and have 54 

been considered as the next-generation light source [3]. The high color saturation and 55 

reproducibility of WLEDs render these devices competitive in color perception. 56 

Currently, commercial WLEDs are based on Y3Al 5O12:Ce3+ (YAG:Ce3+) broad-band 57 

yellow phosphor in combination with blue LED chips through a low cost and simple 58 

procedure, in which the yellow phosphor converter YAG:Ce3+, dispersed in epoxy or 59 

silicone, is directly packed on the blue InGaN chip [4]. When driven by a certain current, 60 

the emitted yellow light from YAG:Ce3+ pluses the transmitted blue light to constitute the 61 

white light. This type of WLEDs usually exhibits high luminous efficacy (LE, ∼100 lm/W) 62 

[5]. However, in practical applications, such design suffers from some technical 63 

weaknesses. The two-color-based WLEDs exhibit the disadvantages of low color 64 
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rendering index (CRI, usually <75), high correlated color temperature (CCT, 4500−8000 65 

K) and chromaticity drifts due to the intrinsic absence of efficient red light emission from 66 

YAG:Ce3+, which only give cool white light and inevitably limit its applications in indoor 67 

or back lighting. In addition, the poor thermal stability and weak thermal conductivity of 68 

the organic binders result in gradual luminous attenuation and color-shift of the phosphors 69 

under long-term heat radiation [6,7]. 70 

In order to overcome these shortcomings, a red phosphor with excitation of blue light 71 

should be integrated into the package of WLEDs, which will then enable the realization of 72 

a warm white light with high CRI (>85) and low CCT (3000−4500 K) to meet the 73 

standard applications in indoor lighting [8]. This is an issue for most applications 74 

including home lighting where warm white light with a high CRI is required. As a result, 75 

it is desired to develop blue-light excited red phosphors with sharp emission peaks, high 76 

luminescence efficiency and sufficient chemical durability for mixing with the YAG:Ce3+ 77 

yellow phosphor to improve the performance of WLEDs. 78 

During the last decades, extensive efforts have been devoted to developing novel red-79 

emitting phosphors for WLED applications in order to improve the CRI and CCT 80 

parameters [9−15]. For this purpose, red phosphors should absorb strongly the blue 81 

emission (∼460 nm) from InGaN chip and ideally have narrow emission bands centred at 82 

about 610 nm, which match the peak human eye sensitivity to red light [10]. For instance, 83 

Eu2+- or Ce3+-activated nitrides, Sr2Si5N8:Eu2+and M2Si5N8:Ce3+ (M=Ca, Sr, Ba) [11,12], 84 

show high emission output, wide excitation band in the blue region, high chemical 85 

stability and small thermal quenching. However, these nitride phosphors still have some 86 

inherent disadvantages such as emission band extends to the deep red region (λ>640 nm), 87 
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serious re-absorption phenomenon and high production cost [16]. On the other hand, 88 

tetravalent manganese ions (Mn4+) activated fluoride phosphors, A2MF6:Mn4+ (A=alkali 89 

metal ion; M=Si, Ge, Zr, Sn, and Ti), bring sufficient blue absorption and match well with 90 

InGaN chip radiation [17]. Nevertheless, these Mn4+-doped fluorides still have some 91 

disadvantages such as “non-green” synthesis conditions, susceptibility to degradation 92 

under high temperature and poor heavy moisture resistance [18]. 93 

Lanthanide (Ln) oxide phosphors show higher chemical stability with an eco-friendly 94 

preparation procedure. The Eu3+-activated phosphors for blue LED chips usually exhibit 95 

weak emission due to either the low absorption in blue region from parity-forbidden 4f–4f 96 

transitions or mismatch excitation wavelength in the UV region from charge transfer band 97 

(CTB). For instance, Eu3+-doped CeO2 shows weak absorption in the blue region and can 98 

only be a potential candidate for UV-based LEDs [19]. Also, the LE of CeO2:Eu is very 99 

low that limits its applications in solid-state lighting. It is, therefore, very desirable to find 100 

alternative red phosphors with high absorption in the blue region and strong red line-101 

emission [20]. Recently, it was reported that the Eu3+-doped 2CeO2−0.5La2O3 phosphors 102 

prepared by a solution combustion reaction showed enhanced luminescence when the Eu3+ 103 

ions occupied Ce4+ rather than La3+ sites, which was due to the concentration change of 104 

oxygen vacancy [21]. Furthermore, La-doped CeO2 composite with 1:1 molar ratio of 105 

La:Ce, La2Ce2O7, has been studied as a thermal barrier-coating material for high-106 

temperature applications and proton conductor under reducing atmosphere [22,23]. 107 

Moreover, Eu3+-doped CeO2−La2O3 composites can overcome some of the above 108 

mentioned limitations of CeO2:Eu materials and the luminescence properties of Eu-doped 109 

La2Ce2O7 have been seldom reported [24]. In order to develop a green eco-friendly 110 
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preparation method for blue-light excitable Eu3+-based red phosphors, the Eu3+-doped 111 

CeO2−La2O3 phosphors, La2Ce2−xO7−x/2:xEu (x=0.1−0.9), were prepared in this work by a 112 

hydrothermal self-rising process assisted with mixed urea/glycine as leavening agent. The 113 

structural characterization, surface morphology and luminescence performance of the 114 

composites were performed and compared with those of CeO2:Eu. Red emitting diodes 115 

were fabricated and their luminescence performances were characterized using 116 

commercial blue chips (465 nm) coated with the Eu3+-activated La2Ce2O7 phosphor. 117 

Moreover, as the pure red emission of this phosphor is obtained under analogous 118 

conditions found in commercial WLEDs combining a blue chip and the commercial 119 

YAG:Ce3+ yellow phosphor, we fabricate innovative WLEDs by coating the blue chips 120 

with blends formed by distinct proportions of YAG:Ce3+ and Eu3+-activated La2Ce2O7. 121 

The luminescence performance of the devices confirms that this strategy allows 122 

overcoming the low amount of red emission that limits the performance of the current 123 

used WLEDs. 124 

 125 

2. Experimental section 126 

2.1. Preparation of red phosphors 127 

         A series of Eu3+-doped blue-light excitable red phosphors were prepared by self-rising 128 

method under hydrothermal condition. The starting materials include Ce(NO3)3⋅6H2O (Yongda 129 

Chemical, Tianjin, A.R.), Eu2O3 (Institute of Non-ferrous Metals, Beijing, 99.99%), 130 

La2O3(Institute of Non-ferrous Metals, Beijing, 99.95%), urea (A.R.) and glycine (A.R.). All of 131 

them were used as received without further purification. In addition, La(NO3)3 and Eu(NO3)3 132 

aqueous solutions were prepared by dissolving the related oxides with dilute nitric acid. 133 
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It was proved that the Eu3+-doped 2CeO2–0.5La2O3 system showed enhanced luminescence 134 

when the Eu3+ ions are located in the Ce4+ site rather than in the La3+ one [21]. Therefore, in this 135 

study, La2Ce2−xO7−x/2:xEu phosphors were synthesized with the Eu3+ ions located in the Ce4+ site. 136 

First, the Ln (La, Ce and Eu) nitrate solutions were mixed together in a molar ratio of 2, 2−x and 137 

x, for La, Ce and Eu, respectively. Then, the single urea or mixed urea/glycine (5-fold of the total 138 

Ln molar amount) as leavening agent was added to the mixed solution (about 50 mL) that was 139 

put into autoclave at 160 oC for 180 min to perform the self-rising reaction under hydrothermal 140 

conditions. During the self-rising reaction, the organic leavening agent was decomposed to NH3 141 

and CO2, and the aqueous solution was gradually changed to emulsion. The emulsion was put 142 

into crucible and heated in a furnace at 500 oC for 30 min to move away the residual organic 143 

content. Finally, the samples were formed via heat-treatment at 950 oC for 2 h. When single urea 144 

was used, the sample seemed to be a mixture of CeO2 and La2O3, implying that the compound 145 

was not appropriately formed. On the contrary, when the mixed urea/glycine was used, the as-146 

prepared product was confirmed as a pure La2Ce2O7 compound. For comparison, CeO2:Eu was 147 

also prepared by similar way. 148 

2.2. Fabrication of red-emitting LED and WLED prototypes 149 

   The La2Ce2−xO7−x/2:xEu (x=0.7) particles were used to produce an LED device emitting in the 150 

red spectral region by coating a commercial blue LED chip emitting at 465 nm (RLS-B465, 151 

Roithner Laser technik, GmbH). The fine powder (250 mg) and polymethylmethacrylate 152 

(PMMA, 50 mg) were dissolved in 2 mL of CHCl3 under stirring. The resulting mixture was 153 

further stirred at room temperature to get a homogenous solution. This solution was used to coat 154 

the commercial blue LED by dip-coating. This procedure was repeated until the LED surface was 155 

totally covered. 156 
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To fabricate WLEDs, the two-part, semi-rigid commercial polyurethane resin 157 

(UR5634polyurethane resin, Electrolube, UK) with 1:1 weight ratio were used to encapsulate the 158 

commercial yellow-emitting YAG:Ce3+ and the red-emitting La2Ce2−xO7−x/2:xEu (x=0.7) 159 

phosphors. Before coating the blue-emitting LED chips (RLS-B465, Roithner Laser technik, 160 

GmbH), the polyurethane resin, YAG:Ce3+ and La2Ce2−xO7−x/2:xEu (x=0.7) with 160:3:150 of 161 

weight ratio were completely blended. After coating, the LED prototypes were moved into an 162 

oven at 60 oС for 2 h for gelation. 163 

2.3. Characterization 164 

        The crystal structure of the samples was checked by X-ray powder diffraction (XRD) using 165 

a D8 Advance X-ray powder diffractometer with CuKα (1.54056 Å) radiation. The scanning 166 

angle 2θ ranges from 20 to 80o. The internal structure and oxygen vacancies were analyzed by a 167 

HORIBA JY HR800 confocal microscope Raman spectrometer and an Ar-ion laser (514.5 nm). 168 

The particle morphology and size were measured by an S-4800 field emission scanning electron 169 

microscope. The photoluminescence emission and excitation spectra were recorded by an F-4600 170 

fluorescence spectrometer equipped with a 65 W Xenon lamp as the excitation source. The 171 

photoluminescence decay curves were acquired by an Edinburgh FS5-TCSPC 172 

spectrofluorometer. Additionally, the excitation and emission spectra of the optimal La2Ce2O7:Eu 173 

and CeO2:Eu samples were recorded using a Fluorolog3® Horiba Scientific (Model FL3-22) 174 

spectroscope. The excitation source was a 450 W Xe arc lamp. The emission spectra were 175 

corrected for detection and optical spectral response of the spectrofluorometer and the excitation 176 

spectra were corrected for the spectral distribution of the lamp intensity using a photodiode 177 

reference detector. The absolute emission quantum yields were measured using the Quantaurus-178 

QY Plus C13534 (Hamamatsu) system with a 150 W xenon lamp coupled to a monochromator 179 
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for wavelength discrimination, an integrating sphere as the sample chamber, and a multichannel 180 

analyzer for signal detection. All the measurements were carried out at room temperature. 181 

The LED emission spectra, the Commission International de l’Eclairage (CIE) color 182 

coordinates, the radiant flux (W), the luminous flux (lm), the CRI Ra and CCT values were 183 

measured using an integrating sphere ISP 150L-131 from Instrument Systems. The integrating 184 

sphere (BaSO4 coating) has internal diameter of 150 mm and was coupled to an array 185 

spectrometer MAS 40 from Instrument Systems. The measurements are accurate within 5% 186 

according to the manufacturer specification. 187 

 188 

3. Results and discussion 189 

3.1. Structural Characterization 190 

        The XRD patterns of the undoped as-prepared powders are shown in Fig. 1a. For 191 

comparison purposes, the standard card data of CeO2 (space group: Fm3m; JCPDS 01-081-0792) 192 

[25] and La2O3 (space group: P63/mmc; JCPDS 01-074-2430) [26] are also displayed in Fig. 1a. 193 

When only urea is used in the self-rising process, a mixture of CeO2 and La2O3 is observed, even 194 

after the sintering process. When urea/glycine mixture is used, however, the XRD pattern 195 

corresponds to the previous reported La2Ce2O7 structure [24], with the main diffraction peaks at 196 

28.1, 32.6, 46.6, 55.2, 57.9, 67.9 and 75.0o indexed to the (111), (200), (220), (311), (222), 197 

(400) and (331) crystallographic planes, respectively. The La2Ce2O7 composite has a cubic 198 

fluorite structure, which is almost the same as CeO2, except that of lattice parameter. Thus, 199 

the use of urea/glycine mixture is beneficial to the formation of the phase-pure phosphor. 200 

The reason for this is due to the addition of glycine, which acts not only as a leavening 201 

agent but also as a surfactant [27,28]. In addition, the amount of glycine also plays a 202 
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crucial role in determining the sample purity and crystallinity. The molar ratio of glycine 203 

to the total Ln amount has been optimized (0.7:1), which can be clearly confirmed in the 204 

XRD patterns (see Fig. S1). In the following parts, all the Eu3+-doped La2Ce2O7 samples 205 

were prepared at this molar ratio. 206 

The XRD patterns of the La2Ce2−xO7−x/2:xEu (x=0.0, 0.1, 0.3, 0.5, 0.7 and 0.9) phosphors are 207 

given in Fig. 1b. The XRD peaks of all Eu3+-doped samples are similar to that of La2Ce2O7, 208 

implying that the Eu3+ doping has little influence on the phosphor structure. In fact, the observed 209 

left-shift of the XRD peaks after Eu3+ doping is due to the ionic radius difference between Eu3+ 210 

ions (r = 1.21 Å) and Ce4+ ions (r =1.11 Å) [29], demonstrating that the Eu3+ ions have entered 211 

into the host lattice and located at the Ce4+ sites. 212 

The microstructure and the surface morphology of the Eu3+-doped La2Ce2O7 phosphor, 213 

La2Ce1.3O6.65:0.7Eu, were analyzed by SEM (Fig. 2a and 2b). The precursor powders (without 214 

any heat treatment) are not well crystallized (Fig. 2a), but after the self-rising and subsequent 215 

sintering process (950 oC for 2 h), the phosphors are crystalline (Fig. 2b), in agreement well with 216 

the appearance of distinct diffraction peaks in XRD patterns (Fig. 1a and 1b). Moreover, most of 217 

the particles display a well-distributed round or elliptical shapes, with an average diameter 218 

around 55±10 nm (Fig. 2c). The spherical particle shape, uniform size and low agglomeration 219 

degree are important factors to promote the application of phosphor powder for WLEDs [30].  220 

FT-Raman spectra of La2Ce1.9O6.95:0.1Eu (low doping concentration) and La2Ce1.3O6.65:0.7Eu 221 

(high doping concentration) are measured to have further insight on the internal structure of the 222 

phosphors (Fig. 3). The strong Raman band between 390 and 495 cm-1 results from the oxygen 223 

breathing vibrations around the Ce4+ ions [31], whereas the weak peak between 495 to 670 cm-1 is 224 

due to the existence of oxygen vacancies [32,33]. While the maximum of the former band (at 225 
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about 450 cm-1) does not change with the Eu3+ concentration, the weak peak is shifted from 565 226 

to 583 cm-1 as the Eu3+ doping concentration increases from 0.1 to 0.7. This quite large shift 227 

indicates that the amount of oxygen vacancies is closely related to the Eu3+ concentration. 228 

Moreover, with the increase of Eu3+ doping concentration, the intensity of the strong peak at 229 

around 450 cm-1 dramatically decreases and in the meanwhile, the weak peak at around 583 cm-1 230 

that ascribed to oxygen vacancies further increases, implying that the introduction of Eu3+ 231 

activators increases the oxygen vacancies amount in the lattice. 232 

3.2. Optical Characterization 233 

        The excitation and emission spectra of La2Ce2−xO7−x/2:xEu (x=0.1−0.9) composites are 234 

shown in Figs. 4a and 4b, respectively. The excitation spectra were monitored within the 235 

5D0→7F2 transition. The spectra are almost independent of the Eu3+ concentration being formed 236 

of a very low-intensity CTB between 330 to 380 nm, similarly to that previously observed in 237 

Eu3+-doped CeO2 (O→Ce CTB) [34]. The low-relative intensity of CTB in the case of the 238 

La2Ce2O7 compounds indicates that the probability of the O−Ce charge transfer has been greatly 239 

reduced due to a 50% La substituting in the Ce sites. The excitation spectra are dominated by the 240 

Eu3+ sharp lines at 394, 416, 466 and 535 nm, corresponding to the 7F0→5L6, 
7F0→5D3, 

7F0→5D2, 241 

and 7F0→5D1 transitions, respectively [35]. It can be noted that the most intense 7F0→5D2 242 

transition (466 nm) is resonant with the blue emission of commercial InGaN LED chips (Fig. 7a). 243 

This means that the Eu3+-doped La2Ce2O7 red phosphors may be efficiently excited with a blue-244 

emitting LED light, which has a significant potential in solid-state lighting [36,37]. Fig. 4b shows 245 

the emission spectra of La2Ce2−xO7−x/2:xEu (x=0.1−0.9) compound excited at 466 nm. The 246 

samples can be effectively excited with 466 nm, and the typical sharp peaks are clearly observed 247 
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within the range of 575−725 nm. The strongest emission peaks locate at 615 and 630 nm, which 248 

result in the intrinsic red light emission dominated by the Eu3+ 5D0→
7F2 transition [38–40].  249 

To demonstrate the ability of the La2Ce2O7 compounds as down-shifting phosphors for solid 250 

state lighting, the emission features of a selected concentration (x=0.7) were compared to those of 251 

the analogous CeO2 compound (Ce1−yO2:yEu with y=0.18 to keep the same Eu doping content). 252 

The emission spectra excited at 466 nm are compared in Fig. 5a. Despite changes in the relative 253 

intensity between the Stark components, the spectra reveal the typical intra-4f6 5D0→7F0−4 254 

transitions. The emission features were quantified by the calculus of the CIE chromaticity 255 

coordinates (Fig. 5b) and the absolute emission quantum yield (QY) values, Table 1. Although 256 

both phosphors have the same dominant emission, the CIE color coordinates for Eu3+-doped 257 

La2Ce2O7 and CeO2 samples are (0.654,0.345) and (0.620,0.379), respectively, and, then, the 258 

coordinates of the former phosphor are closer to the standard pure red color value (0.67,0.33). we 259 

note that although analogous Eu3+-activated red phosphors involving α-Eu2(MoO4)3, 260 

Ba3Eu(PO4)3, Ba3Eu(PO4)3, CsGd0.4Eu0.6(MnO4)2, Rb3EuB6O12, and Eu2(SO4)3 also display 261 

efficient 5D0 →
7F0-4 transitions, the excitation wavelengths (355 nm, 396 nm and 514.5 nm) do 262 

not match the blue emitting LED chip at 466 nm [13,14,38–40]. 263 

The QY obtained for La2Ce2−xO7−x/2:xEu (x=0.7), 0.229±0.023, is about 18-fold higher 264 

relatively to that of the Ce1−yO2:yEu (y=0.18), 0.013±0.001. Furthermore, to more clearly clarify 265 

the luminescence performance of La2Ce2−xO7−x/2:xEu (x=0.7) and Ce1−yO2:yEu (y=0.18), the 266 

corrected excitation and emission spectra of the two samples are measured and shown in Fig. S2. 267 

Further comparison between the two phosphors was performed by the measurement of the 5D0 268 

emission decay curves (see Fig. S3). These curves are well described by a single-exponential 269 

function, and it indicates the presence of a single average Eu3+ local coordination site 270 
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(replacement of Ce4+ in the host), revealing a larger 5D0 lifetime value for 271 

La2Ce2−xO7−x/2:xEu(x=0.7) (0.835±0.010 ms) compared to that found for Ce1−yO2:yEu (y=0.18) 272 

(0.426±0.010 ms), Table 1.  273 

The distinct 5D0 lifetime values are in good agreement with the variation of the activator Eu3+ 274 

local coordination in the two lattices. In order to gain deeper insights into such differences, the 275 

radiative (kr) and nonradiative emission decay rates (knr) were calculated by the Ln luminescence 276 

software package (LUMPAC) [41], Table 1. Accordingly, the 5D0quantum efficiency (q) was 277 

calculated through [42]: 278 

               q=kr/(kr+knr)                                                                                              (1) 279 

where kr and knr denote the radiative and non-radiative probabilities constants, respectively. As 280 

shown in Table 1, the enhanced performance of the Eu3+-doped La2Ce2O7 compound in reference 281 

to that of Eu3+-doped CeO2 (q values of 0.315 and 0.081, respectively) is due to the higher kr and 282 

lower knr values. This can be further rationalized via the relative intensity ratio (R) between the 283 

5D0→7F2 and the 5D0→7F1 transitions. It is known that the 5D0→7F2 transition is a forced-electric 284 

dipole transition, which is quite sensitive to the local environment around the Eu3+ ions. 285 

Contrarily, the 5D0→7F1 transition is allowed through the magnetic dipole selection rule and, thus, 286 

its intensity is relatively independent of the site symmetry and surroundings of the Eu3+ ions 287 

[42,43]. Therefore, the intensity ratio R is usually considered as a probe to Eu3+ local 288 

environment variations in the lattice. In general, the higher the R value, the more Eu3+ would 289 

occupy sites without an inversion centre [44,45]. The R values for Eu3+-doped La2Ce2O7 and 290 

CeO2 are 5.40 and 1.99, respectively (Table 1). Despite the same Eu3+ doping content, the two 291 

samples show quite different R values (and, then, distinct chromaticity coordinates), which 292 

means that the crystal field environment of Eu3+ is greatly changed and more Eu3+ ions have 293 
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occupied the asymmetry centre sites in La2Ce2O7. The obvious variation of the Eu3+crystal field 294 

environment is closely related with the existence of large amounts of oxygen vacancies in the 295 

lattice, as shown in the Raman spectra (Fig. 3). 296 

Taking advantage of the intriguing emission properties of the Eu3+-doped La2Ce2O7, a selected 297 

concentration (x=0.7) was used to produce a pure-red emitting device by coating a commercial 298 

blue LED chip emitting at 465 nm (Fig. 6). The emitted blue- and downshifted red-light (inset in 299 

Fig. 7a) are characterised by pure blue and red color coordinates, (0.131,0.060) and 300 

(0.669,0.330), respectively (Fig. 7b). Typically, the performance of an LED is characterized by 301 

the wall-plug efficiency (WPE), which accounts for the ratio between the luminous flux (lm) and 302 

the electric power (W). A WPE of ∼0.4 lm/W was measured in the coated LED demonstrating 303 

that the proposed approach has the potential to be applied as a suitable red component in the 304 

fabrication of WLEDs. 305 

         As the Eu3+-doped La2Ce2O7pure red emission is attained under analogous conditions found 306 

in commercial WLEDs (fabricated combining a blue chip and the YAG:Ce3+ commercial yellow 307 

phosphor), we can use it to increase the amount of red emission in current WLEDs, which is the 308 

principal factor limiting the CCT performance. The WLEDs prototypes (S1 to S5) were 309 

fabricated coating a commercial blue chip (465 nm) with blends formed by distinct proportions of 310 

YAG:Ce3+ and Eu3+-doped La2Ce2O (Fig. 7a). As the relative amount of Eu3+-doped La2Ce2O 311 

increases, the CCT and CRI parameters of the WLEDs are tuned to yield warm white light (Table 312 

2).The corresponding chromaticity coordinates are shown in Fig. S4 (ESI†), which results from 313 

the balance between the blue emission (∼452 nm) ascribed to the blue LED chip, the yellow 314 

component (∼580 nm) due to YAG:Ce3+phosphor and the red emission peaks (612 and 627 nm) 315 

attributed to 5D0→7F2 transition of Eu3+-doped La2Ce2O7 red phosphor. Thus, compared to the 316 
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commercial InGaN blue chip and YAG:Ce3+ based WLEDs, the blend-based WLEDs have CCT 317 

values adjusted from 7119 K (cool white light) to 3242 K (warm white light) and CRI values 318 

modulated from 83.9 to 73.0 (Fig. 7b) that are well-above the existing figure of merit. 319 

4. Conclusions 320 

         La2Ce2−xO7−x/2:xEu (x=0.1−0.9) red-emitting phosphors have been synthesized by 321 

hydrothermal self-rising process using mixed urea/glycine as leavening agents. The phosphors, 322 

aspherical/elliptical particles with a diameter about 55±10 nm, are effectively excited at 466 nm 323 

presenting for the optimal Eu3+doping concentration (x=0.7) a maximum absolute emission 324 

quantum yield of 0.229±0.023. By combining a commercial blue LED chip and the Eu3+-doped 325 

La2Ce2O7 phosphor, the efficient pure red emission was achieved with color coordinates of 326 

(0.669,0.330) and a wall-plug efficiency of ∼0.4 lm/W. WLEDs were fabricated combining a 327 

blue InGaN LED chip with blends formed by distinct proportions of YAG:Ce3+ and Eu3+-doped 328 

La2Ce2O7. As the relative amount of Eu3+-doped La2Ce2O increases, the CCT of the WLEDs is 329 

tuned to yield warm white light (from 7119 K, cool white light, to 3242 K, warm white light), 330 

whereas the Ra is modulated from 83.9 to 73.0. These results are well-above the existing figure 331 

of merit, indicating that these new La2Ce2−xO7−x/2:xEu (x=0.1−0.9) red phosphors are an 332 

alternative to Eu2+-based phosphors to enhance the Ra and CCT values of commercial LEDs. 333 
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Figure captions 481 

Fig. 1. XRD patterns of the a) samples prepared with single urea (black color pattern), mixed 482 

urea/glycine as leavening agent (red color), as well as the standard references of CeO2 and La2O3; 483 

b) La2Ce2-xO7−x/2:xEu3+ (x=0−0.9) composite powders prepared by a hydrothermal self-rising 484 

reaction (with mixed urea/glycine as leavening agent) and a subsequent sintering process. 485 

Fig. 2. SEM images of the a) Eu3+-doped La2Ce2O7 precursor and b) composite powders after a 486 

sintering process. c) Particle size distribution in b). 487 

Fig. 3. FT-Raman spectra of La2Ce2−xO7−x/2:xEu(x=0.1, 0.7). 488 

Fig. 4. Room-temperature a) excitation spectra monitored at 615 nm and b) emission spectra 489 

excited at 466 nm of La2Ce2−xO7−x/2:xEu(x=0.1−0.9). 490 

Fig. 5. a) Emission spectra of La2Ce2−xO7−x/2:xEu (x=0.7) and Ce1−yO2:yEu (y=0.18) excited at 491 

466 nm and b) CIE chromaticity diagram (1931) showing the (x,y) emission chromaticity 492 

coordinates. 493 

Fig. 6. a) Emission spectra, and photographs, of the commercial LED and  of the Eu3+-doped 494 

La2Ce2O7 red-emitting LEDs operating under forward-bias current of 20×10−3 A; b) CIE 495 

chromaticity diagram (1931) showing the (x,y) emission chromaticity coordinates of original and 496 

coated LEDs. 497 

 Fig. 7. Room temperature a) emission spectra of S1 to S5 WLEDs. The inset shows photographs 498 

of the devices. b) Relationship between CCT and CRI and the amount of blend phosphors used 499 

(the lines are visual guides). 500 
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Fig. 3  519 
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Fig. 4 528 

 529 



 

25

 530 

 531 

 532 

 533 

 534 

Fig. 5 535 
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Fig. 6 545 
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Fig. 7 553 
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Table legends 565 

Table 1 Photophysical data of La2Ce2−xO7−x/2:xEu (x=0.7) and Ce1−yO2:yEu (y=0.18). 566 

Table 2 Optical parameters of WLEDs (S1 to S5) and blue chip (S0). 567 
 568 

 569 

Table 1 570 
Composite τ 

(ms) 
kr 

(s-1) 
knr 

(s-1) 
R q QY 

La2Ce2O7:Eu 0.835±0.010 377.0 820.7 5.40 0.315 0.229±0.023 
CeO2:Eu 0.427±0.010 190.2 2157.2 1.99 0.081 0.013±0.001 

 571 

Table 2 572 
LEDs Luminous flux 

(mlm) 
LE  

(lm/W) 
Color coordinates 

(x, y) 
CRI CCT  

(K) 
Coating phosphor  

(mg) 
S0 405.36 31.18 (0.131, 0.060)   0 
S1 346.65 22.22 (0.204, 0.118)   0.7 
S2 235.04 18.08 (0.311, 0.289) 83.9 7119 1.2 
S3 125.67 9.67 (0.318, 0.289) 86.0 6533 3.0 
S4 69.47 5.34 (0.381, 0.352) 76.7 3778 3.8 
S5 61.79 4.75 (0.432, 0.425) 73.0 3242 4.0 
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TOC 575 

 576 



Highlights 

 
• Eu3+-activated La2Ce2O7 phosphors can be efficiently excited by blue light LED 

• Phosphors can emit strong red colour with quantum yield of 0.229 

• WLEDs were fabricated by coating blue LED with YAG:Ce3+ and Eu3+-activated 

La2Ce2O7 

• Colour rendering index and correlated colour temperature can be easily adjusted  

 
 


