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Li+ Role in Upconversion Emission Enhancement of (YYbEr)2O3 

Nanoparticles 

Mengistie L. Debasu,a,b* Jesse C. Riedl,b J. Rocha,b and Luís D. Carlosa* 

The mechanism of upconversion enhancement for Li+-doped materials is still contentious. Attempting to settle the debate, 

here upconversion emission enhancement of (Y0.97-xYb0.02Er0.01Lix)2O3, x=0.000–0.123, nanoparticles is studied. Li+ 

incorporation in the Y2O3 host lattice is achieved via co-precipitation and solid-state reaction routes. In contrast with 

numerous reports, elemental analysis reveals the former method does not afford Li+-bearing nanoparticles. The solid-state 

reaction route accomplishes an effective Li+ doping, as witnessed by inductively coupled plasma atomic emission 

spectroscopy and X-ray photoelectron spectroscopy (XPS). Transmission electron microscopy and powder X-ray diffraction 

yield nanoparticle sizes increasing with increasing Li+ concentration. Rietveld refinement of powder X-ray diffraction data 

shows the cubic lattice parameter decreases with increasing Li+ content. Emission quantum yield increases tenfold with 

increasing Li+ content up to x=0.123, reaching a maximal value of 0.04% at x=0.031. XPS and infrared spectroscopy show the 

carbonate groups increase with increasing Li+ content, thus not supporting the prevailing view that the upconversion 

luminescence enhancement observed upon Li+ nanoparticle’s doping is due to the decrease of the number of quenching 

carbonate groups present. Rather, particle size increment and the decrease in the lattice parameter of the host crystals are 

shown to be the prime sources of quantum yield enhancement. 

Introduction 

Photon upconversion is a nonlinear optical process converting low-

energy (e.g., infrared) excitation photons into high-energy (visible) 

emission photons, with a strong dependence on the excitation 

power. Over the past few years, upconversion has received much 

attention in the fields of nanotechnology, nanomedicine and 

photovoltaics.1–4 In particular, trivalent lanthanide ions (Ln3+) are 

ideal for photon upconversion because of their ladder-like intra-4f 

electronic structures, and unique luminescence features, such as 

large anti-Stokes emissions, sharp emission bands, and long excited-

state lifetimes. For instance, Er3+ and Tm3+ have been widely used for 

light emission in the ultraviolet to near-infrared spectral region via 

Yb3+ sensitization upon 980 nm excitation.5–8 However, due to the 

parity forbidden character of the intra-4f transitions and the 

nonlinear processes in photon upconversion, the Ln3+ emission 

intensity is in general too low to fulfil the growing demand for 

developing efficient light emitting materials. In this context, 

increasing the Ln3+ light absorption and upconversion emission 

efficiency (given by the absolute emission quantum yield) have been 

the primary focus of researchers working on various technological 

applications.9–13 Moreover, the determination of the absolute 

emission quantum yields of upconverting nanoparticles have been 

scarcely reported and hindered by both technical and experimental 

challenges.14–21 

Ln3+ emission intensity depends on factors, such as the type and size 

of the host material, and the relative Ln3+ concentration in the host 

crystal. For instance, fluorides are among the most efficient host 

materials for Ln3+ upconversion, due to their lowest cut-off phonon 

energy (ca. 350 cm-1). Yet, compared to the oxide hosts with typical 

phonon energy in excess of 600 cm-1, fluoride-based upconversion 

systems have poor chemical and thermal stability,5,22,23 often 

precluding their practical application. Hence, certain physical and 

chemical properties of the host material and their impact on the Ln3+ 

luminescence features are crucial to achieve the target applications. 

Various strategies have been employed to enhance the upconversion 

emission of host-embedded Ln3+ ions,24–28 including surface coating 

and core-shell structuring, changing the Ln3+ concentration, and co-

doping with alkaline ions.29–34 A significant progress has been made 

concerning the former two strategies, and the photon upconversion 

processes and enhancement mechanisms are well surveyed. In 

contrast, despite some promising results, the Ln3+ emission 

enhancement induced by alkaline ions doping is contentious and 

poorly understood. Table S1 in ESI reviews Li+-doped host materials 

(fluorides, oxides, phosphates, vanadates and glasses) used to study 

Ln3+ upconversion enhancement. The proposed enhancement 

mechanisms encompass distortion of the activator ions local crystal 

field symmetry,35–39 charge compensation,40,41 reduction of the 

number of quenching centres,42,43 improved crystallinity,44,45 and 

particle/crystallite size increase.42,46 Li+ is assumed to easily enter and 

diffuse in the host lattice occupying, due to its small radius, both the 

interstitial and substitutional sites, changing the local crystal field 

symmetry, and relaxing the parity forbidden character of the intra-4f 

transitions. Therefore, the distortion of the local field symmetry at 

emitting Ln3+ has been the most common explanation for Li+-induced 

emission enhancement (Table S1 in ESI). On the other hand, Li+ 

doping may improve crystallinity and increase the particle or 

crystallite size, due to the lower melting temperature of Li 

precursors.33,42,46–51 Doping with Li+ ions may also decrease the 

number of quenching centres, such as OH- and CO2
3-, on the surface 

of the nanoparticles, increasing upconversion emission by reducing 

non-radiative transitions.42,46,49,52–61 In addition, Li+ may act as a 

charge compensating ion when Ln3+ replace non-trivalent 

cations.41,62 Another explanation for the upconversion emission 
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enhancement is an increased lifetime of the intermediate excited 

states of the activator ions (Table S1 in ESI).61,63–71 

The aforementioned mechanisms for Li+-enhanced upconversion in 

various hosts, including Y2O3 nanocrystals, are essentially 

speculative. Surprisingly, the studies often disregard both Li+ 

elemental analysis, and careful luminescence quantum yield 

measurements (see Table S1 in ESI).30,31,36,37,42,43,49,52,53,59–62,67,69,72–79 

For instance, we found that a co-precipitation synthesis procedure,31 

comprising washing and centrifugation steps results in Li+ free Y2O2 

nanoparticles. In fact, the presumed Li+-doped upconversion 

materials obtained via solution synthesis methods have not been 

assessed by elemental analysis and may not contain any lithium, 

exception for a few studies.9,32,45,80 Furthermore, the reported 

enhancement and emission efficiency have usually been based solely 

on the relative emission intensity (arbitrary units), Table S1 in ESI. 

This has led to erroneous conclusions because the emission intensity 

strongly depends on many experimental factors, including the 

measurement conditions (e.g., absorption cross-section, sample 

volume, sample preparation and optical setup), even for the same 

sample measured at a different time. 

Here, we wish to report the first quantitative assessment of Li+-

induced upconversion enhancement based on the measurement of 

absolute emission quantum yields and using (Y0.97-xYb0.02Er0.01Lix)2O3 

nanocrystals, x=0.000–0.123, as a model system. Co-precipitation 

and solid-state reaction synthesis methods are appraised for their 

ability to effectively dope nanocrystals with Li+. Inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) revealed that the co-

precipitation synthesis procedure yields no Li+ in the final 

upconversion nanocrystals. We stress, this conclusion is valid only for 

the synthesis of lanthanide oxides. The unit cell parameter of the 

host lattice and crystallite size determined the upconversion 

enhancement. 

Experimental Details 

Materials: Y2O3 (99.9%), Yb2O3 (99.9%) and Er2O3 (99.9%) (Jinan 

Henghua Sci. & Tec. Co., Ltd.) were purchased and dissolved 

separately in ultra-pure nitric acid (HNO3 65%, PA-ISO) to obtain the 

respective lanthanide nitrate solutions, i.e., Y(NO3)3, Yb(NO3)3 and 

Er(NO3)3. LiNO3·xH2O (Sigma-Aldrich, ≥98.0%) was used as a Li+ 

precursor. Urea (Sigma-Aldrich, ≥98.0%), 

Hexadecyltrimethylammonium bromide (CTAB) (Sigma-Aldrich, 

≥98.0%) and citric acid monohydrate (Sigma-Aldrich, ≥98.0%) were 

also used in the synthesis. Chemicals were used as received without 

further purification. In all experiments, distilled water and absolute 

ethanol (Fisher Scientific, 99.5%) were used. 

Synthesis Methods: i) Co-precipitation Method. A modified co-

precipitation procedure reported by Gai et al.,81 was used to prepare 

Li+ doped (Y0.97Yb0.02Er0.01)2O3 spherical nanoparticles. Briefly, 

aqueous solutions of Y(NO3)3 (2.760 mL, 0.4 M), Yb(NO3)3 (0.060 mL, 

0.4 M), Er(NO3)3 (0.120 mL, 0.1 M) and LiNO3 (0.300 mL, 0.2 M)) 

were mixed in a round-bottom-flask. Distilled water (265 mL), urea 

(2.7 g) and CTAB (0.6 g) were added to this mixture. After 30 minutes 

of vigorous stirring and 3 minutes of ultra-sonication, the solution 

was heated up at 85 °C for 2 hours. After cooling to room 

temperature, the precursor was separated by centrifugation, and 

washed several times with deionized water and finally with ethanol. 

The precursor was dried at 75 °C in air for at least 12 hours. To obtain 

crystalline (Y0.92Yb0.02Er0.01Li0.05)2O3 nanoparticles, the precursor was 

calcined at 800 °C for 3 hours with heating and cooling rates of 2 and 

5 °C/minute. (Y0.97-nYb0.02Er0.01Lin)2O3 nanoparticles with nominal 

n=0.15 were prepared following the same procedure by changing the 

relative concentration of Li+ and Y3+. 

ii) Sol–Gel Mixing and Solid-State Reaction Method. Li+ doped 

(Y0.97Yb0.02Er0.01)2O3 nanoparticles were synthesized via a solid-state 

reaction following a modified procedure.45,82 In a typical synthesis, 

aqueous solutions containing Y(NO3)3 (7.680 mL, 0.4 M), Yb(NO3)3 

(0.160 mL, 0.4 M), Er(NO3)3 (0.320 mL, 0.1 M) and LiNO3 (0.160 mL, 

0.2 M)) were mixed in a 10 ml glass vial under magnetic stirring and 

ultra-sonication for 15 minutes. The solution was dried at 75 °C in air 

for at least 24 hours until the water completely evaporated. 

Subsequently, citric acid (with citric acid to Y, Yb, Er and Li molar ratio 

of 2.5:1.0) was dissolved thoroughly in absolute ethanol (10 mL) and 

the mixture was stirred vigorously until it became a transparent 

solution. The ethanol-citric acid solution was poured into the dried 

salt and stirred and sonicated for additional 30 minutes. The solution 

was heated up at 80 °C to vaporize excessive solvent until it became 

highly viscous and changed into a transparent glassy gel. No visible 

precipitation was observed during gelation. The transparent xerogel 

was ground into fine white powder and calcined at 800 °C for 1 hour 

with heating and cooling rates of 5 °C/minute. This procedure yields 

upconverting (Y0.96Yb0.02Er0.01Li0.01)2O3 nanoparticles. The same 

procedure was used to prepare (Y0.97-nYb0.02Er0.01Lin)2O3 

nanoparticles with nominal n=0.000, 0.025, 0.050, 0.100 and 0.150 

by changing only the relative concentration of Li+ and Y3+. 

X-Ray Diffraction (XRD): powder XRD patterns were recorded in the 

range 15°2θ95° on a PANalytical Empyrean X-ray diffractometer 

operating at 45 kV and 40 mA (CuKα1 radiation source at 1.5406 Å) in 

reflection spinning scan mode with a 0.013o step size.  Nanocrystal’s 

sizes were calculated using Scherrer’s equation. Rietveld refinement 

of the measured diffraction patterns was performed using HighScore 

Plus software suit and the reference data of cubic Y2O3 (04-007-9751) 

taken from the International Centre for Diffraction Data database.   

Electron Microscopy: The morphology of the nanoparticles was 

examined on a Hitachi H9000-NA transmission electron microscopy 

(TEM) with an acceleration voltage of 300 kV and a Hitachi HD-2700 

scanning transmission electron microscopy (STEM) operating at an 

acceleration voltage of 200 kV.  

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-

AES): Elemental analysis of the samples was performed with an ICP-

AES (Jobin Yvon Activa M). 

Fourier Transform Infrared Spectroscopy (FTIR): spectra were 

recorded on a Bruker FTIR TENSOR 27. For the reflectance mode, the 

powders were measured without further preparation, while for the 

transmission mode pallets were pressed. Each powdered sample 

(1.5 mg) was mixed with 200 mg KBr. The mixture was ground and 

pressed uniaxial with 9 tons for 2 minutes, and semi-transparent 

pallets were obtained. Spectra were recorded between 350 and 

4000 cm-1 with 256 scans and 4 cm-1 resolution. 

Thermogravimetric Analysis (TGA): Between 7 and 15 mg samples 

were analysed on a thermogravimetric analyser TGA-50 from 



Shimadzu. The samples were heated from room temperature to 

800 °C with a rate of 5 °C/minute and the weight loss was measured 

every second. 

X-Ray Photoelectron Spectroscopy (XPS): XPS spectra were acquired 

in an ultra-high vacuum system with a base pressure of 210–

10 mbar. The system is equipped with a hemispherical electron 

energy analyser (SPECS Phoibos 150), a delay-line detector and a 

monochromatic AlKα (1486.74 eV) X-ray source. High resolution 

spectra were recorded at normal emission take-off angle and with a 

pass-energy of 20 eV, which provides an overall instrumental peak 

broadening of 0.5 eV. The powder samples were suspended in milli-

Q water and drop coated on Si wafers. The samples were measured 

using an electron gun for charge compensation. The binding energy 

spectra peak positions were corrected by the difference between the 

measured C1s binding energy peak positions for each sample and the 

reference at 284.8 eV, proposed by Boyd et al.83 

Radiant Flux and Upconversion Quantum Yield Measurements: The 

emission spectral radiant flux of powder samples was measured 

using an integrating sphere (ISP 150L-131, Instrument Systems) as 

was previously reported,16,84 Figure S1 in ESI. All the spectra were 

acquired with a resolution of 0.1 nm, 20 s integration time and 2 

averaged spectra scans in the wavelength range of 500 to 720 nm. 

The integrating sphere (BaSO4 coating) has an internal diameter of 

150 mm and was coupled to an array spectrometer (MAS-40, 

Instrument Systems). The measurements have an accuracy of 10%, 

according to the manufacturer. The excitation source was a NIR 

continuous wave laser diode (MDL-H-980, PSU-H–LED power source 

controller, CNI Lasers, maximum output power 5 W), emitting a 

nearly Gaussian beam centred at 980 nm (TEM00 mode, accordingly 

to the manufacturer). The laser beam was coupled into a customized 

optical fibre (SarSpec, 0.6 mm core diameter with an adaptable-

length ferrule) that guides the excitation beam to the sample 

compartment consisting of a quartz tube (outer diameter of 5.0 mm) 

placed at the entrance of the integrating sphere port (Figure S1 in 

ESI). The quartz tube was loaded with 20 mg of nanoparticle powder 

for each sample. The incident laser power (in units of W) on sample’s 

illuminated area was measured with a Thermopile-S310C (Thorlabs) 

power meter. The laser power density was computed using the ratio 

between the excitation power and the illuminated area (in cm-2). The 

illuminated area is calculated using the numerical aperture of the 

fibre (0.22) and the characteristic geometrical arrangement of the 

setup (distances, angles, quartz wall thickness). The radiant spectral 

flux of the samples was measured for laser power densities up to 

640 W cm-2. The background spectral flux was subtracted taking into 

account the contribution of the reflection coming from the sample 

holder by recording the respective spectra of an empty sample 

holder. 

Results and Discussion 

Table 1 shows ICP-AES elemental analysis of spherical (Y0.97-

nYb0.02Er0.01Lin)2O3 nanoparticles with nominal n=0.05 and 0.15, 

prepared by the co-precipitation method. While the nominal 

Er3+ and Yb3+ concentration of both samples is close to the 

measured concentration, no Li+ was detected indicating its 

removal by the centrifugation and washing steps. In conclusion, 

the co-precipitation method does not afford Li+ doped 

nanoparticles and, thus, the issuing materials were not further 

studied. Importantly, the Li+-induced luminescence 

enhancement studies previously reported for materials 

obtained by similar co-precipitation method (Table S1 in ESI) 

should be reassessed, taking into consideration proper lithium 

elemental analysis. 

In contrast, materials prepared by the solid-state reaction 

method contain lithium in concentrations in fair agreement 

with the nominal ones (Table 2). Thus, these samples were 

further studied.  

The powder XRD patterns of the nanoparticles with x=0.000, 

0.008, 0.018, 0.031, 0.070 and 0.123 are indexed as cubic Y2O3 

(reference to card 04-007-9751), Figure 1A. No additional peaks 

are observed and, thus, no other crystalline phases are present. 

Scherrer’s equation indicates the crystallite size increases with 

increasing Li+ concentration (Figure 1B). Accordingly, crystallite 

sizes of 20.3±0.6, 30.2±1.0, 56.6±4.4, 74.9±6.0, 72.5±5.7 and 

81.3±7.2 nm were obtained for the nanoparticles with x=0.000, 

0.008, 0.018, 0.031, 0.070 and 0.123, respectively. Rietveld-

refinement show the lattice parameter decreases with 

increasing Li+ concentration (Figure 1C and Figure S2-S3 in ESI), 

indicating the incorporation of Li+ in the host lattice. ICP-AES 

elemental analysis results clearly show charge compensation is 

attained, according to the formula (Y0.97-xYb0.02Er0.01Lix)2O3. 

However, Li+ is not expected to replace Y3+ but rather, due to its 

small size and lower electronegativity, Li+ most likely occupies 

the interstitial sites within the first Y3+ coordination sphere, 

attracting O2- ions, and resulting in the observed lattice constant 

shrinkage. A similar level of lattice parameter shrinkage was 

noted for Gd2O3,30 Y2O3,36,42 NaGdF4
34 and GdVO4

50 hosts upon 

Li doping. 

Representative TEM images and particle size distributions are 

shown in Figure 2 and Figure S4. As expected, the nanoparticles 

are somewhat clustered, a limitation of the solid-state synthesis 

route, and have an irregular habit not far from spherical. The 

particle size increases with Li+ content (Figure 2 and Figure S4), 

21±6, 31±11, 88±25, 86±26, 80±26 and 102±24 nm, for x=0.000, 

0.008, 0.018, 0.031, 0.070, and 0.123, respectively. The 

nanoparticles size obtained by XRD and TEM are in good 

agreement, Figure 1B. 

 

Similar results have been reported for other upconversion host 

materials, including Y2O3,42,49,69 Lu2O3,46 Y2SiO3,49,77,80 GdVO4,85 

and Lu6O5F8.86 The observed increase in crystallite and particle 

sizes are attributed to the flux effect of Li+ ions during the 

reaction as the precursor LiNO3 melts above 255 °C.86 Chen et 

al.,87 investigated the flux effect of Li2CO3 and reasoned that the 

lower Li2CO3 melting temperature leads to the formation of 

highly crystalline particles with larger crystallite sizes through 

the flux effect as the Li2CO3 melts and generates a liquid phase. 

The liquid phase promotes the diffusion of ions, and accelerates 

the crystallization process.88 Moreover, crystallite growth is 

stimulated by the formation of a liquid phase between the grain 

boundaries, which decreases energy loss on the surface.89 This 

effect is the likely reason for the particle agglomeration, and 



particle or crystallite size increment upon increasing the LiNO3 

content. 

FTIR spectra exhibit absorption bands at 1500 cm−1 and 860 cm-

1 attributed to carbonate groups CO3
2-, due to adsorption of CO2 

on the surface of the nanoparticles, whose intensity increases 

with increasing Li+ content  (Figure S5).69,75,76,90 The presence of 

OH- species on the surface of the nanocrystals is witnessed by 

bands at 3350 cm-1. It is often considered (Table S1 in ESI) that 

Li+ ions decrease the number of quenching centres, such as OH-

, CO2
3-, on the surface of the nanoparticles, suggesting that Li+ 

enhanced upconversion emission can be achieved by 

decreasing non-radiative transition channels.42,46,61,49,52,53,55,57–

60 FTIR, however, is neither a surface technique nor a priori 

quantitative, and conclusions on the number of surface groups 

and quenching centres should be regarded with caution. 

Indeed, we have observed that CO3
2- bands increase 

monotonously (rather than decrease) with Li+ doping (Figure 

S5). 

Thermogravimetry shows the overall weight loss between room 

temperature and 800 °C is less than 1.6% for all samples: 1.57, 

0.67, 0.59, 1.22, 1.56 and 1.18%, for x=0.000, 0.008, 0.018, 

0.031, 0.070 and 0.123, respectively (Figure S6). The values are 

too small and the differences are not significant to draw safe 

conclusions on the variation in the number of hydroxyl and 

carbonate groups present.91 

Figure 3 shows XPS spectra in the C1s, O1s, Y3d, Yb4d/Er4d and 

Er5s/Li1s/Yb5s regions for the nanoparticles with x=0.000 and 

0.070. The carbon C1s peaks, ascribed to adventitious 

carbon,83,92,93 at 284.8 eV and 289.7 eV are given by C-C and O-

C=O bonds,94 respectively (Figure 3A). The relatively strong O-

C=O bond observed for the higher Li+ content sample indicates 

that more carbon-bearing groups are present on the surface of 

these nanoparticles. This is consistent with the FTIR evidence 

(Figure S5). O1s peaks at 529.2 and 531.3 eV, respectively, are 

attributed to the oxygen bonding in the Y2O3 lattice95,96 and in 

the OH groups on the surface of the nanoparticles,97,98 Figure 

3B. Taking the relative intensities of these two O1s peaks into 

account, no significant change in the number of OH groups is 

observed. The Y3d3/2 and Y3d5/2 lines corresponding to the Y-O 

bonding in the Y2O3 lattice are observed at 158.0 and 156.6 eV,97 

Figure 3C. As shown in Figure 3D, the Yb4d3/2, Yb4d5/2, Er4d3/2 

and Er4d5/2 lines attributed to the host lattice are also detected 

between 170 and 200 eV.99,100 The binding energy peaks of Er5s, 

Li1s and Yb5s overlap within the rage of 50 to 70 eV, making it 

extremely difficult to detect the Li1s energy band at low Li+ 

contents. However, increasing Li+ amount to x=0.070 and 0.123, 

a larger photoemission signal of Li1s at 55.9 eV was detected,101 

proving the presence of Li+ on the surface of the nanoparticles 

(Figure 3E). In conclusion, XPS results reveal the number of 

carbon groups and the amount of Li+ on the surface of the 

nanoparticles increase with increasing the Li content. No 

significant change in the number of OH groups is observed, 

though. 

To quantify the effect of Li+ doping on the upconversion 

emission quantum yield of the nanoparticles, x=0.000, 0.008, 

0.018, 0.031, 0.070 and 0.123, radiant flux measurements were 

carried out (Table S2 in ESI). As shown in Figure 4A, the spectral 

flux intensities of Er3+ upconversion emission are higher for Li+ 

bearing samples. 

Upconversion emission quantum yield q is given by:16 

where S(λ) is the spectral radiant flux in W nm-1, λ is the 

wavelength, and P is the laser power. The corresponding error, 

Δq, is estimated from the combination of statistical and 

experimental errors given by: 

where ΔP/P=0.05, Δλ=0.10 nm (emission spectra resolution) 

and ΔS/S=0.10 (according to the manufacturer). 

The quantum yields increase linearly reaching maximum values 

of 0.004, 0.007, 0.034, 0.040, 0.028 and 0.019% at 238 W cm-2, 

for nanoparticles with x=0.000, 0.008, 0.018, 0.031, 0.070 and 

0.123, respectively. The maximum value of the emission 

quantum yield determines the onset of the saturation regime, 

as reported for NaYF4:Yb3+/Er3+ 18 and SrF2:Yb3+/Er3+ 

nanoparticles,[13] as well as for NaYF4:Yb3+/Er3+20,102 and 

La2S3:Yb3+/Er3+ bulk phosphors.103 A decrease of the quantum 

yield at higher laser power density (Figure 4B) is ascribed to the 

saturation of excited states, in accord with previous 

reports.17,104,105 

The maximum quantum yield of 0.0040% for Li+ free (x=0.000) 

nanoparticles (size 20.3±0.6 nm) is comparable with the 

maximum quantum yield of 0.0057% at 390 W cm-2, reported 

for SrF2:20%Yb3+/2%Er3+ nanoparticles (average size 40 nm).16,18 

At a given laser power density, the quantum yield increases 

significantly for samples containing Li+, with x=0.031 (the 

optimal concentration) exhibiting a tenfold increase. 

Furthermore, the quantum yield depends on the lattice 

parameter and crystallite size, Figure 5. Clearly, quantum yield 

enhancement correlates with both, the decrease of the unit cell 

parameter of the host lattice, leading to the modification of the 

local crystal field symmetry of emitting Er3+, and to crystallite 

size expansion. Our quantitative results are in accord with 

previous suggestions that upcoversion enhancement depends 

on unit cell parameter and crystal size (Table S1 in ESI).34–

37,42,46,50,69,72 However, it is not straightforward to compare the 

Li+-based upconversion enhancement results reported in the 

literature, as no quantitative luminescence measurements are 

available, Table S1 in ESI. 

Conclusions 
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The preparation of Li+-doped nanoparticles of (Y0.97-

xYb0.02Er0.01Lix)2O3, x=0.000–0.123, by co-precipitation and solid-

state reaction was studied. Elemental analysis revealed the 

former method is unsuitable for achieving such doping. The 

effect of Li+ doping on the particle size, lattice parameters, and 

upconversion emission quantum yield was investigated. Particle 

size (from 20 to 81 nm) and quantum yield (from 0.004 to 

0.040%) increased with increasing Li+ doping up to x=0.123. 

Rietveld refinement showed the unit cell parameter decreases 

upon Li+ incorporation, indicating the modification of the local 

Er3+ crystal field symmetry. XPS and thermogravimetry 

indicated the number of OH- groups does not change 

significantly with increasing Li+ content. In contrast, XPS and 

FTIR revealed the number of carbonate groups on the 

nanoparticle’s surface increased with increasing Li+ content, 

ruling out the role of such species as upconversion emission 

quenchers. In contrast with previous studies, whose nature is 

essentially qualitative, our quantitative results show particle 

size increment and lattice parameter decrease are the prime 

sources of upconversion enhancement. Although (YYbEr)2O3 is 

used here as a model system, it is of interest to explore the 

possibility that these conclusions also hold for other Li+-doped 

lanthanide oxide upconverting host nanoparticles. Indeed, Li+-

induced enhancement has been observed for different oxide 

host lattices, including Y2O3, Gd2O3, and ZnO, as well as for 

different lanthanide dopants, Er, Yb/Tm, Yb/Ho, and Yb/Er.39 

Work is in progress to demonstrate how generic our conclusions 

are and to get insight into the reasons why the above-

mentioned parameters are the most important contributions to 

upconversion enhancement in Li+-doped nanoparticles and to 

disentangle the respective roles in the enhancement. 
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Li+-doped (Y0.97-xYb0.02Er0.01Lix)2O3 nanoparticles, x=0.000–0.123, are prepared by solid-state reaction; Li+-induced 

upconversion enhancement is quantitatively assessed. 

 

  



Figures and Tables 
 

Figure 1. A) Powder XRD patterns of the nanoparticles and reference cubic Y2O3 (04-007-9751). B) Evolution of the XRD (circles) and 

TEM (squares) particle size with Li+ doping. C) Lattice parameter dependence on the Li+ content. 



 

 
Figure 2. A representative STEM image of the nanoparticles with x=0.070. The corresponding particle size distribution histogram is shown on 
the right (solid line of the histogram is the best fit using a log-normal distribution with average size 80±26, r2>0.98). 
 

Figure 3. XPS spectra of A) C1s, B) O1s, C) Y3d, D) Yb4d/Er4d, and E) Er5s/Li1s/Yb5s binding energy lines for the  nanoparticles: x=0.000 (black 
lines) and x=0.070 (magenta lines). The orange line in E) is for x=0.123 with the highest Li+ content (Table 2), clearly showing the signal of the 
Li1s binding energy; vertical dashed lines denote the peak positions of the Er5s, Li1s and Yb5s lines. 

 

 



 
 
Figure 4. A) Emission spectral flux of nanoparticles excited with a 980-nm diode laser, at a power density of 179 Wcm-2. B) Evolution of the 
corresponding quantum yields (calculated using Equation 1) with the laser power density. 
 

 

 
Figure 5. A) Dependence of the quantum yield on the lattice parameter, and B) on the nanoparticle size. Laser power density 81 W cm-2. 
  



Table 1. ICP-AES elemental analysis of Li+ doped nanoparticles, (Y0.97-nYb0.02Er0.01Lin)2O3 , 
with nominal n=0.05 and 0.15 prepared by the co-precipitation method. 

Mole  
Fraction 

Y 
 

Er 
 

Yb 
 

Li 
 

Nominal  0.920 0.010 0.020 0.050 

Measured  0.962 0.012 0.025 0.000 

Nominal  0.820 0.010 0.020 0.150 

Measured  0.964 0.012 0.023 0.000 
 

Table 2. ICP-AES elemental analysis of (Y0.97-xYb0.02Er0.01Lix)2O3 nanoparticles  
(x represents measured molar content) prepared by solid-state reaction. 

 Mole 

Fraction 

Y Er 

 

Yb 

 

Li Sample Ref. 

x 
Nominal 0.970 0.010 0.020 0.000 --- 

Measured 0.964 0.012 0.024 0.000 0.000 

Nominal 0.960 0.010 0.020 0.010 --- 

Measured 0.958 0.011 0.024 0.008 0.008 

Nominal 0.945 0.010 0.020 0.025 --- 

Measured 0.948 0.011 0.022 0.018 0.018 

Nominal 0.920 0.010 0.020 0.050 --- 

Measured 0.932 0.012 0.025 0.031 0.031 

Nominal 0.870 0.010 0.020 0.100 --- 

Measured 0.894 0.012 0.024 0.070 0.070 

Nominal 0.820 0.010 0.020 0.150 --- 

Measured 0.823 0.018 0.036 0.123 0.123 


