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  ABSTRACT 

Y(OH)3:Eu3+ nanotubes were synthesized using a facile hydrothermal method,

and then, Pt particles were grown on the surface of the nanotubes using a 

combination of vacuum extraction and annealing. The resulting Pt/Y2O3:Eu3+

composite nanotubes not only exhibited enhanced red luminescence under 255-

or 468-nm excitation but could also be used to improve the efficiency of dye-

sensitized solar cells, resulting in an efficiency of 8.33%, which represents a

significant enhancement of 11.96% compared with a solar cell without the com-

posite nanotubes. Electrochemical impedance spectroscopy results indicated

that the interfacial resistance of the TiO2–dye|I3
–/I– electrolyte interface of the

TiO2–Pt/Y2O3:Eu3+ composite cell was much smaller than that of a pure TiO2 cell. 

In addition, the TiO2–Pt/Y2O3:Eu3+ composite cell exhibited a shorter electron 

transport time and longer electron recombination time than the pure TiO2 cell.

 
 

1 Introduction 

Luminescent materials, also known as phosphors, are 

defined as solids that can absorb and convert certain 

types of energy into light radiation [1]. Recently, 

luminescence-based techniques have continued to 

attract considerable attention because of their wide 

potential in the fields of optical devices and biomedi-

cine, such as displays, immunoassays, and anti- 

counterfeiting [2–4]. In particular, luminescent inorganic 

nanomaterials have attracted considerable interest 

because of their tremendous potential applications 

and for fundamental science research in many fields 

[5]. Among all the types of inorganic nanomaterials, 

rare-earth (RE) materials are some of the most impor-

tant and attractive candidates [6, 7]. RE elements 

always exist as trivalent cations, composed of the 15 

lanthanides (from lanthanum to lutetium) in addition 

to scandium and yttrium. Lanthanide (Ln) ions have 

abundant f-orbital configurations and can exhibit sharp 

fluorescent emissions via intra-4f or 4f−5d transitions; 

thus, these ions are widely used as emitting species 
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in many phosphors [8]. In terms of the mechanism of 

luminescence, RE luminescence can be divided into 

down-conversion and up-conversion emission processes 

[9]. The down-conversion process is the conversion  

of higher-energy photons into lower-energy photons, 

which often requires two main components, an 

inorganic matrix (known as the host) and activated 

Ln3+ doping ions (activators) [10, 11]. 

Many types of inorganic compounds, such as oxides, 

fluorides, phosphates, and vanadates, have been widely 

used as host materials [12–15]. Among these materials, 

Y2O3 offers good chemical and photochemical stability, 

a high melting point, and, most importantly, can be 

easily doped. Y2O3 doped with trivalent europium ions 

(Y2O3:Eu3+) is a well-known red-emitting phosphor 

used in cathode ray tubes, fluorescent lamps, and 

projection television tubes [16]. For luminescent 

materials, Y2O3:Eu3+ not only exhibits a sharp emission 

bandwidth, high photostability, and long lifetime but 

can also combine with some compounds [17] such as 

Y2O3:Yb, Er@mSiO2–CuxS for enhanced chemophoto-

thermal anti-cancer therapy and dual-modal imaging 

[18]. Metal-induced photoluminescence enhancement 

or quenching have potential applications in sensing 

technologies and solid-state lighting using materials 

such as Ag@SiO2@Y2O3:Er3+ and Au/Y2O3:Eu3+ [19, 20]. 

However, Pt/Y2O3:Eu3+ composite nanotubes have never 

been reported. 

Dye-sensitized solar cells (DSSCs) have attracted 

considerable attention since the innovative report in 

1991 [21], which resulted in revolutionary innovation 

in the development of photoelectrochemical cells and 

provided a new method of using solar energy as a 

result of their high power conversion, low cost, and 

environmentally friendliness. It is well known that 

the photoelectric conversion efficiency of DSSCs can 

be enhanced by improving the photoanode, sensitizers, 

and electrolytes [22–35]. In particular, the photoanode 

plays an important role in electron–hole separation, 

dye adsorption, and electronic transmission.  

Herein, we have successfully synthesized enhanced 

luminescent Pt/Y2O3:Eu3+ composite nanotubes, which 

have the ability to improve the efficiency of solar cells. 

The electron transport and interfacial recombination 

kinetics were investigated using electrochemical 

impedance spectroscopy (EIS) and intensity-modulated  

photocurrent spectroscopy (IMPS) and intensity- 

modulated photovoltage spectroscopy (IMVS). 

2 Experimental 

2.1 Sample preparation 

Analytical-grade Ln(NO3)3·6H2O (Ln = Y and Eu), 

NaOH, and H2PtCl6 were obtained from Beijing 

Chemical Reagents, China. All of the chemicals used 

in this paper were of analytical grade and used without 

further purification.  

The Y(OH)3:Eu3+ nanotubes were prepared according 

to our previous report using a typical hydrothermal 

method [36]. For the synthesis of the Pt/Y2O3:Eu3+ 

composite nanotubes, the as-prepared Y(OH)3:Eu3+ 

nanotubes (0.14 g) were placed into a suction bottle; 

then, the bottle was sealed using a dropping funnel 

with some H2PtCl6 (0.02 M) aqueous solution. After 

the suction bottle maintained a vacuum for 30 min, the 

solution was added dropwise to the suction bottle until 

the solution was fully infused into the Y(OH)3:Eu3+ 

nanotubes. Then, the mixture was poured into a 50-mL 

beaker, dried in a vacuum at 80 °C for 24 h, and finally 

sintered at 600 °C for 2 h. 

2.2 Materials characterization 

The crystal structure was analyzed using a Rigaku 

D/MAX-rA X-ray diffractometer (Japan) equipped with 

graphite monochromatized Cu Kα radiation (λ = 

1.541874 Å) using an operating voltage and current 

of 40 kV and 40 mA, respectively. The size and mor-

phology of the final products were determined using 

scanning electron microscopy (SEM, JSM-6301F) and 

transmission electron microscopy (TEM, JEOL JEM- 

2010F) at 200 kV. X-ray photoelectron spectroscopy 

(XPS) analysis was performed on a VG ESCALABMK 

II with a Mg KR (1,253.6 eV) achromatic X-ray source.  

The photoluminescence spectra were recorded with 

a Hitachi F-4600 fluorescence spectrophotometer at 

room temperature. To compare the luminescence pro-

perties of different samples, the luminescence spectra 

were measured using the same instrument parameters 

(a slit width of 2.5 nm and a photomultiplier voltage 

of 400 V).  
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2.3 Fabrication of photoelectrodes 

Several pastes were prepared from homogeneously 

mixing Pt/Y2O3:Eu3+ and TiO2 (Degussa P25) into 1.5 mL 

of a TiO2 colloid. The TiO2 colloid was prepared 

following a previously published synthesis procedure 

[37]. A screen-printed double layer of TiO2–Pt/Y2O3:Eu3+ 

was used as the photoanode. The first layer of TiO2– 

Pt/Y2O3:Eu3+ was prepared using the doctor-blade 

method on a fluorine-doped tin oxide (FTO) substrate 

and then sintered at 450 °C for 30 min. Subsequently, the 

first TiO2–Pt/Y2O3:Eu3+ film was covered with a second 

layer of TiO2–Pt/Y2O3:Eu3+ before sintering at 450 °C for 

30 min. Sensitization of the photoelectrodes was achieved 

by immersing them into 0.5 mM ((C4H9)4N)2[Ru(4- 

carboxy-4′-carboxylate-2,2′ bipyridine)2(NCS)2] dye 

(N719, Solaronix SA, Switzerland) in acetonitrile and 

tert-butanol (volume ratio of 1:1) for 48 h at room 

temperature. Pt counter electrodes were prepared 

following a method previously reported in the literature 

[38]. The dye-sensitized photoanode was assembled 

with a Pt counter electrode into a sandwich-type cell. 

The sandwich-type cell was further fixed together 

with epoxy resin. The space between the electrodes 

was filled with the electrolyte, which consisted     

of 0.6 M 1-propyl-2,3-dimethyl-imidazolium iodide, 

0.05 M I2, 0.1 M LiI, and 0.5 M tert-butylpyridine in 

3-methoxypropionitrile, by capillary action. 

2.4 Photovoltaic properties 

Photovoltaic measurements were performed using a 

solar simulator (Oriel, USA) equipped with an AM 

1.5G radiation (1 sun conditions, 100 mW·cm–2) filter 

as the light source. The irradiation area of the DSSCs 

was 0.09 cm2. The EIS measurements were performed 

with a computer-controlled IM6 impedance measure-

ment unit (Zahner Elektrik, Germany) by applying 

sinusoidal perturbations of 10 mV with a bias of 

–0.8 V in the frequency range from 10 mHz to 1 MHz. 

The obtained spectra were fitted using ZsimpWin 

software in terms of appropriate equivalent circuits. 

The electron transport and recombination properties 

were measured using IMPS and IMVS (Zahner Elektrik, 

Germany). The DSSCs were probed through the 

photoanode side with a frequency response analyzer 

using a white-light-emitting diode (wlr-01) as the 

light source. The frequency range was 0.1–1,000 Hz, 

and the irradiated intensity was varied from 30 to 

150 W·m–2. 

3 Results and discussion 

3.1 Sample crystal structures and morphologies 

The crystal structure, particle size, and morphologies 

of the products were determined using X-ray diffraction 

(XRD), TEM, and SEM. Figure 1 presents the XRD 

patterns of Pt/Y2O3:Eu3+ composite nanotubes with 

different Ln3+:Pt+ mole ratios. From bottom to top, the 

ratios increased. The peaks in Fig. 1 marked by an 

asterisk (*) arise from cubic Pt particles (JCPDS 87-0646). 

The other diffraction peaks can be indexed to the cubic 

phase Y2O3:Eu3+ (JCPDS 86-1326). The XRD pattern  

of the cubic phase Pt was only observed when the 

Ln3+:Pt+ mole ratio was larger than 1:0.2. When the 

Ln3+:Pt+ mole ratio was 1:0.5, the XRD pattern of 

Y2O3:Eu3+ almost vanished. 

Figure 2 presents a TEM image of Y(OH)3:Eu3+ and 

Pt/Y2O3:Eu3+ (Ln3+:Pt+ = 1:0.2). The Pt/Y2O3:Eu3+ nano-

crystals are uniform, tube-like, and similar to the 

Y(OH)3:Eu3+ nanotubes. In addition, some Pt fragments 

are present on the surface of the Y2O3:Eu3+ nanotubes. 

Further detailed component analysis of the Pt/Y2O3:Eu3+ 

was performed using high-resolution transmission 

electron microscopy (HRTEM), and the results are 

presented in Figs. 2(c) and 2(d). The typical HRTEM 

 

Figure 1 XRD patterns of Pt/Y2O3:Eu3+ composite nanotubes 
with different Ln3+:Pt+ mole ratios: (a) 1:0.001, (b) 1:0.01,     
(c) 1:0.02, (d) 1:0.04, (e) 1:0.1, (f) 1:0.2, (g) 1:0.5, and (h) 1:1. 
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Figure 2 TEM and HRTEM images of (a) Y(OH)3:Eu3+ and 
(b)–(d) Pt/Y2O3:Eu3+ composite nanotubes. 

images of a single composite nanotube reveal two 

interplanar spacings of 0.434 and 0.22 nm, corres-

ponding to the 211 plane of the Y2O3:Eu3+ cubic 

phase and the 111 plane of the Pt cubic phase, 

respectively. These results indicate that Y2O3:Eu3+ and 

Pt coexist in the Pt/Y2O3:Eu3+ composite nanotubes.  

To further demonstrate the coexistence of Y2O3:Eu3+ 

and Pt in the composite nanotubes, Pt/Y2O3:Eu3+ com-

posite nanotubes were examined using energy- 

dispersive X-ray spectroscopy (EDX) under SEM, and 

the results are presented in Fig. S1 in the Electronic 

Supplementary Material (ESM). The content of Pt in 

Pt/Y2O3:Eu3+ was ~7.45 wt.% for Ln3+:Pt+ = 1:0.02.  

Figure 3 presents the XPS spectra of the Pt/Y2O3:Eu3+ 

(Ln3+:Pt+ = 1:0.02) composite nanotubes. The results 

also indicate that Y2O3:Eu3+ and Pt coexist in the Pt/ 

Y2O3:Eu3+ composite nanotubes. The O 1s XPS spectra 

exhibit two peaks; the peak at higher binding energy 

can be attributed to the lattice oxygen, and the other 

peak can be attributed to surface chemisorbed oxygen. 

The Y 3d XPS spectra contain three peaks; the two 

main peaks are attributed to Y 3d5/2 and Y 3d3/2, and the 

smaller peak may be affected by the Pt particles on 

the surface of Y2O3:Eu3+. The Pt 4f XPS spectra contain 

two peaks, which are attributed to 4f7/2 and 4f5/2.  

3.2 Photoluminescence of Y2O3:Eu3+ and Pt/Y2O3:Eu3+ 

To investigate the structural difference between the 

Y2O3 and Pt/Y2O3 composite nanotubes, we doped both 

samples with Eu3+ and employed Eu3+ ions as structural 

probes to explore their surroundings. For comparison,  

 

Figure 3 (a) The survey XPS spectrum of Pt/Y2O3:Eu3+ composite nanotubes. (b)–(d) High resolution XPS spectra of O, Y, and Pt. 
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the luminescence properties of Y2O3:Eu3+ (without Pt) 

nanotubes was investigated first. Figure S2 in the ESM 

presents the room-temperature excitation spectra of 

Y2O3:Eu3+ (0.5%) nanotubes at various emission wave-

lengths. The broad band extending from 200 to 300 nm 

is assigned to the charge-transfer transitions from the 

2p orbital of O2– to the 4f orbital of Eu3+, which is 

closely related to the covalency between O2– and Eu3+ 

and the coordination environment around Eu3+. The 

sharp lines in Fig. S2 (in the ESM) correspond to  

the 7F0→5H3 (~332 nm), 7F0→5D4 (~364 nm), 7F0→5G3 

(~383 nm), 7F0→5 L6 (~395 nm), 7F0→5D2 (~468 nm), and 
7F0→5D1 (~534 nm) transitions of Eu3+ ions. 

Figure S3 in the ESM presents the emission spectra 

of Y2O3:Eu3+ (0.5%) nanotubes excited at various 

wavelengths. The 5D0→7F0 (~584 nm), 5D0→7F1 (590– 

602 nm), 5D0→7F2 (615–634 nm), and 5D0→7F3 (~654 nm) 

transitions of Eu3+ ions were observed. The lumines-

cence was dominated by the 5D0→7F2 transition. The 
5D0→ 7F1 emission was split into three sub-bands 

because of the local fields around Eu3+ and their 

separations depend on the energy for the direct 

excitation from the 7F0 ground level to the 5D0 excited 

level. 

Figure 4 presents the excitation spectra of Pt/ 

Y2O3:Eu3+ with different Ln3+:Pt+ mole ratios. The 

intensity of the charge-transfer bands first increased 

and then decreased with increasing Pt content. Figure 5 

presents the emission spectra of Pt/Y2O3:Eu3+ with 

different Ln3+:Pt+ mole ratios. The luminescence was  

 

Figure 4 Excitation spectra of Pt/Y2O3:Eu3+ composite nanotubes 
with different Ln3+:Pt+ mole ratios monitored at 615 nm. 

 

Figure 5 Emission spectra of Pt/Y2O3:Eu3+ composite nanotubes 
with various Ln3+:Pt+ mole ratios excited at 255 nm.  

dominated by the 5D0→7F2 transition. The photo-

luminescence was the strongest when the Ln3+:Pt+ 

mole ratio was 1:0.001. 

Figure 6 presents the emission spectra of Pt/Y2O3:Eu3+ 

with different Pt contents excited at 395 nm. The 5D0→
7F2 emission at 634 nm was split into two sub-bands. 

The intensity ratio of the 615 nm to 634 nm emission 

decreased with increasing Pt content. Figure S4 in the 

ESM presents the emission spectra of Pt/Y2O3:Eu3+ 

with various Pt contents excited at 255 nm. 

Figure 7 presents the luminescence decay curves 

for the Pt/Y2O3:Eu3+ composite nanotubes by monitoring 

the emission peak at 615 nm. Both the decay curves 

were fitted with a biexponential function, which led 

 

Figure 6 Emission spectra of Pt/Y2O3:Eu3+ with various Ln3+:Pt+ 
mole ratios excited at 395 nm: (a) 1:0.01, (b) 1:0.02, (c) 1:0.04, 
and (d) 1:0.1. 
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Figure 7 Luminescence decay curve for the Pt/Y2O3:Eu3+ 

composite nanotubes with Ln3+:Pt+ mole ratios of (a) 1:0.04 and 
(b) 1:0.1. 

to two lifetimes: 0.30 and 1.04 ms for Pt/Y2O3:Eu3+ 

(Ln3+:Pt+ = 1:0.04) and 0.11 and 0.82 ms for Pt/Y2O3:Eu3+ 

(Ln3+:Pt+ = 1:0.1). The lifetimes decreased with increasing 

Pt content. We suggest that this change could be 

related to shorter Pt/Y2O3:Eu3+ composite nanotubes 

leading to an increase in the non-radiative transition 

rate. 

3.3 Photoelectrochemical properties of TiO2–Pt/ 

Y2O3:Eu3+ composite DSSCs 

To investigate the effects of TiO2–Pt/Y2O3:Eu3+ on the 

photoelectric properties of DSSCs, DSSC prototype 

devices were fabricated using N719-sensitized TiO2– 

Pt/Y2O3:Eu3+ composite electrodes. Figure 8 presents 

the photocurrent density–voltage (J–V) curves of the 

pure TiO2 cell and TiO2–Pt/Y2O3:Eu3+ composite cell. 

The corresponding values of the open-circuit voltage 

(Voc), short-circuit current density (Jsc), fill factor (FF), 

and overall conversion efficiency (), obtained from the 

curves of solar cells, are listed in Table 1. The results 

indicate that the photoelectric conversion efficiencies 

of the TiO2–Pt/Y2O3:Eu3+ composite cells were higher 

than that of the pure TiO2 cell. The best photoelectric 

conversion performance was achieved when the mass 

concentration of Pt/Y2O3:Eu3+ was 5%. The lower Voc of 

the TiO2–Pt/Y2O3:Eu3+ composite cells can be attributed 

to heavy doping effects. Heavy impurity doping causes 

a shift of the conduction and valence bands, yielding 

so-called band gap narrowing and resulting in a 

decrease of Voc. 

EIS is a powerful method to investigate the internal 

resistances of the charge-transfer process of DSSCs. 

 

Figure 8 J–V curves of the pure TiO2 cell and TiO2–Pt/Y2O3:Eu3+ 
composite cells under simulated solar light radiation in the 
wavelength range of 400 nm ≤ λ ≤ 800 nm. 

Table 1 Solar cell parameters of pure TiO2 cell and TiO2–Pt/ 
Y2O3:Eu3+ composite cell under simulated solar light radiation in 
the wavelength range of 400 nm ≤ λ ≤ 800 nm 

DSSCs Voc (V) Jsc (mA·cm–2) FF η (%)

Pure TiO2 0.79 14.33 0.59 7.44

TiO2-Pt/Y2O3:Eu3+ 0.77 15.31 0.64 8.33

 

The wide frequency range of EIS means that the 

wide-scale internal resistances of each electrochemical 

step can be measured simultaneously. DSSCs are 

complex systems composed of several interfaces. A 

high level of electron accumulation must occur because 

photogenerated electrons are not extracted immediately 

at the electrode contact under illumination. Generally, 

the impedance at low frequency (0.05–1 Hz) refers  

to the Nernst diffusion of I3
–/I– within the electrolyte. 

The impedance at high frequency (1–100 kHz) corres-

ponds to the capacitance and charge-transfer resistance 

at the Pt|I3
–/I– electrolyte interface. The medium- 

frequency response at 1–100 Hz is related to the 

photoelectrode–dye|I3
–/I– electrolyte interface, where 

the accumulation of photoelectrons and redox shuttles 

is expected. Figure 9 presents the EIS results of the 

pure TiO2 cell and TiO2–Pt/Y2O3:Eu3+ cell. The interfacial 

resistance of the TiO2–dye|I3
–/I– electrolyte interface of 

the TiO2–Pt/Y2O3:Eu3+ cell is much smaller than that 

of the pure TiO2 cell. 

The inset in Fig. 9 presents the equivalent circuit 

fitting of the impedance spectra, Rs[C1(R1O1)](R2CPE), 

which was used for all the DSSCs. Rs is the series  
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Figure 9 Nyquist plots of DSSCs comprised of pure TiO2 cell 
and TiO2–Pt/Y2O3:Eu3+ composite cell. 

resistance, corresponding to the sheet resistance of 

the FTO glass, contact resistance, and wire resistance. 

R2 represents the charge-transfer resistance between 

the photoelectrode–dye|I3
–/I– electrolyte interface. ZDif 

represents the finite-length Warburg impedance. The 

impedance of the finite-length Warburg diffusion is 

expressed as  

1/ 2

Dif Dif 1/ 2

tanh( )

( )

j
Z R

j




           (1) 

where RDif = B/Y0 and τ = B2. B is a constant phase 

element. 

Based on the equivalent circuit, the EIS data obtained 

by fitting the impedance spectra of the composite 

DSSCs are listed in Table 2. R2 is 30.32 Ω for the pure 

TiO2 cell and 28.51 Ω for the TiO2–Pt/Y2O3:Eu3+ com-

posite cell. The lower interfacial resistance can result 

in higher interfacial electron transfer, which is a 

beneficial factor for enhanced photoelectric conversion 

efficiency. In addition, Rs for the pure TiO2 cell and 

TiO2–Pt/Y2O3:Eu3+ cell are separately 31.81 and 28.75 Ω, 

indicating that the incorporation of Pt/Y2O3:Eu3+    

is beneficial for the interfacial electron transfer of 

FTO|TiO2. 

The electron recombination time (τn), electron 

transport time (τd), and charge collection efficiency (ηcc) 

are important factors determining the performance of 

DSSCs. IMPS and IMVS are conventional methods used 

to investigate the electron transfer and recombination 

process. The IMPS and IMVS response plots of the 

pure TiO2 cell and TiO2–Pt/Y2O3:Eu3+ composite cell 

are presented in Fig. 10. Compared with the pure TiO2 

cell, the TiO2–Pt/Y2O3:Eu3+ composite cell has a longer 

τn and shorter τd. A shorter τd and longer τn are 

beneficial for enhancing photoelectric properties. 

Table 2 Parameters obtained by fitting the impedance spectra of the composite solar cells using the equivalent circuit in the inset of Fig. 9

DSSCs Rs (Ω) C1 (F) R1 (Ω) Yo1 (S) B (s1/2) R2 (Ω) CPE 

Pure TiO2 31.81 1.788 × 10–5 8.57 0.00817 0.2269 30.32 0.001425 

TiO2–Pt/Y2O3:Eu3+ 28.75 4.714 × 10–6 8.88 0.01439 0.4404 28.51 0.0008419 

 

Figure 10 (a) τd and (b) τn for DSSCs as a function of applied voltage (or quasi-Fermi energy). 
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The ηcc values of the DSSCs were determined using 

the relation ηcc = 1 – τd/τn. Figure S5 in the ESM 

shows the ηcc values of the pure TiO2 cell and TiO2– 

Pt/Y2O3:Eu3+ cell. The TiO2–Pt/Y2O3:Eu3+ composite 

cell has a higher ηcc than the pure TiO2 cell. All these 

results indicate that the performance of the solar cells 

can be improved with the addition of Pt/Y2O3:Eu3+. 

4 Conclusions 

In summary, we successfully synthesized Y2O3:Eu3+ and 

Pt/Y2O3:Eu3+ composite nanotubes using a combination 

of hydrothermal, vacuum extraction, and annealing 

processes. The luminescence intensity of Y2O3:Eu3+ 

was enhanced by hybridization with Pt nanoparticles. 

The obtained Pt/Y2O3:Eu3+ was used to design TiO2– 

Pt/Y2O3:Eu3+ composite photoanodes, and the photo-

electric conversion efficiency was greatly enhanced 

with the incorporation of Pt/Y2O3:Eu3+. The EIS results 

revealed that the interfacial resistance of the TiO2– 

dye|I3
–/I– electrolyte interface of the TiO2–Pt/Y2O3:Eu3+ 

composite cell was much smaller than that of the 

pure TiO2 cell. In addition, the TiO2–Pt/Y2O3:Eu3+ 

composite cell exhibited a longer τn and shorter τd 

than the pure TiO2 cell. The enhancement of the 

efficiency of the TiO2–Pt/Y2O3:Eu3+ composite cell was 

also related to the enhanced photoluminescence of 

the Pt/Y2O3:Eu3+ composite nanotubes. 
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