
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Band edge movement in dye sensitized Sm-doped TiO2 solar 

cells: a study by variable temperature 

spectroelectrochemistry 

Liguo Weia,b, Yulin Yanga,*, Xue Xiaa, Ruiqing Fana,*, Ting Sua, Yan Shia, Jia Yua, Liang Lia 

and Yanxia Jianga 

a
 Department of Chemistry, Harbin Institute of Technology, Harbin 150001, P.R. China 

b
 College of Environmental and Chemical Engineering, Heilongjiang University of Science and 

Technology, Harbin 150022, P.R. China 

 

 

 

 

 

 

 

 

To whom the correspondence should be addressed. 

 

Prof. Yulin Yang and Ruiqing Fan 

Department of Chemistry 

Harbin Institute of Technology, Harbin 150001, P. R. China 

Fax: +86-451-86418270 

E-mail: ylyang@hit.edu.cn and fanruiqing@hit.edu.cn 

 

Page 1 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 1

ABSTRACT  

Pure TiO2 and 8 at.% Sm-doped TiO2 nanoparticles are prepared via a novel 

hydrolysis followed by a hydrothermal process at 473 K for 24 h and successfully 

used into the photoanode of dye sensitized solar cells (DSSCs). The performance of 

DSSC based on 8 at.% Sm-doped TiO2 is significantly better compare to DSSC based 

on undoped TiO2. The Jsc is 14.53 mA cm-2 and η is 6.78%, which is 15% and 5% 

higher than that of DSSC based on undoped TiO2, respectively. The results of variable 

temperature spectroelectrochemistry study shows that the conduction band edge of 8 

at.% Sm-doped TiO2 shift positively. The lower conduction band position enhances 

the driving force of electrons and improves the electron injection efficiency from the 

lowest unoccupied molecular orbital (LUMO) of the dye to the conduction band (CB) 

of TiO2, and the narrower band gap expands the response in the visible region and 

increases the utilization percentage of sunlight. These are all contributed to enhanced 

the performance of cells based on 8 at.% Sm-doped TiO2 photoanode. The as prepared 

Sm-doped TiO2 material is proven in detail to be a better photoanode material than 

pure TiO2. 

Keywords: Sm-doped TiO2, Conduction band edge, Dye sensitized solar cell (DSSC), 

Variable temperature spectroelectrochemistry 
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1. Introduction 

Dye-sensitized solar cells are promising next-generation alternatives to conventional 

silicon-based photovoltalic devices because of their great advantage-light weight, low 

cost and easy processing.1-4 Typically, a DSSC is comprised of a platinum (Pt) counter 

electrode, a transparent conducting oxide (FTO) electrode, a dye-sensitized 

nanocrystalline semiconductor film, and an electrolyte containing I-/I3
- redox couple 

between the two electrodes. The major energy conversion processes in DSSCs can be 

described as follows. Dye molecules adsorbed on the semiconductor film harvests 

solar light. Electrons are injected into the CB of the semiconductor film by 

photo-excited dye molecules. Electrons are then transported toward the FTO front 

electrode and external circuit. Oxidized dyes are regenerated to neutral state by I- in 

the electrolyte and I- is reproduced by the reduction of I3
- with electrons come from 

the Pt counter electrode.4,5 Among the semiconductor materials used in DSSCs, 

nanocrystalline anatase TiO2 has been proven to be the best semiconductor electrode 

material in DSSCs.1,4,6-8 However, there are still many dyes failed to inject electrons 

into the conduction band of TiO2 owing to insufficient electron injection driving 

force,9 which is defined as the difference between the excited states of the dye 

(LUMO energy level) and the CB edge of TiO2. The fact that the CB of TiO2 cannot 

match well with the LUMOs of all dyes unavoidably limits the development of 

DSSCs. therefore, semiconductor materials with a tunable CB and longer electron 

lifetime are highly desired for efficient solar cells.  

To enlarge the driving force of electron injection for a given dye with an 

insufficiently high LUMO, tuning of the CB edge of TiO2 positively is a feasible 

strategy to improve the Jsc performance.10,11 Doping of TiO2 is a commonly adopted 

method in band edge movement engineering.12-24 However, doping with non-metal 

elements was limited by the electronegativity and radius of the non-metal dopant,25 

and doping with transition metal was suffered from a thermal instability.26 While, in 

recent years, lanthanides has been widely investigated due to their electronic, optical, 

and chemical characteristic arising from 4f electrons. Doping just a few rare earth ions 
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into TiO2 can drastically impact on its phase, optical physical and photochemical 

properties. As reported, Nd-doped TiO2 showed better photocatalytic activity 

comparing with the blank TiO2 because of its large surface area, fast separation of 

electron/hole, and narrower band gap.27,28 Eu-doped TiO2 expressed mesoporous 

structure with bigger surface area and PL responses of characteristic red luminescence 

at about 618 and 590 nm.29 Sadhu et al.30 found that the flat-band potential of 

La-doped TiO2 shifted positively and its charge carrier density was also improved. 

For the material of Er-doped TiO2, upconversion emission was gained through 

excitation using 978 nm laser beam.31 Sm-doped TiO2 has reported by Tang et al.
32, 

where they used it as a mesoporous catalyst and observed a higher activity due to the 

large specific surface area and effective separation of the photogenerated electrons 

from vacancies on account of the Sm specie. However, Sm-doped TiO2 applied in 

DSSCs and the related mechanism is still not studied in detail.  

In this study, we report on the fabrication of 8 at.% Sm-doped TiO2 photoanodes 

for application in DSSCs. It was found that the Sm-doping shifted the CB of TiO2 

positively. As a result, Sm-doped TiO2 matches better with the dye N719 that has a 

sufficiently high LUMO relative to the CB, resulting in significant improvement of Jsc 

and η. To explicate the effect of Sm doping on CB shifts, we introduce a steady-state 

variable temperature spectroelectrochemical measurement to determine the 

conduction band edge in transparent mesoporous semiconducting electrodes that act 

as working electrodes. Meanwhile, the mechanism of charge transport and 

recombination, which are related to solar cell performance, has also been studied 

using intensity modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS) and 

dark current measurement. 

2. Experimental  

2.1. Materials and reagents  

All of the solvents and chemicals used in this work were of reagent grade without 

further purification. Sm(NO3)3·6H2O (>99%) was purchased from Rico Chemical Co., 

Baotou, China. Isopropyl titanate (98%) purchased from J&KCHEMICA Co., 

Shanghai, China. Propylene carbonate, nitric acid, absolute ethanol, ethyl cellulose, 
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terpineol were purchased from Jinan Henghua Chemical Co., Shandong, China. 

Acetonitrile, I2, LiI, tert-butylpyridine, Lithium perchlorate were purchased from 

Tianli Chemical Co., Tianjin, China. Ferrocenium, ferrocene (>99%) were purchased 

from Xilong Chemical Co., Guangdong, China, cis-bis-(isothiocyanato)bis(2,2- 

bipyridyl-4,4-dicarboxylato)ruthenium(II)bis-tetrabutylammonium (N719) purchased 

from Solaronix Company, Switzerland. F-doped SnO2-coated glass plate (FTO, 90% 

transmittance in the visible, 15 Ω cm-2) was purchased from Acros Organics, Belgium, 

and cleaned by a standard procedure.  

2.2. Synthesis of 8 at.% Sm-doped TiO2 

The TiO2 and 8 at.% Sm-doped TiO2 powders were synthesized via a facile 

hydrothermal method. Typically, 0.4 mL HNO3 was first added into an erlenmeyer 

flask containing 1.15 g of Sm(NO3)3·6H2O in 60 mL ultrapure water to adjust the pH 

value. Then, 10 mL of titanium isopropylate (98%) was added dropwise into above 

solution under vigorous stirring within 20 minutes. After that, the flask was placed in 

a water bath of 368 K until the mixture was evaporated to 20 mL transparent sol. The 

sol was then moved into a 25 mL teflon-lined stainless steel autoclave and kept in an 

oven at 473 K for 24 h. After cooled at room temperature, the product was centrifuged 

and washed with distilled water and ethanol. Then the precipitate was vacuum dried at 

373 K, calcined at 773 K for 2 h and cooled to ambient temperature, Sm-doped TiO2 

powder was obtained and denoted as 8 at.% Sm-doped TiO2. For comparison, 

undoped TiO2 powder was prepared under the same condition except that 

Sm(NO3)3·6H2O was not introduced into the reacting system.  

2.3. Preparation of Film and Cell Assembly 

Pure TiO2 and 8 at.% Sm-doped TiO2 paste was prepared according to the literature.33 

It was printed onto conductive glass (FTO, 15 Ω sq.-1, 90% transmittance in the 

visible, NSG, Japan) and then dried at 373 K for 5 min. The above process was 

repeated for six times to make the film thickness was ca.10 um. The obtained TiO2 

film was then sintered at 773 ºC for 15 min. It was dyed after immersed in a solution 

of 0.3 mM N719 in absolute ethanol for 24 h and then washed with ethanol. The 

sandwich-type solar cell device was assembled by placing a platinum-coated 
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conductive glass as counter electrode on the co-sensitized photoanode, a drop of 

liquid electrolyte containing 0.5 M LiI, 0.05 M I2, 0.1 M 4-tert-butylpyridine (TBP) 

was added to fill the void between two electrodes and clipped together as open cells 

for measurement. 

The transparent electrodes of 8 at.% Sm-doped TiO2 for spectroelectrochemistry 

measurement were prepared by doctor-blade route with the paste that was prepared 

under the same condition with 8 at.% Sm-doped TiO2 nanoparticles except that after 

keeping in an oven at 473 K for 24 h, the obtained product was cooled at room 

temperature and 0.5-0.6 g carbowax 20000 was added and stirred for more than 3 

days. In all cases, the thin films were annealed at 693 K for 30 min. Similarly, the 

transparent electrodes of undoped TiO2 for spectroelectrochemistry were also 

prepared. 

2.4. Characterization  

The X-ray powder diffraction (XRD) measurement was obtained on Shimadzu 

XRD-6000X-ray Diffraction instrument with Cu-Kα radiation. The X-ray 

photoelectron spectroscopy (XPS) was measured with an ESCALAB-250 

spectrometer (Thermo, America) of the Al Kα source in an ultrahigh vacuum (UHV) 

at 3.5 × 10-7 Pa. UV-Vis spectra was performed with UV-2250 spectrophotometer 

(Shimadzu, Japan). Scanning electron microscopy (SEM) was taken using a Rili SU 

8000HSD Series Hitachi New Generation Cold Field Emission SEM and transmission 

electron microscopy (TEM) was performed using a JEOL JEM-2100 instrument. The 

PL spectra were measured under the excitation of 350 nm wavelength. The emission 

can be attributed to the transitions between 500 and 700 nm, which were dispersed by 

a triple grating monochromator (Spectra Pro-2758, Acton Research Corporation, USA) 

equipped with a Photo-multiplier (Hamamatsu R928). The Surface Photo-voltage 

Spectroscopy (SPS) was recorded with assembled instrument by Jilin University, and 

a 500 W xenon lamp was employed in obtaining monochromatic light through a 

double-prism monochromator (SBP300, China), and then a lock-in amplifier (SR830, 

Stanford) served as the signal receiver. IPCE was measured on an EQE/IPCE spectral 

response system (Newport). The SPS instrument was assembled by Jilin University, in 
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which monochromatic light was obtained by passing light from a 500W xenon lamp 

through a double-prism monochromator (SBP300, China), and the signal were 

collected by a lock-in amplifier (SR830, Stanford). Dark current was recorded by 

CHI660D Electrochemical Analyzer. Intensity-modulated photocurrent spectroscopy 

(IMPS) and intensity-modulated photovoltage spectroscopy (IMVS) were carried out 

on an electrochemical workstation (Zahner Elektrik, Germany) in combination with a 

white light-emitting diode (wlr-01) and a control system. The Intensity-modulated 

spectra were recorded at room temperature with the light intensity ranged from 30 to 

150 mW cm-2, in a modulation frequency ranging from 0.1 to 1000 Hz. The 

spectroelectrochemical experiments were performed by assembling a potentiostat 

(Shanghai Chenhua Device Company, China) and a Cary 60 UV-Vis 

spectrophotometer (Agilent Technologies, America). The current density-voltage (J-V) 

curves were recorded by Keithley model 2400 digital source meter under AM1.5 

irradiation. The incident light intensity was 100 mW cm-2 calibrated by a standard 

silicon solar cell. The working areas of the cells were masked to 0.16 cm-2. Based on 

J-V curve, the fill factor (FF) is defined as: FF = (Jmax × Vmax)/(Jsc × Voc) where Jmax 

and Vmax are the photocurrent density and photovoltage for maximum power output; 

Jsc and Voc are the short-circuit photocurrent density and open-circuit photovoltage, 

respectively, the overall energy conversion efficiency η is defined as: η = (FF × Jsc × 

Voc)/Pin where Pin is the power of the incident light, Jsc and Voc are also the 

short-circuit photocurrent density and open-circuit photovoltage, respectively, and FF 

is the fill facter.  

3. Result and Discussion  

3.1. Structure and morphology characterizations 

Fig.1 shows the XRD results of undoped TiO2 and 8 at.% Sm-doped TiO2 powders. 

The XRD peaks at 2θ = 25.17°, 37.77°, 48.03°, 55.08° and 62.56° in the spectra of 

undoped TiO2 and 8 at.% Sm-doped TiO2 samples are easily identified as a relatively 

high crystallinity anatase form (JCODS21-1272). However, a diffraction peak at 2θ = 

27.40° in the spectra of undoped TiO2, which is easily taken as (110) plane of rutile 

form was observed. It implies that Sm doping inhibited the phase transformation of 
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TiO2 from anatase to rutile (A-R) significantly. Additionally, it has been found that 8 

at.% Sm-doped TiO2 showed broader diffraction peaks than undoped TiO2 due to 

smaller grain sizes.34,35 As determined from the diffraction peak of (101) and 

Scherer’s equation, the crystalline sizes for undoped TiO2 and 8 at.% Sm-doped TiO2 

were 14 and 11 nm, respectively. The crystalline size given by the XRD 

measurements were in agreement with the size of nanoparticles by SEM and TEM 

analysis (Fig. 2). Furthermore, no impurity or secondary peaks in the XRD patterns 

were obtained, which indicates that the dopant had inserted the crystal lattice of TiO2.  
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Fig. 1 XRD pattern of pure TiO2 and 8 at.% Sm-doped TiO2. 
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Fig. 2 SEM and TEM image of a, c) TiO2 and b, d) 8 at.% Sm-doped TiO2. The in sets show the 

lattice fringes. 

Also, the SEM morphology in Fig. 2a, b show that the adopted preparation route 

does not lead to any particular morphology, demonstrating a very low degree of 
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morphological control, and the obtained material consists of aggregated nanoparticles. 

The TEM morphology of detail inspection of samples at high magnification (Fig. 2c, 

d) showed the presence of well-crystallized TiO2 nanoparticles with irregular shape 

and lightly aggregation with the size range of roughly 10-30 nm. The corresponding 

lattice fringes shown in the insets of Fig 2c, d were clearly observed, indicating that 

TiO2 nanoparticles formed with good crystallinity. The interplanar spacing was 

determined to be 3.51 Å for the undoped and 3.55 Å for the 8 at.% doped TiO2 

corresponding to the (101) crystal face in the anatase phase. Therefore, it is inferred 

that the Sm doping played an inhibitory effect in the A-R phase transformation, and 

favored the formation of anatase with small crystal size in the present synthesis. 

Although there is no Sm peak observed in XRD patterns of 8 at.% Sm-doped TiO2, 

elemental analysis using X-ray fluorescence (XRF) confirms the presence of Sm in 

the synthesized 8 at.% Sm-doped TiO2 (Table 1). 

Table 1 Sm contents in undoped TiO2 and 8 at.% Sm-doped TiO2 measured by XRF. 

Samples (at.% of Sm) 8 
Analyzed Sm content  

In mass% 4.94 
In at.% 1.53 

 

3.2. XPS spectra analysis 

XPS measurements were performed to confirm the existence and bonding nature of 

various species in 8 at.% Sm-doped TiO2. XPS peaks in Fig. 3a indicated that the 

material contained Ti, O, Sm elements and a trace amount of carbon. Carbon present 

in sample was considered to be a contamination coming from preparation stages or 

adsorbed during experiments under vacuum. Compared with pure TiO2, two peaks of 

doped sample at 458.6 and 464.2 eV, which were ascribed to Ti 2p3/2 and Ti 2p1/2, 

respectively, shifted toward high binding energy (Fig. 3b). This phenomenon was 

previously attributed to the change of the local chemical environment of Ti ions 

influenced by Sm incorporation and the formation of Sm-O-Ti bonds on the surface of 

TiO2.
36 The shift of O 1s binding energy for the Sm-doped TiO2 as compared to the O 

1s state of the TiO2 was similar to that observed for the Ti 2p state (Fig. 3c). For Sm 

3d spectrum (Fig. 3d), two distinct peaks are observed at 1083.0 eV and 1110.0 eV. 

This doublet was assigned to Sm 3d5/2 and Sm 3d3/2 levels, respectively, coming from 
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Sm3+ ions.37 These XPS peaks further indicate that Sm was incorporated into the TiO2 

lattice. 
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Fig. 3 High-resolution XPS of a) 8 at.% Sm-doped TiO2, b) Ti 2p, c) O 1s and d) Sm 3d. 

3.3. Optical spectra analysis 

The results of XPS and XRD gave evidences that Sm3+ had inserted in TiO2 lattice, 

and it can be verified by PL spectrum (Fig. 4) at the same time. The PL emission 

spectrum of 8 at.% Sm-doped TiO2 shows the characteristic orange-red luminescence 

of the trivalent samarium ion upon UV excitation. The emission bands at 587 nm, 613 

nm and 664 nm were the electronic transition of 4G5/2-
6H5/2, 

4G5/2-
6H7/2 and 4G5/2-

6H9/2 

of Sm3+.38 It is worthy to note that these emission bands were all within the absorption 

wavelength range of N719 dye, it means that N719 could synchronously accept the 

energy from the incident light and the luminescence of Sm3+, which is better for 

enhancing the performance of N719 sensitized solar cells.  

For the purpose of further investigating the influence of Sm doping process on 

TiO2 optical absorption, UV-visible absorption spectroscopy was used to study the 

change of absorption. As shown in Fig. 5a. The broad absorption peak in the 

wavelength range of 200-400 nm can be attributed to the intrinsic band gap of pure 

TiO2 ( ≈ 3.1 eV), which was generally associated with the electronic excitation of the 
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valence band O 2p electron to the conduction band Ti 3d level. It was easy to observe 

that the presence of Sm3+ ions made the absorption band edge shift toward long 

wavelength, namely red shift, which meant the Sm-doped TiO2 powder possessed a 

narrower band gap that was good for absorbing sunlight.39 Band-gap energy (Eg) of 

the prepared powders could be calculated from UV-Vis spectroscopy by using the 

following formula: 

Eg=
λ

1240
 (eV)          (1) 

where λ is the wavelength in nanometers. The inset of Fig. 5a gives the band-gap 

energies of pure TiO2 (≈3.1 eV) and 8 at.% Sm-doped TiO2 (≈2.9 eV). The 

reduction of the band gap energy of Sm-doped TiO2 indicated an obvious red shift of 

light adsorption. 
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Fig. 4 Emission spectra of 8 at.% Sm-doped TiO2 ( λex = 350 nm). 
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Fig. 5 (a) UV-Vis absorption spectra of pure TiO2 and 8 at.% Sm-doped TiO2 and (b) Surface 

photovoltage spectroscopy (SPS) of pure TiO2 and 8 at.% Sm-doped TiO2. Inset in (a) shows the 

band gap of pure TiO2 and 8 at.% Sm-doped TiO2. 

Fig. 5b is the surface photovoltage spectroscopy (SPS) of pure TiO2 and 8 at.% 

Page 11 of 23 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 11 

Sm-doped TiO2. The SPS response which appeared below 400 nm of the two samples 

arose from the electronic transition from the valence band to the conduction band (O 

2p → Ti 3d). Compared with TiO2, the photovoltaic response band of Sm-doped TiO2 

was broadened after doping with Sm. Moreover, as shown in the spectra, the response 

threshold of Sm-doped TiO2 was red-shifted, which resulted in a narrowed band gap. 

The broadened SPS spectra of 8 at.% Sm-doped TiO2 may be attributed to the 

introduction of impurity sub-bands into the TiO2 when Sm was doped. The SPS 

spectra further confirmed that doping with Sm narrowed the band gap and red shift 

the adsorption of TiO2 which is consistent with the results of UV-visible absorption. 

3.4. Band edge movement analysis by spectroelectrochemical measurement 

As an important class of materials for dye-sensitized solar cells, the conduction and 

valence band edge positions are considered to be the most important electronic 

parameters of nanostructure semiconductor TiO2. Information of these energies is 

crucial in understanding the photophysical and chemical behavior. For instance, the 

message of band edge positions is extremely important in estimating the driving force 

for electron injection in DSSCs. Although we found narrower band gap and red shift 

adsorption of 8 at.% Sm-doped TiO2 from optical spectra analysis, still there are some 

more details and mechanism had not be obtained. However, spectroelectrochemistry 

is a method which relies on measuring the absorption of band gap energy photons to 

confirm the concentration of electrons in the conduction band of the transparent 

semiconducting film and then ascertain the conduction band position in mesoporous 

nanoparticle based transparent semiconductor films. Therefore, we introduce a 

steady-state spectroelectrochemical measurement to determine the conduction band 

edge in transparent mesoporous semiconductor electrodes that act as working 

electrodes. 

Michael Grätzel supposed that the main contribution to the optical absorption at 

780 nm comes from the intraband transitions or from free carrier absorption, therefore 

the absorbance is proportional to the density of electrons in the conduction band.40 Fig. 

6 shows the absorbance of pure TiO2 and 8 at.% Sm doped TiO2 thin films deposited 

on an FTO substrate working electrodes measured as a function of applied potential at 

Page 12 of 23RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 12

780 nm. It is observed that the absorbance follows a rule of exponential functions of 

applied potential and the absorption of the TiO2 film improved with the increase of 

the applied negative potential (moving from left to right in the figure). Compared with 

pure TiO2, 8 at.% Sm-doped TiO2 also abided the rule and the film obtained more 

electrons at the same applied potential (> -0.3 V). What’s more, the onset of 8 at.% 

Sm-doped TiO2 was small, which indicates the Fermi level of the 8 at.% Sm-doped 

TiO2 is lower than that of undoped TiO2. The shift of conduction band edge will be 

accompanied by an equal displacement of quasi-Fermi level relative to the I3
-/I- Fermi 

level. If the electron quasi-Fermi level shifts positively, the conduction band edge also 

shifts toward the positive direction.
41

 That means the changed absorbance for 8 at.% 

Sm-doped TiO2 is due to positive shift of conduction band edge and the narrowed 

band gap which was in consistent with the results of UV-Vis spectroscopy. It is 

confirmed that after doping with Sm, the bottom of the conduction band of TiO2 was 

decreased which narrowed band gap and improved driving force of injected electron 

resulting in increased TiO2 (e
-) concentration and absorbance. 
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Fig. 6 Optical absorbance at 780 nm of pure TiO2 and 8 at.% Sm-doped TiO2 photoelectrode film. 

For a deeper research of narrowed band gap of 8 at.% Sm-doped TiO2 caused by 

the conduction band edge movement of TiO2 after doping with Sm, a steady-state 

spectroelectrochemical measurement with variable temperature was also applied to 

determine the conduction band edge in transparent mesoporous semiconducting TiO2 

working electrodes. The derivatives of TiO2 (e-) concentrations extracted from the 

spectroelectrochemical data as well as the exponential distribution of the TiO2 (e-) 
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both versus applied potential were plotted as the chemical capacitance as shown in 

Fig. 7a. The shaded area upon the exponential distribution stands for quantity of 

charge in the conduction band. And the quantity of this electric charge increased as 

the temperature raised, which was related to TiO2 (e
-) concentration as predicted by 

eqn (2). 

)exp(
B

Fcb
ccb

Tk

EE
Nn

−
=           (2) 

where kB is Boltzmann’s constant, T is test temperature, Ecb is the energy of the 

conduction band minimum, EF is the Fermi level energy and Nc is the effective 

conduction band density of states. 
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Fig. 7 (a) Chemical capacitance for TiO2 and 8 at.% Sm-doped TiO2 thin-film electrodes 

immersed in the standard electrolyte with 100 mM LiClO4, for TiO2(e
-) as a function of applied 

potential and (b) histogram of shaded area from (a). 

It was obvious that at each temperature the quantity of electric charge of 

Sm-doped TiO2 was larger than pure TiO2 which could be observed clearly from Fig. 

7b. This phenomenon can be attributed to the reduction in bottom of the conduction 

band with Sm modified powder, which gives rise to the quantity of charge in the 

conduction band. 

Fig. 8 presents the averaged values of absorbance for TiO2 and Sm-doped TiO2 

at 950 nm with different applied potential and variable temperature. The solid lines in 

Fig. 8 represent the results of a non-linear least-squares fit to eqn (3) for the data 

obtained between -0.45 and -0.70 V vs. Ag/AgCl.  

)EE(
1

)ln()ln(
B

Fcb
c

kT
NεlA

−
+=           (3) 
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As expected, the absorbance of the films increased with both the increase of 

applied potential (moving from down to up in the figure) and the increase of the 

temperature (moving from right to left of the plot). The fit results of Ecb vs. 

temperature to eqn (3) are listed in Table 2. The results displayed in Table 2 also 

demonstrate that the absolute value of Ecb increased with the increase of applied 

potential, and at any given applied potential, Ecb of 8 at.% Sm-doped TiO2 is lower 

than that of undoped TiO2. From this semi-quantitative analysis we obtained the 

results that doping samarium lowered the conduction band edge of TiO2 which 

commendably verified the above tests about optical absorption and qualitative 

analysis of bandgap position.  
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Fig. 8 Plot of ln(A) vs. T-1 each line represents a different potential from -0.45 to -0.70 V vs. 

Ag/AgCl in 50 mV increments from bottom to top. The temperatures correspond to 293, 303, 313, 

323and 333 K. (a) TiO2 and (b) 8 at.% Sm-doped TiO2. Error bars represent one standard 

deviation. The solid lines depict a global fit result to eqn (3) as described in the text. 

 
Table 2 Fit results of absorbance vs. temperature to eqn (3). 

EF（mV vs. Ag/AgCl） 
Ecb/q （mV vs. Ag/AgCl） 

Sm-doped TiO2 TiO2 
-450 -924.22 -801.39 
-500 -999.84 -821.00 
-550 -1018.14 -829.32 
-600 -1038.79 -857.32 
-650 -1042.97 -887.23 
-700 -1054.03 -945.92 

3.5. Photovoltaic characteristics and performance 

DSSC has attracted extensive interest over the past decades because of energy and 

environmental issues. TiO2 is widely used for DSSC as an effective photoanode 

material. For the sake of figuring out the influence of Sm doping on the photoelectric 
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properties of TiO2, two kinds of photoanodes using TiO2 and 8 at.% Sm-doped TiO2 

powder were prepared and employed into N719 sensitized solar cells. Fig. 9 shows 

the cross-sectional micrographs of the TiO2 and 8 at.% Sm-doped TiO2 photoanodes. 

From Fig. 9 it is confirmed that the prepared films have firmly adhered onto the FTO 

substrates and the thickness of the 8 at.% Sm-doped TiO2 film is almost the same with 

that of the undoped TiO2 film. This similar thickness were also obtained by a step 

srofiler and listed in Table 3. 

(a) (b)

10 um 10 um

 
Fig. 9 Cross-sectional micrographs of the (a) TiO2 and (b) 8 at.% Sm-doped TiO2 photoanodes. 

The current-voltage (J-V) characteristic of the DSSCs devices based on different 

photoanodes under illumination (AM 1.5 G, 100 mW cm-2) are shown in Fig. 10, and 

the corresponding cells performance are summarized in Table 3. The DSSC based on 

8 at.% Sm-doped TiO2 photoanode exhibited a Jsc of 14.53 mA cm-2, a Voc of 0.74 V, 

and a FF of 0.63 with the energy conversion efficiency (η) of 6.78%, indicating a 

15% and 5% increase in Jsc and η than the DSSC based on TiO2 photoanode, which 

gives a Jsc of 12.64 mA cm-2, a Voc of 0.78 V, and a FF of 0.65 with a η of 6.44%. 
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Fig. 10 Current density versus voltage curves of the DSSCs based on pure TiO2 and 8 at.% 

Sm-doped TiO2 photoelectrodes. 
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Table 3 Photoelectric properties of DSSC with different photoelectrodes. 

Photoanodes Thickness (um) Jsc (mA cm-2) Voc (V) FF η (%) 
8 at.% Sm-doped TiO2 10.38 14.53 0.74 0.63 6.78 

Pure TiO2 10.45 12.64 0.78 0.65 6.44 

The higher η value of DSSC based on 8 at.% Sm-doped TiO2 photoanode 

compared with the DSSC based on TiO2 photoanode, is attributed to the enhanced 

photovoltaic parameters of Jsc. Obviously, the enhanced Jsc value is ascribed to the 

enhanced IPCE response of the cell, since they are related by the equation: 

ph.AM1.5G ( )
sc

J e dφ λ λ= ∫           (4) 

where e is the elementary charge and ph.AM1.5Gφ  is the photon flux at AM 1.5 G,42 the 

enhanced Jsc value is ascribed to the enhanced IPCE response of the co-sensitized cell. 

Fig. 11a collected the IPCE spectra of the two devices. It is found that doped with Sm 

could enhance the spectral response of TiO2 film in the whole visible region and 

consequently enhance the photocurrent performance. This means the doping of Sm 

narrows the band gap of TiO2 which expands the response in the UV-visible region 

and improves the valid utilization percentage of sunlight. This was confirmed by the 

UV-Vis absorption spectra of the two photoanodes (Fig. 11b). Based on the IPCE and 

the absorption spectra, it could be conclude that the cell’s higher Jsc in the case of 8 

at.% Sm-doped TiO2 is ascribed to the improved utilization percentage of sunlight. 
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Fig. 11 (a) IPCE spectra of DSSCs based on TiO2 and Sm-doped TiO2 photoanodes and (b) 

UV-Vis spectra of TiO2 and Sm-doped TiO2 photoanodes. 

However, the FF and Voc of the DSSC based on 8 at.% Sm-doped TiO2 

photoanode decreased to 0.63 and 0.74 V, respectively. As discussed above, the 
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movement of conduction band edge potential (Ecb) of Sm-doped TiO2 decreases the 

energy gap between the Fermi level (EF) and the potential of the I-/I3
- redox species 

(Ered) in the electrolyte, resulting in the phenomenon that the Voc of Sm-doped 

TiO2-based DSSC decreased. In this study, the Voc value can be described as eqn (5): 

|EE| redFoc −=V           (5) 

Assuming that Ered of I-/I3
- in the electrolyte does not change with the dopant, it 

is anticipative that the Voc relies on the EF, which is related to the Ecb position. So it is 

definite that the lower conduction band edge of TiO2 results in less Voc.
41  

After samarium doping, the conduction band edge moves to lower position. This 

indicates the driving force for electron injection increases, which enhances the 

electron injection efficiency from the LUMO of the dye to the conduction band of 

TiO2. Meanwhile, after samarium doping, the recombination between injected 

electrons and oxide dye cation and/or the oxidized form of the redox shuttle decreased. 

These were also benefit for improving the performance of DSSC based on 8 at.% 

Sm-doped TiO2 photoanode. The reduction of recombination could be verified by 

dark current measurement of different DSSCs. 

Dark current measurement of DSSCs is considered as a qualitative technique to 

describe the extent of the back electron transfer.43,44 It could provide useful 

information regarding the back electron transfer process by making a comparison of 

dark current between the investigated cells. Therefore, dark current of cells based on 

undoped TiO2 and 8 at.% Sm-doped TiO2 were measured and are shown in Fig. 12. 

By comparing the curves in Fig. 12, it is found that the onset of the dark current for 

DSSC based on pure TiO2 is at a bias about +0.35 V, and then the dark current 

increase remarkably with the increase of potential. In contrast, for the DSSC based on 

8 at.% Sm-doped TiO2, the onset potential shifted to about +0.40 V; furthermore, the 

dark current of the DSSC based on 8 at.% Sm-doped TiO2 increased much slower 

than that of DSSC based on pure TiO2 when potential was greater than +0.40 V. In 

other words, under the same potential bias, when the potential was ≥0.40 V, the dark 

current for the DSSCs based on 8 at.% Sm-doped TiO2 was noticeably smaller than 
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that for the DSSC based on pure TiO2. The increase of the onset potential and the 

reduction of the dark current demonstrated that 8 at.% Sm-doped TiO2 successfully 

suppress the electron back reaction with I3
− in the electrolyte. 

0.0 0.2 0.4 0.6 0.8
-6

-4

-2

0

 Pure TiO2
 8 at.% Sm-TiO2

P
ho

to
cu

rr
en

t 
de

ns
it

y 
(m

A
/c

m
2 )

Voltage (V)  

Fig. 12 Dark current of the DSSCs based on different photoelectrodes. 

3.6. IMPS and IMVS measurements for DSSCs 

In order to further investigate the electron-transfer and charge-recombination 

processes beside band edge movement in the DSSCs based on Sm-doped TiO2 and 

pure TiO2, IMPS and IMVS of devices based on different photoelectrodes were 

measured. Electron diffusion length (Ln), and electron collection efficiency (ηcc) are 

very important factors for the performance of DSSCs. They can reflect the 

competition between the transport and recombination of electrons, and can be derived 

from IMVS-IMPS measurements according to the following equations: 

τ
dD

t

2

n 35.2=           (6) 

)( rn
2

1

n τDL =           (7) 

τ
τη

r

t
cc 1−=            (8) 

where Dn is the diffusion coefficient, which can be obtained by the eqn (6), τr is the 

electron lifetime which can be calculated by the characteristic frequency at the 

minimum of the imaginary component with the IMVS result, τt is the electron 

transport time which can be computed by the characteristic frequency at the minimum 

of the imaginary component of the IMPS result, and d is the thickness of the 

photoanode in IMPS and IMVS analysis.45 
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Fig. 13a and b show the electron diffusion length (Ln), and electron collection 

efficiency (ηcc) of the DSSCs based on 8 at.% Sm-doped TiO2 and pure TiO2 

photoanodes, plotted as a function of the incident light intensity. Fig. 13a shows that 

the Ln values of the Sm-doped TiO2 based DSSC were greater than those of pure TiO2. 

Furthermore, the ηcc values of the Sm-doped TiO2-based cell were greater than those 

of the pure TiO2-based cell (Fig. 13b). The improvement of these parameters in the 

Sm-doped TiO2 nanostructure can be also attributed to its band edge moment. Lower 

movement of conduction band bottom provides stronger driving force of electrons 

injection and more effectively suppress the charge recombination. Thereby, the τr 

value of Sm-doped TiO2 is larger and the τt value is smaller than those of pure TiO2. 

On the other hand, the movement of conduction band edge in 8 at.% Sm-doped TiO2 

made the bad gap become smaller and improved the utilization rate for sunlight. 

Meanwhile, 8 at.% Sm-doped TiO2 can emit orange-red luminescence under the 

irradiation of ultraviolet light which improves the absorption of light for dye and then 

improved the Ln and ηcc values. 
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Fig. 13 (a) electron diffusion length and (b) charge collection efficiency of pure TiO2 and 8 at.% 

Sm-doped TiO2.  

4. Conclusions 

8 at.% Sm-doped TiO2 was produced by an easy hydrothermal route and was 

employed into ruthenium dye N719 sensitized solar cells. It was found that after 

doping with Sm, the conduction band edge moves to lower position. Lower movement 

of conduction band edge provides stronger driving force for electrons injection from 

the LUMO of the dye to the conduction band of TiO2 and more effectively suppress 
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the charge recombination between injected electrons and oxide dye cation and/or the 

oxidized form of the redox shuttle. The movement of conduction band edge in 8 at.% 

Sm-doped TiO2 made the bad gap become smaller and improved the valid utilization 

percentage of sunlight. Meanwhile, 8 at.% Sm-doped TiO2 can emit orange-red 

luminescence under the irradiation of ultraviolet light which improves the absorption 

light for dye N719. These were all benefit for improving the performance of DSSCs. 

Therefore, the DSSC based on 8 at.% Sm-doped TiO2 exhibited an excellent 

performance with a Jsc of 14.53 mA cm-2, a Voc of 0.74 V, and a FF of 0.63 with the 

energy conversion efficiency (η) of 6.78%, indicating a 15% and 5% increase in Jsc 

and η than the DSSC based on pure TiO2 photoanode.  
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