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a b s t r a c t

This paper describes the electrodeposition of Europium-doped Zinc Oxide (ZnO) nanorods as well its
application as photoanodes in dye sensitized solar cells (DSSCs). The incorporation of the Europium in
the ZnO structure was evidenced by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
The DSSCs based on Eu-doped nanorods photoanodes exhibits a higher conversion efficiency value (h)
(0.50%) compared to the undoped photoanodes (0.34%). Mott-Schottky analysis was performed and this
increase is assigned to the better electronic injection efficiency from the dye to the conduction band of
Eu-doped ZnO nanorods, since the Europium incorporation in the ZnO matrix was able to down-shift its
conduction band. The improvement on the DSSC performance was around 45%, showing the great po-
tential from the practical point of view. To complement the experimental data, computational simula-
tions were employed based on DFT framework, in order to carry out a detailed analysis of the electronic
structures of these materials, as well as to provide an elucidation of its underlying physical mechanism at
an atomic level.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Dye-sensitized solar cells (DSSC), in comparison with the con-
ventional silicon solar cells, are well known as a cost-effective
photovoltaic device since they provide comparable power conver-
sion efficiency (PCE) at low manufacturing costs [1,2]. The basic
components of DSSC include a semiconductor oxide layer deposited
onto a transparent conducting oxide (TCO), dye as sensitizer, a
liquid redox electrolyte (usually I�/I3� non-aqueous solution), and a
counter electrode (usually Pt-coated glass or graphite) [3,4]. This
o Jo~ao del Rei, Departamento
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device was first reported by O'Regan and Gr€atzel in 1991, where the
performance of nanostructured TiO2 porous films as photoanodes
was shown [5].

Many recent studies consider the Zinc oxide (ZnO) as the most
promising alternative to the TiO2 to improve the photovoltaic
performance of the dye-sensitized solar cells [6e8]. ZnO is one of
the most relevant II-VI binary compound semiconductors, with a
wide direct band gap (~3.37 eV) and large exciton binding energy
(60 meV) at room temperature [9,10]. The ZnO has advantages over
the porous TiO2, such as higher electron diffusivity, a higher elec-
tron mobility, is available at low-cost, and stability against photo-
corrosion [11,12]. In addition, the polar surfaces of the wurtzite
crystalline structure enables the growth of many kinds of ZnO
nanostructures [13], including nanowires [14], nanorods [15],
nanobelts [16], nanosprings [17], nanorings [18], nanobowls [19],
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nanoflowers [20], and nanohelices [21]. Among all these structures,
in particular, the one dimensional (1-D) ZnO nanostructures, like as
nanorods and nanowires, have received increasing attention in
recent years, due to its excellent physical and chemical properties,
which can provide an effective direct pathway for rapid transport of
the photoelectrons and a higher surface area for dye adsorption,
enhancing the photovoltaic performance of the DSSCs [22e24].
However, the efficiencies presented by the ZnO based devices are
still far behind those of TiO2 (less than 8%) [25] and a few studies
have been highlighted in this field with the aim of improving the
PCE of DSSCs based on ZnO nanostructures [9].

In order to improve the electron transport mechanism in the
ZnO photoanode or to suppress the recombination reactions be-
tween the conduction band (CB) of ZnO and the redox electrolyte,
several elements were inserted into the structure of ZnO [11,26]. In
order to improve the electrical and optical properties, usually group
II, III, IV, V, and VI elements have been chosen to dope into the ZnO
host matrix [27]. Particularly, electrical resistivity of ZnO nanorods
can be greatly reduced by trivalent cation replacement, such as
aluminum, indium, gallium, and boron [28,29].

Huang et al. presented better charge transfer and collection of
the Al-doped ZnO nanorods, resulting in solar cells with PCE at
about 23% higher than the cells based on non-doped ZnO nanorods
[30]. Swapna et al. studied the electrical properties of Eu-doped
ZnO thin films prepared by spray pyrolysis and demonstrated
that the electrical resistivity of ZnO films was greatly decreased
with the Europium incorporation [31]. Recently, hierarchically
structured Eu-doped ZnO nanocrystalline aggregates were syn-
thesized through a solvothermal method. Additionally, the DSSCs
fabricated using the Eu-doped ZnO aggregates as photoanode ex-
hibits effective electron injection and enhanced electron transport
properties, which greatly improve the PCE compared with undoped
ZnO aggregates based on DSSCs [32].

In this work, Eu-doped ZnO nanorods were synthesized by
electrochemical-hydrothermal method and then applied as the
photoanode in DSSCs. X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM), X-ray photoelectron spec-
troscopy (XPS), ultravioletevisible (UVevis) diffuse-reflectance
spectroscopy and electrochemical measurements have been
employed to characterize these materials as well as to evaluate
their performance in DSSCs applications. To complement experi-
mental data, computational simulations were employed based on
DFT framework, in order to carry out a detailed analysis of the
electronic structures of these materials, as well as, to provide an
elucidation of its underlying physical mechanism at an atomic level.

2. Experimental

2.1. Chemicals

Zinc Nitrate hexahydrate [Zn(NO3)2$6H2O] (99.0%), Hexameth-
ylenetetramine [C6H12N4] (99.0%), Europium (III) Oxide (99.0%),
Sodium Sulfate (98%), Sodium acetate anhydrous (99%), tert-
Butanol (99%), Chloroplatinic Acid [H2PtCl6] (8%), Xylenol Orange
and fluorine-doped tin oxide (FTO)-glass Tec-7, were obtained from
Sigma-Aldrich; NH4OH (P.A.), isopropanol (P.A), acetic acid (99.7%)
and acetone (P.A.) were purchased from Synth; EDTA was obtained
from Dynamics; and anhydrous ethanol (99%), HNO3 (65%), aceto-
nitrile (99.8%) was provided by Vetec. All chemicals were used
without further purification.

2.2. Eu3þ solution preparation

The Eu3þ precursor solution was prepared by reaction between
Eu2O3 and HNO3 0.1 mol L�1 under stirring and controlled
temperature (~60 �C). After this step, the solvent was evaporated
several times until half volume and completed with water for the
acid excess elimination and finally the pH was adjusted to 5.6 with
NH4OH 0.01 mol L�1. The analytical concentration of Eu3þ ions was
determined by complexometric titration with EDTA (0.01 mol L�1).
The samples were added in an acetic acid/sodium acetate buffer
(pH ~5.6) and after the addition of the indicator Xylenol orange the
samples were analyzed in triplicates.

2.3. Syntheses of ZnO nanorods

The FTO coated glass substrates were subjected to a standard
cleaning process using diluted detergent, deionized water, ethanol,
isopropanol and acetone for 15 min each, in an ultrasonic bath. In
the last step, the substrates were kept in a plasma cleaner for 5 min.
The nanorods were deposited by an electrochemical-hydrothermal
method using platin wire as counter electrode, Ag/AgCl (KCl
3 mol L�1) as reference and pre-cleaned FTO as work electrode. The
electrolyte used was an aqueous solution composed by Zinc Nitrate
hexahydrate (Zn(NO3)2$6H2O) 0.01 mol L�1, Hexamethylenetetra-
mine (HMTA) 0.01 mol L�1. For the Eu-doped nanorods, the elec-
trolytewas also composed by Eu3þ solution 2.5 mmol L�1 (obtained
as 2.2). The deposition was conducted at 90 �C and constant
potential �1.0 V during 30 min. After this step the ZnO nanorods
arrays were washed with ultrapure water and calcinated at 350 �C
for 30 min.

2.4. DSSC fabrication

To prepare the DSSCs, Eu-doped ZnO nanorods were immersed
in 0.5 mmol L�1 cis-diisothiocyanatobis(2,20-bipyridyl-4,40-
dicarboxylato)-ruthenium(II) bis (tetrabutylammonium) (N719,
Solaronix). The solvent used to prepare the dye solution consisted
of 1:1 mixture of acetonitrile and tert-butanol. Dye sensitization
was performed for 2 h at room temperature. After that, the elec-
trodes loaded with N719 were washed with acetonitrile and dried
in air. The counter electrode consists of a platinum (Pt) coated FTO
glass, which was prepared by placing a drop of H2PtCl6 solution on
an FTO glass and subsequently sintering the glass at 400 �C for 1 h.
The ZnO photoanode and the platinum counter electrode were
sealed together with a hot-melting spacer Parafilm®, and the inner
space was filled with a I3�/I� redox electrolyte (Dyesol EL-HPE).

2.5. Characterization

The morphology of as-prepared ZnO nanorods were analyzed
using a FESEM microscope Phillips FEG X-L30 operating at 10.0 kV.
XRD analysis were taken on a Shimadzu XRD 6000 diffractometer
with Cu Ka radiation (l¼ 1.5418 Å). The UVeVis reflectance spectra
were acquired on an Agilent Cary 5000 UVeViseNIR spectropho-
tometer with a diffuse reflectance analysis module. The XPS spectra
were obtained with a VSW HA-100 spherical analyzer with un-
monochromatic Al Ka radiation (hn ¼ 1486.6 eV). The electro-
chemical characterizations (photo response, J-V curves and Mott
Schottky analysis) were recorded by an electrochemical worksta-
tion (Metrohm Autolab PGSTAT302N) with the lighting of a 150 W
Xe-Hg lamp (Oriel) equipped with an AM 1.5 G filter and the ra-
diation power was adjusted to 100 mW/cm2.

2.6. Theoretical models and methods

All computational simulations were carried out by means of a
periodic DFT framework with hybrid functional B3LYP, using the
CRYSTAL14 package [33]. The atomic centers are described by all
electron basis set 86-411d31G39 for Zn atoms [34] and 8-411d140
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for O atoms [35], respectively. On the other hand, the Eu atoms is a
typical system containing f-orbitals. In general, it is well-known
that the f-orbitals of Eu atoms are shielded and consequently
they do not contribute significantly for the formation of bonds in
several of their compounds [36e38]. Hence, as a computational
strategy, in particular, these atoms can easily be described by
means of the effective core pseudopotential (ECP) basis set, for this
reason the Eu atoms are described in this study by the ECP53MWB-
VTZ basis set [39,40]. This methodology has been successfully
employed in our previous work [36,41e43].

As a first procedure, the bulk optimizations of the wurtzite ZnO
materials structure (belongs to the space group P63mc) has been
carried out in order to determine the equilibrium geometry, as
general result the theoretical parameters obtained was a¼ 3.274 Å,
c ¼ 5.250 Å and u ¼ 0.383, in good agreement with the experi-
mental values. As a second step, the 2 � 4� 4 supercell model with
128 atoms (Zn64O64) was built to study the doping effects in ZnO
structure. This model represents doping processes by replacing one
Zn atomwith one Eu atom, which corresponds to about 6.25 at% Eu
concentration in ZnO host matrix (see Fig. 1). For these models, the
band structure and density of states (DOS) were analyzed
employing 100 k-point sampling as the diagonalization of the Fock
matrix for the optimization process points along appropriate high-
symmetry paths of the suitable Brillouin zone.
3. Results and discussion

The experiments were performed in aqueous solutions of
Zn(NO3)2$6H2O, HMTA and Eu3þ, at a potential of �1.0 V and
controlled temperature of 90 �C. The electrodeposition mechanism
of ZnO is shown as following [44]:

ZnðNO3Þ2/Zn2þ þ 2NO3
� (1)

NO�
3 þ H2Oþ 2e�/NO2

� þ 2OH� (2)
Fig. 1. 2 � 4 � 4 supercell of Eu-doped ZnO.
Zn2þ þ 2OH�/ZnðOHÞ2/ZnOþ H2O (3)

The HMTA is one of the most popular organic additives to
support the growth of ZnO nanorods of required morphology. In
acidic aqueous solution at elevated temperature HMTA hydrolyses
as following [45]:

ðCH2Þ6N4 þ 6H2O!6COH2 þ 4NH3 (4)

NH3 þ H2O!NH4
þ þ OH� (5)

Thus, HMTA acts as an additional source of OH, accelerating the
nucleation and growth of nanorods. In addition, the HMTA acts as a
buffer, due to the fact that its hydrolysis rate decreases with
increasing pH and vice versa [46].

With the presence of Eu3þ ions, a portion of the Eu3þ ions can be
incorporated as a dopant in the ZnO crystalline lattice and another
part of the ions can react with the OH� to form Eu2O3. The Eu3þ

reduction may also occur as shown below [47]:

Eu3þ þ e�!Eu2þ ε ¼ �0:35V (6)

In addition to the basic reactional medium facilitate this process,
the potential used in the synthesis of nanorods (�1.0 V) is more
than enough to promote this electrochemical reaction. After that
the Eu2þ can be incorporated into the ZnO lattice as well.

FESEM images were used to investigate the morphology of the
Eu-doped ZnO nanorods grown by electrodeposition. An analysis of
the results presented in Fig. 2 shows a well-defined morphology of
these nanorods, having an average length of approximately
~2100 nm with an average diameter of approximately ~500 nm,
respectively, resulting in an aspect ratio around ~4.2, in good
agreement with the other studies [48,49]. In addition, the Eu-
doped ZnO nanorods are not perfectly aligned but have a predis-
position to grow normally to the surface of the FTO glass (c-axis).

Fig. 3(a) shows the XRD pattern of Eu-doped and undoped ZnO
nanorods. In both cases only the hexagonal wurtzite structure of
ZnO (JCPDS 36-1451) was evident. All asterisk-marked peaks are
assigned to SnO2:F (FTO) glass structure (JCPDS 01-041-1445) and
no additional diffraction peaks, such the Eu2O3 formation or other
impurities were detected. For the undoped ZnO nanorods the peak
indexed to (002) crystal direction was the dominant. However, the
Eu-doped ZnO nanorods shown considerable intensities for the
diffraction peaks referenced to (100) and (101) orientations. This is
in accordance with the inclined rods showed in the SEM images
(Fig. 2). Fig. 3(b) shows the magnification of (100) diffraction peak
evidencing a small shift on 2q values for the Eu-doped nanorods.
This can be an indication of the Zn2þ replacement by the Eu2þ in the
lattice, related to fact of the Eu2þ ionic radii (1.17 Å) is larger than
that for Zn2þ (0.74 Å), which causes an expansion of the ZnO unit
cell volume [32,50].

The microstrain and crystallite size of Eu-doped and pure ZnO
nanorods were calculated by the Williamson-Hall (W-H) equation
(eq (7)) [51]:

b cosðqÞ
l

¼ 0:9
T

þ ε sinðqÞ
l

(7)

where b is the width of the peak at half the maximum intensity, q
the Bragg diffraction angle, l the Ka radiation (~0.15409 nm), T the
crystallite size and ε the microstrain. This model is known as uni-
form deformation model. Basically, the crystal is assumed to pre-
sent isotropic nature and lattice strain is considered to be
independent of the crystallographic directions [52,53]. Therefore,
the strain (ε) is estimated from the slope of the W-H line plot and



Fig. 2. FESEM images of the ZnO nanorods electrodeposited on FTO substrate: (a) top-view, (b) magnified top-view and (c) lateral-view.

Fig. 3. (a) X-ray diffraction pattern of Eu-doped and undoped ZnO nanorods array and (b) the magnification of the shift on peak (100).
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the crystallite size (T) from the intersection with the vertical axis.
Fig. 4 shows the W-H plots of both the samples of ZnO nanorods
(Eu-doped and pure ZnO). The crystallite size of undoped and Eu-
doped ZnO samples has presented very similar values, estimated
as 14 and 17 nm respectively. However, the Eu-doped nanorods
shown higher values of microstrain than undoped ZnO nanorods.
This increase in strain value confirms the expansion of the ZnO unit
cell volume after the Eu incorporation.

The optical band gap of these nanorods was evaluated by the
application of Kubelka-Munk (K-M) equation F(R) ¼ (1-R)2/2R,



Fig. 4. Williamson-Hall plots of (a) undoped and (b) Eu-doped ZnO nanorods.
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where R is the diffuse reflectance. Fig. 5 shows the K-M plots for Eu-
doped and undoped ZnO nanorods, evidencing that the Eu incor-
poration causes a slight decrease in the optical band gap.

Theoretical modeling was performed at DFT in order to better
understand these effects on its physical and chemical behavior, as
well as, reveal changes in the electronic structure properties of such
thin films. The success for describing physical and chemical prop-
erties in the solid state, in general, depended on accurate approx-
imation on the band gap energy in the electronic structure
calculations, i.e., since it is well known that the band gap energy
provides remarkable information that can bring new scientific
perspectives on the potential applications of these materials. We
first investigated the band structures of both pure and Eu-doped
ZnO models that are characterized by well-defined direct elec-
tronic transitions located at G point, as shown in Fig. 6(a,c). In
particular, the band gap is 3.21 eV for the ZnO and 2.91 eV for the
Fig. 5. Kubelka-Munk diffuse reflectance spectra for Eu-doped and undoped ZnO
bandgap determination.
Eu-doped ZnO, respectively, as a consequence of structural changes.
In order to better understand this change in the electronic struc-
ture, we showed in Fig. 6(b,d) a detailed analysis of the DOS for both
pure and Eu-doped ZnO models. Fig 6(b) shows that the valence
band (VB) consists mainly of O-2pxpy orbital levels, with minor
contributions of the Zn-3p and Zn-3d(x2 -y

2
) orbital levels. On the other

hand, the CB is composed mainly of the hybrid states of Zn-3p and
Zn-4s, with minimum contributions from the O-2p orbital levels.
Due to the presence of 3d states in the VB, there is a strong bonding
character between O and Zn, which is in good agreement with
previous work [54]. In comparison to that, the projected DOS for
Eu-doped ZnO model, as shown in Fig. 6(d), reveals that significant
changes in both VB and CB. According to these results, the VB of Eu-
doped ZnO consists mainly of the contribution of Zn 3d orbital
levels, being the major contributor the 3dz2 orbital, while the O
contribution is kept. Due to doping with Eu atoms, the band gap is
significantly reduced and it can be clearly seen from Fig. 6(c and d)
that the Eu atoms contribute strongly in the VB with the px and py
orbital levels. Even with the reduction in the band gap energy the
emission in the electromagnetic spectrum is kept in UVA region,
~386.24 nm and ~426.06, before and after doping with Eu,
respectively, improving the efficiency in solar energy absorption
that can at first be achieved for instance in its photovoltaic
applications.

Topological analysis of the electron density can at first provide
important information on its structures, in special regarding to
chemical bonds, fundamental to understand the type of interaction
between two atoms and the modification induced by structure
rearrangements [42]. In Fig. 7(a and b) is presented the electron
density r(r) and the Laplacian of the electron density (V2r(r)), the
blue (dashed) and red (solid) lines represent the depletion and
concentration of the charge (negative and positive contours),
respectively. As it is seen in Fig. 7(a), the electron density is more
concentrated around the Eu nucleus, while for Zn atoms the density
is more scattered.We then studied the Laplacianmaps, which show
an intense depletion around the Eu nucleus and a great proximity of
the electronic density (bond critical point), which indicate that Eu-
O bonds are more ionic than the Zn-O bonds (see Fig. 7(b)). Zn-O
bond is classified as transitory bond, neither ionic nor covalent,
although the bond critical point is almost equidistant from the two
nuclear attractors, and there is a clear difference between the



Fig. 6. (a,c) Band structures and (b,d) projected DOS of both pure (top) and Eu-doped ZnO (below), respectively.

Fig. 7. (a) electron density r(r) and (b) Laplacian of the electron density (V2r(r)) of Eu-doped ZnO.
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Fig. 9. XPS spectra of the Eu-3d5/2 core level region of the nanorods.
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density of these two atoms, since it confirms confirm the most
intense ionic character of this bond.

XPS analysis was used to investigate the surface chemical
composition of the Eu-doped ZnO nanorods. The binding energies
scale was calibrated with the C1s peak of carbon (284.6 eV). In all
our measurements, low intensity carbon peaks (C-1s) were detec-
ted due to the exposure of the samples to air. Fig. 8(a) shows XPS
spectra of the Zn-2p core level region with two intense peaks at
1021.4 and 1044.5 eV. These peaks are assigned to 2p3/2 and 2p1/2,
respectively, and the energetic separation of 23.1 eV are in good
agreement with the related standard value (22.97 eV) [55]. While
the spectra of the O-1s core level region is shown particularly in
Fig. 8(b). In particular, the asymmetry of this peak was deconvo-
luted in two peaks at about 529.7 and 531.3 eV, which is assigned to
stoichiometric (Zn-O) and defective ZnO (Zn-OH), respectively [56].
Based on the integrated areas of these peaks, the relative content
was 64.4% of Zn-O and 35.5% of Zn-OH, respectively.

Fig. 9 shows the XPS spectra of Eu-3d core levels with the
presence of peaks at 1125.3 and 1133.9 eV. These peaks are
described as 3d5/2 levels of Eu2þ and Eu3þ, respectively, which
implies in the co-existence of both the oxidation states in the ZnO
crystalline lattice [32]. The relative content was obtained by inte-
gration as ~29.1% of Eu2þ to ~70.9% of Eu3þ. Comparing these re-
sults, probably the Eu2þ is incorporated in the ZnO by the
substitution of Zn2þ ions in the lattice while the trivalent species
are on the surface of the nanorods, occupying the vacancies or in
the grain boundaries [57]. The content of Europium on the surface
region was calculated by the ratio between the integrated areas
from the Europium and Zinc peaks and the obtained result was
around of 10.51%.

Fig. 10(a) shows the photocurrent densities responses upon on/
off lighting cycles with AM 1.5 radiation. Both the samples pre-
sented good stability during the measurement being evident the
increase on the generated photocurrent (Jsc) with the Eu-doping
from 1.21 to 1.72 mA/cm2. The J-V curves of the cells based on
Eu-doped and undoped ZnO nanorods were presented on Fig. 10(b),
and their photovoltaic parameters are presented in Table 1. The
open circuit voltage (Voc) and filling factor (ff) do not present sig-
nificant changes with the doping process. However, the conversion
efficiency values (h) for the Eu-doped and undoped based DSSCs
Fig. 8. (a) XPS spectra corresponding to the Zn-2p a
were 0.50 and 0.34%, respectively, which implies in an increase
around 45%. These values are in good agreement with the literature
that shows a conversion efficiency around 0.38% for DSSCs in same
conditions and based on undoped ZnO nanorods [58,59].

Mott-Schottky (MS) measurements were commonly used to
estimate the flat band potential (Vfb) of ZnO nanorods [60,61].
Fig. 10(c) shows the MS plots for Eu-doped and undoped nanorods
arrays. In both samples, the positive slope in the linear region of the
MS plots is due to fact that ZnO is a n-type semiconductor. The Eu-
doped ZnO nanorods showed a positive shift in the Vfb values
(from �0.36 V to �0.31 V). These findings are consistent with our
theoretical calculations. Hence, this shift justifies the improvement
of the DSSCs, since it causes an increase in the energy difference
between the lowest unoccupied molecular orbital (LUMO) from the
dye and the conduction band of the ZnO nanorods, which can
improve the electronic injection efficiency of the N719 dye into the
ZnO nanorod [32,62].
nd (b) O-1s core level regions of the nanorods.



Fig. 10. (a) Photocurrent densities upon on/off light cycles, (b) J-V curves of DSCs fabricated with Eu-doped and undoped ZnO nanorods arrays, and (c) Mott-Schottky (MS) plots of
Eu-doped and undoped ZnO nanorods.

Table 1
Photovoltaic performance parameters of DSSCs.

Photoanode Jsc (mA cm�2) Voc (V) ff h (%)

ZnO 1.21 0.59 0.48 0.34
ZnO:Eu 1.72 0.62 0.47 0.50

A.F.V. Fonseca et al. / Journal of Alloys and Compounds 739 (2018) 939e947946
4. Conclusion

Eu-doped ZnO nanorods was successfully synthesized and
applied as photoanodes in dye sensitized solar cells. The doping of
the ZnO nanorods with Euwas evidenced by XRDwhich evidencing
a small shift on 2q values of (100) diffraction peak for the Eu-doped
nanorods, and also by XPS analysis, in which the content of Euro-
pium was around of 10.51% with relative content of ~29.1% of Eu2þ

and ~70.9% of Eu3þ.
Our theoretical findings reveal the effect of Eu-doping on the

electronic structure of ZnO and are in very good agreement with
our experimental results. The improvement is assigned to the
better electronic injection efficiency from the dye to the CB of ZnO
nanorods, i.e., due to the shift in the CB after the europium incor-
poration in the ZnO crystalline lattice.

The conversion efficiency values (h) for the Eu-doped based
DSSCswere0.50%,whichwasaround45%higher in comparisonwith
the undopednanorods, (0.34%) showing the great potential from the
practical point of view to increase the use of ZnO in solar cells.
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