
Electrochimica Acta 169 (2015) 395–401
Enhanced dye loading-light harvesting TiO2 photoanode with screen
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A B S T R A C T

Morphology tailored TiO2 nano assemblies consisting of nanorods with and without nanoparticle
attachments were hydrothermally synthesized and their characteristics and light scattering properties
were determined by x-ray diffraction (XRD), nitrogen sorption analysis, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), electrochemical impedance spectroscopy (EIS) and
ultraviolet–visible spectroscopy (UV–Vis). The nanorod-nanoparticles (NR-NP) assemblies and smooth
nanorod (NR) double layers were screen printed onto fluorine doped tin oxide coated glass underlayers to
fabricate dye-sensitized solar cell (DSSC) photoanodes. The double layer heterogeneous hierarchical
NR-NP decoration had wide Brunauer–Emmett–Teller (BET) area which resulted in 45.1% dye loading
capacity,18.96 mA cm�2 photocurrent and average photoanode efficiency of 8.07% which was 21% greater
than NRs photoanode efficiency. Distinct NR-NPs morphology indicated multiple wave trapping and
strong light scattering which was as high as 89.2%. Improvements in NR-NPs DSSCs performance were
obtained because of lower resistance to charge transfer (10.07 V) and faster diffusion of electrolyte ions
(1.22 Mho).
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1. Introduction

Solar cells are promising energy conversion devices having
inherent potential for partial fulfillment of future world energy
demands [1]. Dye-sensitized solar cell has demonstrated strong
capability due to its high efficiency, low production cost and
negligible negative environmental effect [2–4]. A typical DSSC cell
is a combined sandwich structure of: (a) semiconductor (e.g. TiO2)
photoanode, (b) counter electrode and (d) electrolyte [5–7]. In a
single layer DSSC anode, titania is generally used as a base material
for its high absorptivity of the photon absorbing dye [8]. Their
performance is, however, impaired by poor electron transport, too
many surface traps, repeated charge recombination and low light
scattering capabilities.

Since transmission of light through the electrode without
interaction with the dye lowers the cell efficiency [9], a new design
is required to tailor the photoanode morphology for excellent
light-scattering behavior [10]. As a result, hierarchical double-layer
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photoanodes are fabricated from different TiO2 nanostructures to
stimulate multi-angle light-scattering sways [11–14]. Greater
scattering in the DSSC will prolong light beam journey through
the photoanode and encourages the interaction of the incident
photons with the dye molecules [15].

Two strategies have been employed in the past for fabrication of
two-layer anodes [16]. Using large particles as overlayer and soft
underlayer for scattering of the incident light has been one
strategy. Small dye loading capability due to low surface area has
been a shortcoming of this method [16]. The second strategy has
consisted of one-dimensional (1D) nanostructures such as nano-
rods [9,17], nanowires [18,19], nanotubes [20,21], nanofibers [22]
and nanospindles [23,24]. All these have been used as a scattering
layer. Dye adsorption on such one-dimensional nanostructures has
often been inadequate due to their relatively small surfaces.

Design and development of multifunctional materials that can
help fabrication of highly efficient DSSCs has, therefore, been
thought essentially desirable. Examples of techniques used for
making the DSSC anodes have been Doctor blading [25], vacuum
cold spraying [26], spin coating [27] and electrospinning [28]. For
large-scale production, these methods have generally been
infeasible. Screen printing, on the other hand, has proved precise
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Fig. 1. Schematic illustration of NR-NP based double layer DSSC. The light scatters
from NR-NP surface leading to multiple trapping and absorption within this
nanostructure geometry as shown in red colour light rays.
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control of the coating position and thickness, cost-effective and
practicable [29,17,24,30,31].

This paper presents a novel method for production of highly
efficient DSSCs having photoanodes fabricated by screen printing
of 20–30 nm diameter TiO2 nanoparticles attached to 300–500 nm
long nanorods of 50 nm average diameter onto fluorine doped tin
oxide coated glass under layer. The double layered heterogeneous
nanorod-nanoparticle assembly acts as scattering layer. For
comparison, a double layered DSSC made of smooth nanorod
(NR) is also fabricated. TiO2 nanorod-nanoparticles (NR-NP) based
photoanode shows considerably higher light scattering and larger
(45.1%) dye loading as compared to the smooth nanorod based
anode. Largely enhanced photovoltaic performance of DSSCs
having nanorod-nanoparticles photoanode is evident from cell
efficiency of 8.07% and 18.96 mA cm�2 photocurrent. These
heterogeneous structures are thus capable of improving the light
management in the future solar devices and design and
manufacturing of the double layered highly efficient dye-sensi-
tized solar cells.

2. Experimental procedure

2.1. Nanomaterials synthesis

Hydrothermal synthesise of TiO2 nanoparticles (NP) has been
reported elsewhere [32]. Briefly, 12 g of acetic acid (CH3COOH) was
added to 58.6 g of titanium tetraisopropoxide (TTIP). This sol was
then stirred for 30 min at room temperature and then 300 ml
deionized water was added to it. After a further 1 h stirring,10 ml of
65% nitric acid (Merck) was added to the sol. The mixture was
heated up to 70 �C and peptized for 75 min. After that, it was
poured into a 50 ml Teflon-lined stainless steel autoclave and
placed in an oven at 180 �C for 24 h.

A two-step hydrothermal process was used to synthesize TiO2

smooth nanorods (NR). First, 1 g of NP was used as precursor. It was
mixed with 40 ml of 10 M aqueous NaOH and stirred for 1 h. The
solution was transferred to autoclave and kept at 180 �C for 72 h.
When the autoclave was cooled off to the room temperature, the
resulting solution was rinsed with HCl until its pH reduced to 2. In
the second step, the above solution was dispersed in 40 ml
ethanol/water (1:1) solution and stirred for 30 min, then 2 ml of
dimethylamine (DMA) was added and stirred again for 30 min. The
finalized sol was transferred to the autoclave and kept at 180 �C for
10 h. Nanorods were used as precursor to grow TiO2 nanoparticles
on them. Assembled nanorods were also prepared by the same way
mentioned (second step of NR production), except that
ethylene glycol (5/3) was used instead of ethanol. Schematic
representation of the synthesis process is given in the supplemen-
tary Scheme S1.

2.2. Characterizations

FESEM (Carl Zeiss, SIGMA FE-SEM unit) was used for
morphological investigations. X-ray diffraction (XRD) and
X'Pert Pro MPD (PANalytical) diffractometer equipped with
Ni-filtered Cu-Ka radiation unit was used for crystal structure
determination. The ultraviolet–visible spectroscopy (UV–Vis)
6705 JENWAY spectrometer was used to analyse the diffuse
reflection spectrum (DRS) of the samples. The Brunauer–Emmett–
Teller (BET) equation applied to nitrogen physisorption experi-
ments using a Micromeritics Tristar 3000 analyser gave the specific
surface areas of the synthesized powders. UV–vis absorption
spectra were recorded by using a UV-3101PC UV–vis spectropho-
tometer. The dye loading on each photoanode was determined
from the Uv–vis absorbance spectra of the desorbed dye into 0.1 M
NaOH aqueous solution.
2.3. DSSC fabrication

For DSSC fabrication, a layer of paste made of NPs was screen
printed onto fluorine doped tin oxide (FTO pre-treated with 40 mM
TiCl4) coated glass (15 V/square). After drying, a light scattering
layer of NR-NP or NR was screen printed. The produced photo-
anode was then annealed at 450 �C under air. It was treated further
with TiCl4 and cured at 450 �C under air for 60 min. Photo-image of
the samples are shown in Fig. S1. The photoanode was then finally
immersed in 0.5 mM N719 solution in ethanol and kept away from
light for 24 h at the room temperature. This photoelectrode and the
Pt counter electrode were then assembled together with a 60 mm
thick Surlyn polymer foil as the spacer and the electrolyte was
injected into the space between them. The electrolyte solution
consisted of 0.6 M 1-methyl propyl imidazolium iodide, 0.1 M
lithium iodide, 0.05 M iodine and 0.5 M tert-butyl pyridine in
acetonitrile (all from Merck). DSSCs fabricated utilising nanorods
as the scattering layer were referred to as NR while that utilising
nanoparticles-nanorod assembly were termed NP-NR, Fig. 1.

The photovoltaic characteristics of the DSSCs were measured
using a solar simulator under 1.5 AM (100 mW cm�2) irradiation
to obtain a current density versus voltage (J–V) plot. Using a 75W
Xenon arc lamp as the light source coupled to a monochromator,
the incident photon-to-current conversion efficiency (IPCE)
spectra of the devices were also measured. Furthermore,
electrochemical impedance spectra data was collected using
an Autolab PGSTAT302N equipped with FRA32 M over a
frequency range of 0.05–50000 Hz under AM 1.5 light. The
magnitude of the AC modulation signal was 10 mV. In order to fit
the experimental data with an equivalent circuit, the Nova
1.10 software was used.

3. Results and discussion

3.1. Structural Properties

Fig. 2 shows X-ray diffraction (XRD) of the synthesized
nanostructures. As can be seen, all the patterns of nanorods and
nanorod-nanoparticles assemblies match well with the JCPDS file
no. 21-1272 as per anatase phase of TiO2. As can be expected,
NR-NP has smaller crystallite sizes. The sharp and strong XRD
peaks of the as-prepared TiO2 attest good crystallinity and high
purity of the anatase phase.



Fig. 2. XRD spectra of (a) NR-NP and (b) NR.
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Fig. 3a shows SEM image of the NRs which have average
diameter of 50 nm and length of 700 nm. Fig. 3b indicates that the
NR-NPs assemblies consist basically of nanoparticles and nanorods
which have made surface attachments. TEM images of NR and
NR-NP assemblies are given in Figs. 3c and 3d, respectively. The
NR-NP assemblies have nanoparticles of �30 to 60 nm diameter
attached to 100 to 600 nm long nanorods. Formation of this kind of
structure can be understood on the basis of dissolution-nucleation
mechanism proposed by Qiu et al [33]. In the presence of water and
DMA, TiO2 NR precursor dissolves partially into Ti monomer or
oligomer and then nucleates as a nanoparticle on the surface of the
remained TiO2 nanorods which eventually take the shape of
Fig. 3. Scanning Electron Microscopic images of (a) TiO2 nanorod (NR) and (b) TiO2 nano
nanorod (NR) and (d) TiO2 nanorod-nanoparticle (NR-NP).
nanoparticles attached to nanorods assemblies. From energy
dispersive spectroscopy (EDS) studies, it was understood that
the synthesized layer was highly pure without any contamination
(please see the supplementary Fig. S2).

Fig. 4 shows the N2 adsorption–desorption isotherms obtained
from the physisorption measurements. The curves show a
combination of types I and IV adsorption–desorption process
which is characteristic of microporous and mesoporous substances
[34]. Average BET surface area of NRs was 64.6 m2g�1; while that of
NR-NPs was 116.9 m2g 1. The 81% larger surface area of NR-NP was
due to the attachment of NPs to the nanorods particles. DSSCs
made with NR-NPs provided an extraordinary condition for
chemisorption of the dye molecules to the photoelectrodes made.
The NR-NPs DSSCs showed a much higher dye adsorption
(2.38 � 10�7mol cm�2) than the NR based DSSCs showing
1.64 �10�7mol cm�2.

3.2. Photovoltaic Characteristics

Photocurrent density vs. voltage curves (J–V) of NR and NR-NP
DSSCs are compared in Fig. 5a. Corresponding photovoltaic
parameters are summarized in Table 1. Nanorod based cell shows
current density (Jsc) of 14.37 mA/cm2, open-circuit voltage (Voc) of
0.803 V and fill factor of 0.70. The resulted energy conversion
efficiency is 6.29 %.

The energy conversion efficiency is raised to 8.07% when
nanorod-nanoparticle assembly is applied as photoanode. This
results in a relatively high current density (18.96 mA/cm2) which
directly relates to enhancement of dye loading and the light
scattering ability of the photoanode. Since these both parameters
significantly influence the light harvesting and thereby the power
conversion efficiency, incident photons to current conversion
rod-nanoparticle (NR-NP) and Transmission Electron Microscope images of (c) TiO2



Table 1
Comparison of photovoltaic characteristics of DSSCs made of NR-NP and NP
photoanodes.

DSSC
device

Surface
area
(m2 g�1)

Dye
absorption
(10�7mol
cm�2)

Voc
(V)

Jsc
(mA cm�2)

FF
(%)

Efficiency
(%)

IPCE
(%)

NR-NP 116.9 2.38 0.795 18.96 0.54 8.07 89.1
NR 64.6 1.64 0.800 14.37 0.58 6.64 77.9

Fig. 4. N2 adsorption–desorption isotherms measurements of anorod-nanoparti-
cles and nanorods.
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efficiency (IPCE) spectra was employed to clarify photovoltaic
proficiencies of these DSC cells, as shown in Fig. 5b.

As is observed in Fig. 5b, the external quantum efficiency of NR
and NP-NR assembly cells at 530 nm are equal to 78 and 89%,
respectively. The high surface area and complex morphology of NP-
NR assembly is offering such enhancement in device performance.
This structure has high porosity as compared to the nanorods. The
N2 adsorption–desorption isotherms confirms these findings. The
value of IPCE depends upon different factors include the quantum
yield for electron injection from dye in the conduction band of TiO2

(finj), charge collection efficiency (hcoll) and the light harvesting
efficiency for photons of wavelength l (LHE (l)) of TiO2 anode. In
section 3.3, EIS analysis will show that hcoll of both cells are
comparable (52.94% for NR-NP compared with 56.56% for NR) and
Fig. 5. (a) J–V curves and (b) internal power conversion efficiency (IPCE) spectra of
the double layered DSSC cell based on nanorod and nanorod-nanoparticle.
the same dye which has been used for both cells lead to the same
hinj. Consequently, in our research, LHE (l) is the crucial
parameter which governs IPCE. LHE (l) varies with film thickness
(d) and optical absorption cross-section (a) of the sensitizer as
described in formulae 1 and 2:[35]

LHE (l) = 1 �10�ad (1)

In which, a = sc, (2)

where s is the sensitizer’s concentration in the mesoporous film
and c is the velocity of the light. In case of NR-NP anode, the dye
loading is higher because of large porosity/surface area which
leads to increase the value of s. The higher value of a will
ultimately improve the LHE (l) in the range of 400–700 nm as per
absorption band of dye.

Fig.6 shows the UV–Vis diffuse reflectance spectra of the NR and
NR-NP photoanodes with and without dye loading. These spectra
were used to evaluate the light scattering abilities of the
photoanodes. Apparently, before dye loading (Fig. 6a) the NR-NP
retained a higher reflectance than the NR in the whole visible range
(400–800 nm), showing that the NR-NP structure reflects the
sunlight more efficiently through the photoanode. After dye
loading (Fig. 6b), a band in reflectance at around 520 nm for both
NR and NR-NP is appeared which is related to the absorbance by
the N719 dye in the visible region (Uv–Vis absorbance spectra of
Fig. 6. Diffuse-reflectance spectra of TiO2 nanorod and nanorod-nanoparticle based
photoanode before (a) and after (b) dye loading.
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the N719 dye is shown in Fig. S3 as a reference). Moreover, as it can
be observed the reflectance of NR-NP decreases drastically from ca.
90% to ca. 60% in the short wavelength (400–600 nm), which is
predominantly ascribed to the high light absorption by the dye
molecules due to the high surface area. In comparison, the NR
depicts a lower decrease in reflectance (from ca. 65% to ca. 45%) at
the same wavelength region owing to the low light absorption due
to low dye loading. Same as before dye loading, in the whole visible
range, the dye-absorbed NR-NP still retained a higher reflectance
than the dye absorbed NR. However, it should be mentioned this
difference in light scattering efficiency may not be proportional to
the difference in IPCE (especially at lambda higher than 700 nm)
because number of other parameters can affect IPCE [36].

Consequently, the enhancement in cell performance is related
to the excellent management of the light reflection in NR-NP
photoanode. As shown in Fig. 1, it can be deduced that, NP-NR
assembly significantly creates an obstacle against the incident light
(Mie theory [37]) which consequently improves light travelling
path in photoanode. Thus, this structural design offers eventually
long light diffusion distance through higher chemisorbed dye and
results in improvement of the photovoltaic performance of the
DSSC.

Though, NR based photoanodes give more proper electron
transport paths, however, in case of NP-NR assembly, specific
surface morphology provides an optimum condition in order to
have higher light scattering and light-dye interaction.

3.3. Transport and recombination properties of photo-generated
charge carriers

For further elucidation, electrochemical impedance spectros-
copy (EIS) was carried out to study electron recombination and
dynamics of the charge transfer processes in the cells. Fig. 7a shows
generalized equivalent circuit of the system which corresponds to
the transmission line model (supplementary Fig. S4) [38] to fit
experimental data of the Nyquist plots (Fig. 7b) under open-circuit
conditions and 100 mW/cm2 solar illumination.

Typically, start point for all of the spectra resemble the RSwhich
represents the contact impedance between FTO substrate and the
metal ohmic contact which is the only real part of the impedance
Fig. 7. (a) Generalized equivalent circuit model and (b) Nyquist plots of
electrochemical impedance spectroscopy of the DSSCs based on double layered
NR, NR-NP photoanodes. (The fitted results are shown with solid line). Inset:
straight lines at medium frequencies account for electron transport resistance in the
TiO2 film.
(i). Then, from high to low frequency, the three semicircles in the
Nyquist impedance spectra are observed. The small one (ii) in the
high frequency region is related to the charge transfer between
counter electrode and electrolyte interface (RPt). The large
semicircle (iii) exhibits the charge transfer in the nanocrystalline
TiO2 film (Rt and Rct) and the last one (iv) is related to the
electrolyte ion diffusion (O, cotangent hyperbolic which is shown
in detail in supplementary Fig. S5) [39].

The simulated data obtained from the equivalent circuit are
listed in Table 2, where rt = Rt/L, rct = RctL and cm = Cm/L[22]. The
parameters Rt, Rct, Cm, L and De are the electron transport resistance
in the TiO2 film (inset in Fig. 7a: straight line at medium
frequencies), interfacial charge transfer resistance because of
electron recombination at the TiO2/electrolyte interface, chemical
capacitance caused by the accumulation of electrons in the TiO2

film, TiO2 film thickness, and electron diffusion coefficient,
respectively [22].

The fitted data show that the Rs and RPt values for the two DSSCs
are the same. This is because of the similarity between the FTO
substrate and Pt-counter electrodes. However, NP-NR assembly
DSSC exhibits lower Rt and Rct values than that of NR based cell.
This indicates that charges can move more straightforwardly from
the electrolyte to the dye molecules and from dye molecules into
the TiO2 film in NR-NP based DSSC than the NR DSSC.

The lifetime (te) and transit time (tt) of electrons in the TiO2

film were calculated from formulae 3 and 4:[22]

te ¼ Rct � Cm (3)

tt ¼ Rt � Cm ¼ L2=De (4)

NR and NR-NP cells have electron transit times of 13.17 and
9.62 ms which lead to the electron diffusion of 1.93 � 10�4 cm2 s�1

and 2.64 �10�4 cm2 s�1 for NR-NP and NR, respectively. Moreover,
for the trapping/detrapping dynamics, it is a general rule that a
higher electron concentration, i.e., a higher quasi-Fermi level,
decreases the transit time, since less energy is needed to transfer
electrons from the traps to the conduction band. Consequently,
although we should consider the film conductivity, since NR-NP
has lower resistance, higher electron diffusion results in higher
electron concentration [40] due to the higher light scattering and
dye loading behavior. It should be noted that in spite of the higher
electron lifetimes (te) of NR cell (30.31 ms versus 20.44 ms for
NR-NP) which lead to the slightly higher Voc [13] the charge
collection efficiency (hcoll, measured from formula 3 [22]) of both
cells are comparable (52.94% for NR-NP compared with 56.56% for
NR), where: [22]
Table 2
Electron dynamic parameters estimated from the Nyquist impedance plots.

Parameter NR-NP NR

Rs (V) 15.58 15.56
RPt (V) 1.29 1.02
Rt (V) 4.74 6.86
Rct (V) 10.07 15.79
Cm (mF) 2.03 1.92
te (ms) 20.44 30.31
tt (ms) 9.62 13.17
De (�10�4 cm2 s�1) 2.64 1.93
hcoll (%) 52.94 56.56
Ln (mm) 23.23 24.19
O (Mho) 1.22 0.65
x2 0.003 0.169



400 M. Jalali et al. / Electrochimica Acta 169 (2015) 395–401
hcoll ¼ 1 � ðtt=teÞ (5)

Further, Jsc can be approximated by the following expression:
[22]

Jsc ¼ I0qhinjhcollhlh (6)

where I0 is the light intensity, q is the elementary charge, hinj is the
charge injection efficiency (which is in regarded to the dye), hcoll is
the charge collection efficiency and hlh is the light harvesting
efficiency of a cell (which is generally governed by the amount of
chemisorbed dye). Since the sensitized dye was the same and also
the charge collection efficiency has been perceived to be
comparable for both cells, higher light harvesting of the NR-NP
cell due to its higher surface area and light scattering ability
governs the higher current density [41].

On the other hand, the electron average diffusion length (Ln),
which is the average transportation distance of electron before
recombination [40], can be calculated by using formula 7:[22]

Ln ¼ ðDt � teÞ0:5 (7)

Diffusion length should meet the criterion Ln > L. As listed in
Table 2, both cells meet this criterion when having the same value.
We also found that the O value of the NR-NP assembly based anode
is higher than NR anode (1.22 Mho in comparison to 0.65 Mho).
This excellent electrolyte ion, namely I3�, diffusion value suggests
that the heterostructures of TiO2 derives a benefit from higher
porosity and faster electron path way, as well as good connection
with the substrate which permits efficient diffusion of I3� ions [39].

All in all, these results confirm that the NR-NP double layer
structure with higher levels of dye loading and light harvesting as
well as effective electron transport is most favorable to the
conversion efficiency of the DSSC. This conclusion is consistent
with the I–V performance and IPCE spectra.

4. Conclusions

Hierarchical TiO2 double layered nanorod-nanoparticle assem-
blies were successfully synthesized via hydrothermal process.
Nanoparticles attached to the nanorods of TiO2 offered high visible
light scattering and dye loading capacity. TiO2 nanorod-nano-
particles assembly acted as a scatter layer for DSSC photoanode.
Consequently, high performance DSSC with efficiency of 8.07%,
short circuit current density of 18.96 mA cm�2 and open circuit
potential of 0.795 V was obtained. The specific surface morphology
of TiO2 heterostructures owed to large surface (116.9 m2g�1), high
dye loading (2.38 � 10�7mol cm�2) and great light scattering
(89.2%) values. In addition, nanoparticles attached to the nanorods
showed low charge transfer resistance (10.07 V), long electron life
time (21.51 ms) and high electrolyte ions diffusion (1.22 Mho)
when used in DSSCs.
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