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D
ye-sensitized solar cells (DSCs) are
one of the most promising photo-
voltaic technologies for production

of renewable, clean, and affordable energy.

Liquid electrolyte-based DSCs have reached

efficiencies as high as 11.1%.1�3 However,

these liquid-based DSCs may suffer from po-

tential leakage and corrosion problems;4,5

the potential disadvantages have sparked

research in DSCs that have solid-state hole

transport materials (HTMs) instead of liquid

electrolytes. One of the most widely used

HTMs is spiro-MeOTAD (2,2=,7,7=-tetrakis-

(N,N-di-p-methoxyphenylamine)9,9=-
spirobifluorene).6 Devices with spiro-

MeOTAD as HTM have already attained effi-

ciencies over 5%,7,8 which is still below the ef-

ficiency of liquid electrolyte DSCs. The lower

efficiency is primarily a consequence of in-

complete light harvesting. Indeed, high-

performance solid-state DSCs (ss-DSCs) are

still limited to a 2�3 �m thick active layer

that is far thinner than needed to achieve

good optical absorption for most of the cur-

rently used sensitizers.9 There are two factors

that limit the ss-DSCs from being more effi-

cient at a thickness of �2 �m: incomplete fill-

ing of the mesoporous TiO2 films with spiro-

MeOTAD and electron�hole recombination.

Studies show that recombination is 2 orders

of magnitude faster and electron diffusion

length is 1 order of magnitude lower in ss-

DSCs than in liquid DSCs.10�13 Pore filling has

been the focus of a thorough study that

linked the cell efficiency and optimal thick-

ness to the pore filling by way of varying the

spinning speed and concentration of spiro-

MeOTAD in the infiltrating solution.14 How-

ever, the optimal thickness remained below

3 �m.

Electron transport in DSCs is governed

by an ambipolar diffusion mechanism con-

trolled by trap-limited hopping through a

relatively long and tortuous path to the

transparent substrate.15�17 Given a charge

collection time of milliseconds at the maxi-

mum power point,18 efficient charge extrac-

tion is only made possible through the ex-

traordinarily slow interception of electrons

by adjacent I3
�. However, this recombina-

tion pathway is 2 orders of magnitude faster

in ss-DSCs, which makes it one of the main

limiting factors in their efficiency. Several

approaches have been proposed in order

to improve charge collection in liquid elec-

trolyte and ss-DSCs including the use of ra-

dial collection nanostructures19 and one-

dimensional ZnO and TiO2 nanorods and

nanowires as photoanodes.20�23 Even

though these approaches show great prom-

ise, they have yet to achieve power conver-
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ABSTRACT Herein, we present a novel morphology for solid-state dye-sensitized solar cells based on the

simple and straightforward self-assembly of nanorods into a 3D fibrous network of fused single-crystalline anatase

nanowires. This architecture offers a high roughness factor, significant light scattering, and up to several orders

of magnitude faster electron transport to reach a near-record-breaking conversion efficiency of 4.9%.
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nanowires
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sion efficiencies above 5% in liquid electrolyte DSCs

and 1.7% in ss-DSCs.

One of the major issues with these novel photo-

anodes is their limited roughness factor which greatly

limits dye loading and, ultimately, absorption and

photocurrent. In liquid DSCs, improved light harvest-

ing has been demonstrated using backscattering over-

layer,24 mesoporous macroparticles,25 mixtures of

macroparticles and nanoparticles,1 as well as photonic

crystals.26�28 However, the limited thickness in ss-DSCs

prohibits the use of these different strategies and ne-

cessitates the development of thin-film electrodes that

are inherently diffusive.

RESULTS AND DISCUSSION
Herein, we present the first high-efficiency ss-DSC

built using a three-dimensional (3D) fibrous network of

anatase nanowires self-assembled from fused single-

crystal nanorods. This novel photoanode material is the

first to incorporate a high-conductivity network for effi-

cient electron extraction, a relatively high roughness

factor for dye loading, and large pores for enhanced

light harvesting through light scattering. From high-

resolution scanning and transmission electron micro-

scopy (HRSEM and TEM), it is found that the 3D fibrous

network is formed of primary TiO2 nanorods that self-

assemble into interconnected single-crystalline nano-

wires. This morphology offers large
pores that efficiently scatter light to
enhance light harvesting and a high
roughness factor of 144 that permits
adequate dye loading. A detailed
study using electrochemical imped-
ance spectroscopy (EIS) shows that
this 3D morphology presents a signifi-
cantly higher conductivity over a wide
range of applied potential as well as
faster electron transport than compa-
rable nanoparticle-based ss-DSCs
which result in improved collection ef-
ficiencies. Using a state-of-the-art or-
ganic dye,29 these factors combine to
achieve the highest reported power
conversion efficiency in a nanowire-
based solid-state device of 4.9% un-
der AM1.5. This result puts this novel
morphology in direct competition
with conventional nanoparticle-based
ss-DSCs, which until recently were ca-
pable of achieving only slightly higher
power conversions than 5% (AM1.5).7,8

The primary building block of this
3D fibrous network is the single-crystal
nanorod. These subparticles are ob-
tained from the thermal decomposi-
tion of titanate nanowires between 20
and 60 nm in diameter and 1 and 20

�m in length (see Supporting Information, Figures S1
and S2). Nanowires are produced by a two-step hydro-
thermal process. In a typical synthesis, a mixture of ana-
tase and NaOH solution is treated at 130 °C for 36 h. The
resulting white powder undergoes a second hydrother-
mal treatment at 200 °C while mixed with KOH. The ob-
tained nanowires are subsequently collected, washed,
and dried at 250 °C. In order to produce a solution for
doctor blading that would both exhibit good wettabil-
ity on FTO glass substrate and produce smooth thin
films, the nanowires are sonicated in isopropyl alcohol
for 30 min. The nanowire solution of 24 mg/mL in iso-
propyl alcohol is then doctor bladed using a 40 �m
spacer (3M) to obtain the desired film thickness of 2.5
�m.

The nanowires go through an oriented attach-
ment growth mechanism to form a 3D network of
nanorods.30 At first, nanowires self-assemble in two
dimensions parallel to the FTO glass substrate dur-
ing the doctor blading process. The network conse-
quently condenses during the evaporation of isopro-
pyl alcohol, enhancing the number of contact points
between the individual nanowires (Figure 1a). Dur-
ing the subsequent thermal decomposition, each ti-
tanate nanowire undergoes a transformation into
chain-like assembly of truncated anatase nanorods
(Figure 1b,c).31 Figure 1c,d shows high-resolution

Figure 1. Oriented attachment of nanorods into a 3D fibrous network of
single-crystalline anatase nanowires. (a) High-resolution scanning electron
micrograph of the top surface showing nanowire aggregates and the
macroporous structure. (b) Oriented self-assembly of the nanorods into the
3D fibrous network. (c) High-resolution transmission electron micrograph
showing the continuous [001] crystal orientation across two nanorods. (d) Con-
tinuous (101) crystal plane and spacing across the junction.
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TEM images of the interconnected TiO2 nanorods

elongated in the [001] direction. All images clearly

show single-crystalline nanorods with lattice fringes

of the (101) plane obtained. The analysis of the inter-

face between two attached nanorods reveals re-

duced lattice fringes’ misorientation through grain

boundaries from one particle to the next, confirm-

ing the topotactic transformation of the nanow-

ires.32 Oriented attachment also occurs spontane-

oulsy at the contact point between nanowires to

yield a stabilized 3D network of nanorods with en-

hanced grain boundaries.30 The crystal structure of

the 3D network of nanorods is confirmed by the XRD

peak positions obtained which are consistent with

the standard powder diffraction pattern of the pure

anatase phase of TiO2 (JCPDF 21-1272) with no sec-

ondary phase or rutile formation observed. An aver-

aged primary crystallite size of 13.6 nm is predicted

from the full width at half-maximum value of the

(101) XRD peak using Scherrer’s equation. This is in

good agreement with the average nanorod diameter

obtained by analyzing TEM images (12 � 3 nm; see

Supporting Information, Figures S1 and S2).

Using a nitrogen adsorption�desorption technique,

the specific surface area, pore diameter, and pore vol-

ume for the fibrous anatase network are compared with

that of conventional films obtained from a 23 nm ana-

tase nanoparticles paste prepared in-house (Figure

2a).33 Conventional films offer a narrow pore size distri-

bution in the mesoporous regime ranging from 4 to

18 nm, while the average pore size is centered at 13

nm and the corresponding total pore volume is about

0.3 cm3/g. By comparison, the 3D network of nanorods

exhibits a wide pore size distribution composed of large

10�50 nm mesopores and 50�120 nm macropores.

The films’ porosity is about 40% higher than that of con-

ventional films resulting in almost double the total vol-

ume of pores (0.58 cm3/g) with the majority (75%) of

these pores being larger than 50 nm. This is the result

of low packing density of the nanowires due to their

large anisotropy (see Supporting Information, Figure

S3) and allows for efficient infiltration with the HTMs.

In fact, the observed hysteresis in the pressure isotherm

shows a H3 feature generally associated with aggre-

gates of thin, flaky particles giving rise to slit-shaped

pores. Finally, nanorod and nanoparticle-based films ex-

hibit a BET surface area of 60 and 83 m2/g, respec-

tively. Although the 144 roughness factor of the 3D ar-

chitecture of nanorods developed in this study is higher

than in previous nanowire-based ss-DSCs, it remains

lower than the 374 roughness factor of conventional

films. Consequently, the dye loading is reduced and

would greatly limit light harvesting if it occurred in

transparent, nanoparticle-based films (see Supporting

Information, Figure S4 and Table S1).

However, lower dye loading in the 3D network film

is partly compensated by significant light scattering in

the film. Indeed, Chiba et al. have shown that efficient

light scattering significantly increases light harvesting

in the DSC and, consequently, its photocurrent.1 In the

nanowire-based photoanode, the aggregation mecha-

nism provides for both large aggregates and

macropores (Figure 1a) capable of effective light scat-

tering, as can be seen in Figure 2b. About 20�40% of

visible light is scattered in transmission and reflection

for 2.5 �m thick films.

Complete DSC devices were prepared using 2.5 �m

doctor bladed thin films on FTO glass. After calcination

in air at 600 °C for 2 h, the thin film is dipped overnight

in an acetonitrile solution of C218 high extinction coef-

ficient organic dye.29 The thin film is then ready to be

infiltrated with a solution of spiro-MeOTAD hole trans-

Figure 2. Physical and optical properties of the 3D fibrous network electrode. (a) Comparison of the pore volume and di-
ameter for thin-film electrode made of conventional 23 nm anatase nanoparticles (red) and the 3D fibrous network of ana-
tase nanowires (blue). (b) Total transmittance (purple, solid) and reflectance (green, solid) in a 2.5 �m thick 3D fibrous net-
work thin film on FTO glass substrate including the specular (round dots) and diffused (square dots) contributions. Black
dotted line represents the total amount of light measured.
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port material, tert-butyl pyridine, and lithium bis(trifluo-
romethylsulfonyl)imide salt in chlorobenzene. To do
so, each film is covered by a small quantity (50�70 �L)
of the spiro-MeOTAD solution before spin coating at
1200 rpm for 45 s in order to maximize pore filling.14 Af-
ter spin coating, a 100 nm gold counter electrode was
applied by thermal evaporation (see Supporting Infor-
mation, Figure S5). Figure 3 shows the J�V for the bare
3D fibrous network ss-DSCs as well as for cells which
have been treated in aqueous acidic TiCl4 or by atomic
layer deposition (ALD) of TiO2 (�1 nm) to improve inter-
connectivity.

The photocurrent for the bare nanowire-based thin
film is significantly increased from 3.1 to 8.0 and 8.5 mA/
cm2 for the TiCl4 and ALD-treated films, respectively.
This increase results from an improved connectivity be-
tween the nanorods’ aggregates. Additionnaly, ALD-
treated films present a slightly improved fill factor and
photovoltage (FF � 0.63, Voc � 838 mV) when com-
pared to the bare and TiCl4-treated film (FF � 0.56, Voc

� 795 mV). Further investigations are ongoing in order
to better understand the slight advantage of ALD depo-
sition versus the conventional TiCl4 treatment for 3D fi-
brous network-based ss-DSCs. Figure 3b shows the
characterisitic dark shunt resistance is visible in the J�V
curves of the different cells which is due to nanorods
sticking through the thin spiro-MeOTAD overlayer and
contacting the gold counter electrode (Supporting In-
formation, Figure S5 inset). This contributes to a slightly
lower than expected fill factor when compared to that
of conventional nanoparticle ss-DSCs which is closer to
FF � 0.70.8 Finally, the 3D single-crystalline network of
anatase nanorods gives an overall power conversion ef-

ficiency of 4.9% which is close to the published effi-

ciency record of 5% for a solid-state spiro-MeOTAD

DSC.8

In this work, the electrical behavior of the 3D fi-

brous network spiro-MeOTAD-based ss-DSCs was stud-

ied by electrochemical impedance spectroscopy. The

impedance spectra were analyzed using the transmis-

sion line model.10,34�36 One advantage of this method

is that it enables the direct comparison of electronic

parameters like conductivity of the TiO2, transport time,

and lifetime of electrons in conventional

nanoparticle-based films and in the 3D fibrous net-

work ss-DSCs. In particular, the latter is compared to a

nanoparticle-based cell sensitized with the same C218

dye and with very similar photovoltaic performances

(FF � 0.69, Voc � 810 mV, Jsc � 8.2 mA/cm2, n � 5.4%).

In order to prevent the light-induced variation of the

spiro-MeOTAD doping level during impedance meas-

urements, all parameters presented were obtained in

the dark.

Figure 3. Photocurrent density�voltage (J�V) characteris-
tics of the 3D fibrous network and nanoparticle-based ss-
DSCs. (a) J�V characteristics for the as-prepared (gray, Jsc �
3.1 mA/cm2, Voc � 820 mV, FF � 0.55, n � 1.5%), TiCl4-
treated (black, Jsc � 8.0 mA/cm2, Voc � 795 mV, FF � 0.56,
n � 3.9%), ALD-treated electrodes (blue, Jsc � 8.50 mA/cm2,
Voc � 838 mV, FF � 0.63, n � 4.9%), and TiCl4-treated
nanoparticle-based cell (red, Jsc � 9.1 mA/cm2, Voc � 881
mV, FF � 0.67, n � 5.4%). (b) Comparison of the dark cur-
rent for a conventional nanoparticle film (red) and the 3D fi-
brous network film (blue).

Figure 4. Electrochemical impedance spectroscopy in the
dark. (a) Comparison of the conductivity in ss-DSCs made
with conventional nanoparticles (red) and with the 3D
fibrous network (blue). (b) Comparison of the transport time
and (c) of the electron lifetime in the same respective ss-
DSCs.
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First, it can be seen that the conductivity of the 3D
fibrous network is higher than its nanoparticle counter-
part up to about 750 mV (Figure 4a). The conductivity
of the fibrous network stays constant over a wide range
of applied potential. This indicates a high doping den-
sity which is most probably caused by hydrogen inter-
calation during the nanowire synthesis.37 The higher
doping level was determined by the Mott�Schottky
plots, which confirmed up to an order of magnitude
higher charge carrier concentration in the 3D fibrous
network and a shift of the flat band potential to higher
forward bias.38 Likewise, the transport time in the 3D fi-
brous network can be up to several orders of magni-
tude shorter than that in the nanoparticle-based film,
especially at lower bias potentials (Figure 4b). This re-
sult clearly confirms that the nanowires have an advan-
tage in electron transport when compared to a conven-
tional nanoparticle film. This is in part the result of the
higher doping density in the films, but it is also most
probably due to the longer diffusion length of the elec-
tron before having to hop on another nanowire.39 Fi-
nally, the comparison of the electron lifetime shows the
same tendency (Figure 4c). At low potentials (or low
TiO2 conductivity), the 3D fibrous network ss-DSC
shows a longer lifetime than that measured in the
nanoparticle-based cell. At 750�800 mV (or �3 	 10�6


�1 cm�1), the electron lifetime in the 3D fibrous net-
work drops below that measured in the nanoparticle-
based ss-DSCs. These measurements confirm the high
quality of the anatase fibrous network in terms of crys-
tallinity and electronic properties. The superior light
scattering as well as the shorter transport time and
longer electron lifetime at the maxium power point
contribute to a higher photocurrent and charge collec-
tion efficiency in the ss-DSC. These favorable optical

and electronic characteristics help explain the high-
power conversion efficiency obtained with this novel
morphology in spite of the lower dye loading.

CONCLUSION
In conclusion, the first high-efficiency ss-DSC built

using a 3D fibrous network of anatase nanowires self-
assembled from fused single-crystal nanorods was pre-
sented. This novel photoanode material is the first to in-
corporate a high-conductivity network for efficient
electron extraction, a high roughness factor for dye
loading, and large pores for enhanced light harvesting
through light scattering. XRD, HRSEM, and TEM were
used to show that the primary protonated titanate
nanorods spontaneously orient themselves and self-
assemble into secondary nanowires of joined particles
with optimized anatase crystallographic orientations.
This morphology offers large pores that efficiently scat-
ter light to enhance light harvesting and a high rough-
ness factor of 144 that permits good dye loading.
Through a detailed study using electrochemical imped-
ance spectroscopy, it was confirmed that this 3D mor-
phology presents a significantly higher conductivity,
shorter transport time, and longer electron lifetime over
a wide range of applied potential than comparable
nanoparticle-based ss-DSCs which result in improved
collection efficiencies. Ultimately, these factors combine
to give the highest recorded power conversion effi-
ciency in a nanowire-based solid-state device of 4.9%
(AM1.5). This novel 3D network of single-crystalline
nanowires presents morphological and electronic char-
acteristics that put it in direct competition with conven-
tional nanoparticle-based ss-DSCs, which are now ca-
pable of achieving only slightly higher power
conversions of 5% (AM1.5).

METHODS
Nanowire Synthesis. In a typical synthesis, 3.7 g of titanium(IV)

oxide nanopowder (99.7% anatase, Aldrich) is mixed with 35
mL of 10 M NaOH (97% Aldrich) solution. The mixture is then
transferred into a Teflon-lined stainless steel autoclave (Parr In-
strument Company) and heated at 130 °C for 36 h. After this
treatment, the autoclave is left to cool to room temperature at
a rate of 1 °C min�1. The supernatant is gently decanted from the
cake-like half-product that is formed at the bottom of the Tef-
lon linear. Then, 35 mL of 15 M KOH (Fluka) solution is immedi-
ately added and the temperature is increased gradually (3 °C
min�1) to 200 °C for 24 h. The system is cooled to 150 °C at a
rate of 1 °C min�1 and subsequently kept at 150 °C for 12 h. The
autoclave is then quenched to room temperature. The white
product is then collected, filtered, and washed several times with
deionized water and neutralized with the appropriate amount
of 0.1 M HCl solution (Merck). It is then washed with hot (80 °C)
deionized water in order to remove remaining traces of NaCl and
KCl. The white powder is finally dried at 100 °C for 6 h in air.
The obtained product is gently ground evacuated at 250 °C for
4 h in vacuum to complete the drying.

Nanowire Suspension. Nanowire powder (2.4 g) is dispersed in
100 mL of 2-propanol (�99.8% Merck), and the mixture is
homogenized with an ultrasonic tip (Bandelin Sonopuls, Microtip
MS73) 10% amplitude for 30 min.

Titanate Nanowire Decomposition. Once deposited on the FTO
glass substrates by doctor blading, the samples are heat treated
at 600 °C in air for 2 h. Titanate nanowires crytallize into ana-
tase structure as confirmed by the X-ray diffractograms pre-
sented in Figure S1. The nanowires can be described as a chain-
like assembly of TiO2 nanorods with morphological
characteristics presented in Figure S2.

Solid-State Dye-Sensitized Solar Cell Fabrication. Complete DSC de-
vices were prepared using 2.5 �m doctor bladed thin films on
FTO glass (TEK15, 15 
/▫) covered with a 100 nm compact layer
of TiO2 deposited by spray pyrolysis to avoid recombination
losses with the hole transport material. After calcination in air at
600 °C for 2 h, interconnectivity within the 3D network of nano-
wires was improved by treating the photoanodes in aqueous
acidic TiCl4 (40 mM, 70 °C, 30 min) or atomic layer deposition
(ALD) of titanium tetraisopropoxide (�1 nm, 200 °C). The photo-
anodes are then dipped overnight in a 1 	 10�4 M acetonitrile
solution of C218 high extinction coefficient organic dye.29 The
thin film is then infiltrated with a solution of spiro-MeOTAD hole
transport material (Merck Gmbh, 180 mg/mL), tert-butyl pyri-
dine (1:26 mL mg�1 tbp/spiro-MeOTAD), lithium bis(trifluorome-
thylsulfonyl)imide salt (Li-TFSI, 170 mg mL�1 acetonitrile solu-
tion, 1:12 mL mg�1 of Li-TFSI solution/spiro-MeOTAD) in
chlorobenzene. To do so, each nanowire-based thin film is first
covered with 50�70 �L of the spiro-MeOTAD solution before
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spin coating and left for 40 s before spin coating at 1200 rpm
for 45 s in order to maximize pore filling.14 After spin coating,
the counter electrode was applied by thermal evaporation of 100
nm of gold. J�V measurements of the cell were carried out un-
der standardized AM1.5 illumination of 100 mW/cm2 (active area
0.18�0.19 cm2, spectral mismatch 2%).

Electrochemical Impedance Spectroscopy Measurements. The electro-
chemical impedance spectroscopy (EIS) measurements of the
samples were performed at 20 °C using a sinusoidal potential
perturbation of 10 mV, which was applied over a frequency
range from 1 MHz down to 0.1 Hz (Autolab PG30). Measure-
ments were analyzed using the transmission line model from
Bisquert et al.10,35
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