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ABSTRACT Hierarchical or one-dimensional architectures are among the most exciting developments in material science these recent

years. We present a nanostructured TiO2 assembly combining these two concepts and resembling a forest composed of individual,

high aspect-ratio, treelike nanostructures. We propose to use these structures for the photoanode in dye-sensitized solar cells, and

we achieved 4.9% conversion efficiency in combination with C101 dye. We demonstrate this morphology beneficial to hamper the

electron recombination and also mass transport control in the mesopores when solvent-free ionic liquid electrolyte is used.

KEYWORDS Dye-sensitized solar cell, pulsed laser deposition, TiO2, C101 dye, photoanode

R
esearch aimed at tailoring materials at the nanoscale

has paved the way toward new challenges, in par-

ticular in the domain of photoelectrochemistry with

the development of water photoelectrolysis for hydrogen

production1 or dye-sensitized solar cells (DSSC) which, in

principle, mimic the natural photosynthesis in the leaf.2 After

twenty years of research, DSSC technology shows enough

maturity for viable outdoor application as witnessed by the

recent achievements on single-junction lab cells exceeding

11% power conversion efficiency (PCE),3-5 9% stable6 or

on the production of W-contact submodules showing more

than 8%.7 The low environmental impact, low cost, short

energy pay-back time (<1 year), low sensitivity to temper-

ature changes or to light angle of incidence, performance

maintained at low irradiance and easy elaboration upon

flexible substrates are some promising features guaranteed

by DSSC over the other alternatives. Nevertheless, a sub-

stantial amount of research work is still needed to fill the

gap between today’s benchmark conversion efficiency and

the Shockley-Queiser limit of η ) 32% predicted for a single

junction cell.8 The TiO2 electrode sensitized by a chro-

mophore based on organic donor-acceptor units, or poly-

pyridil Ru+II-containing complex, represents the heart of the

device, where exciton generation and carrier transport

constitute separate processes. High-conversion performance

is achieved when the electron diffusion length is much

greater than the TiO2 film thickness. This is the case when

charge transport is promoted against carrier recombination

either via the oxidized dye (S+) or via the reduced electrolyte

I3
-, competitive processes that arise in the ms time domain.9

The enhancement of the electron diffusion length by reduc-

ing the dimensionality of the TiO2 photoanode has been

successfully demonstrated by means of vertically aligned

TiO2 nanotubes or nanowires produced by electrochemical

anodization from Ti metal,10-14 using softer methods like

hydrothermal growth15 or, more recently, DC sputtering

upon TCO.16 Another explored route is the synthesis of

hierarchical meso-architectures combining efficient light

trapping and high surface area for dye absorption.17,18 In

this work, we present a novel photoanode architecture

combining these two approaches synthesized by pulsed laser

deposition (PLD). This established technique is well-known

for its versatility to grow a wide variety of materials.19

Recently, it has been demonstrated that it is possible to grow

complex, high surface area films of different oxides via a fine

control of the growth parameters (e.g., background gas

pressure, laser fluence, deposition temperature, or time).20-24

In particular, some of us have shown that the variation of

the plasma expansion dynamics by means of a reactive

atmosphere during the ablation process allows a fine-tuning

of morphology and crystalline structure of titanium oxide

films at the nano- and mesoscale.25 Herein, we introduce a

novel architecture for the DSSC photoanode which consists

of hierarchical assemblies of nanocrystalline particles of

anatase TiO2, morphologically resembling a tree, giving rise

in fine to a forestlike architecture. The trees are directly

grown on TiO2-coated fluorine-doped tin oxide (FTO) at

room temperature by ablation of a Ti target in a background

O2 atmosphere (details about material synthesis can be

found in ref 25). The height of the trees and hence film
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thickness increases linearly with deposition time. Depending

on experimental conditions, a deposition rate up to 1 µm/

min can be achieved over a 10 × 5 cm2. As-deposited films

are amorphous and annealing in air at 500 °C is usually

performed to obtain the desired anatase crystalline phase.

Figure 1 shows field-emission scanning electron microscopy

(FESEM) micrographs of films deposited at different oxygen

pressures, namely 20 and 40 Pa. From the cross sections

presented in Figure 1b,c, the forestlike morphology of the

film is evident for both oxygen pressures. The hierarchical,

treelike morphology of the primary aggregates can be

observed in the transmission electron microscopy (TEM)

micrograph in Figure 2a for the film grown at 20 Pa. Here

the growth axis of the tree is horizontal, from right to left.

TiO2 nanocrystal arrays 10-40 nm in diameter represent

the branches, which reach 500 nm in length and form an

angle of 15-20 degrees with the tree’s growth axis. These

images show the anisotropic growth and multiscale structur-

ing of the trees with a length in the micrometer scale and

made up of branches in the 100 nm scale, constituted by

an assembly of nanoparticles in the 10 nm scale. SEM

images also suggest that as the film grows thicker the tree

structures become more open, which is typical of low-energy

deposition processes from the gas phase, and that surface

area increases more than linearly with thickness. High-

resolution imaging (Figure 2b) shows highly crystalline,

faceted particles in the anatase phase in agreement to the

recorded X-ray diffraction pattern.23 The size distribution of

the individual nanocrystals is centered at about 25 nm,

ranging from 10 to 40 nm. Similar considerations apply to

the film grown at the higher pressure, except that the

branches and trees packing density are both lower thus

decreasing the average film density. The effect of oxygen

pressure on nucleation and growth processes of TiO2 films

is thoroughly detailed in ref 23. In brief, pulsed laser deposi-

tion at low pressures (<10 Pa) yields dense films, while at

high pressures (>100 Pa) free nanoparticles are formed in

the gas phase that can assemble in an aerogel-like morphol-

ogy, attaining a porosity of 94%. In between these two

asymptotic regimes, well documented in the literature, a

narrow window of operating conditions19 allows the growth

of high aspect ratio, hierarchical microstructures via self-

assembly from the gas phase. The two types of film shown

(grown at 20 and 40 Pa) are a typical example of this

fascinating hierarchical tree microstructure. Brunauer-

Emmett-Teller (BET) analysis based on N2 adsorption has

been used to determine surface area and the pore size

distribution using the Barrett-Joyner-Halenda (BJH) method.

At 20 Pa, the films exhibit a surface area of 37 m2/g and a

porosity of around 68%. The derivative curve featuring the

evolution of pore volume as a function of pore diameter

shows a bimodal distribution with two types of pore size at

10 and 40 nm (see Supporting Information). By contrast, the

40 Pa films display solely one type of mesopores for which

the diameter is intermediate at around 30 nm. The surface

area increases to 86 m2/g while the porosity attains 79%.

For comparison, the widely used mesoporous film made of

acidic nanocrystalline anatase TiO2 shows similar charac-

teristics with a BET surface area of 86 m2/g, film porosity of

67% and pore size of 20 nm (without TiCl4 post-treatment

of the films).26

Hierarchical mesostructures grown at 20 Pa were char-

acterized as DSSC photoanodes. Reference photoanodes

were prepared following the standard preparation described

in ref 24 without scattering layer. All samples were sensitized

with the recently developed heteroleptic thiophene-based

sensitizer Na-Ru(4,1′-bis(5-hexylthiophen-2-yl)-2,2′-bipyri-

dine)(4-carboxylic-acid-4′-carboxylate-2,2′-bipyridine) (thio-

cyanate)2, coded as C101.4 Closely related to the amphiphilic

Z907Na family, the C101 combines both the advan-

tages of greater molar extinction coefficient (ε ) 17 500

L·mol-1·cm-1) and red-shifted metal-to-ligand charge trans-

fer (MLCT) response owing to the increased donor strength

of the ancillary ligand which causes the destabilization of the

metal t2g orbitals (λ(MLCT) ) 547 nm). To prevent bunching

of the trees during solvent evaporation,27 we carefully rinsed

the sensitized electrodes with hexane so as to reduce

interactions between neighboring branches.

First, we show in Figure 3a the (J-V) characteristics

collected for a typical 2 µm photoanode under different

incident light intensity exposure (100, 50, 10, and 0%

equivalent sunlight illumination, A.M. 1.5 G condition). A

power conversion efficiency (PCE) of 3.1% was achieved,

despite the very low film thickness with Jsc ) 5.3 mA/cm2,

FIGURE 1. Scanning electron micrographs of PLD TiO2 films: (left)
overview of a film deposited at 40 Pa; (right) cross sections of films
deposited at 20 and 40 Pa.

FIGURE 2. (a) Bright-field TEM image of a single tree (section,
horizontal) and (b) high-resolution TEM image of a cluster of anatase
TiO2 nanoparticles.
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Voc ) 792 mV and fill factor (ff) ) 0.75. By increasing film

thickness to 7 µm, we were able to enhance the PCE to 4.9%

at 1 sun and 5.5% at 0.1 sun owing to a noticeable improve-

ment in the short circuit current density (Jsc ) 9.0 mA/cm2)

while maintaining the fill factor as high as 76% (Figure 3b).

The incident photon-to-electron conversion efficiency (IPCE)

curve is reported in Figure 3c. The photons absorption and

conversion to electrons is observed in the wavelength range

between 400 and 750 nm with a maximum of IPCE of 53%

at 536 nm. The result of IPCE integration is in good correla-

tion with the 9 mA/cm2 short circuit current density recorded

when using our solar simulator. However, as a result of the

increased thickness that induces more pathways for electron

recombination, the cell photovoltage dropped to 715 mV,

value which lies below those obtained on a typical 7 + 5 µm

type configuration,4 beads of TiO2,
28 or optimized photoan-

ode configuration with the opto-electronic properties of C101

for high-efficiency cells.5 Increasing even further the thick-

ness to 12-13 µm yields a decrease in performances,

particularly due to an uncompensated loss of the Voc in the

case of the PLD-grown films. In Table 1, we summarize the

obtained results and compare PV performance of the novel

architecture with standard photoanode composed of acidic

20 nm based anatase TiO2 particles. While ff and Voc of the

20 Pa series are similar or even better than the reference,

short circuit current is roughly half, yielding to overall lower

power conversion efficiency. The inferior current could be

related to the lower roughness factor of PLD grown photo-

anode with respect to the reference one. These photovoltaic

performances obtained using PLD-grown films are compa-

rable to the recent achievements reported by Grimes and

co-workers on nanotube arrays deposited on TCO16 (for

comparable film thicknesses) and are superior to the anod-

ization approach on Ti substrate where the cell has to be

illuminated by the counter electrode side.10-14 Nevertheless,

the PCE of the PLD photoanodes still lags below the 7.4 and

8.4% obtained on standard 7 µm thick electrode composed

of acidic 20 nm based TiO2 particles before and after TiCl4
post-treatment, respectively.29

Interestingly, when studying the PLD-grown TiO2 elec-

trodes, we observe a significant overpotential increase for

the tri-iodide reduction based on the voltamperograms

recorded under dark condition using the Z960 electrolyte

composition (1 M DMII, 50 mM LiI, 30 mM I2, 0.5 M tert-

butylpyridine and 0.1 M GuNCS in a solvent mixture of 85%

acetonitrile with 15% valeronitrile by volume). This greater

overpotential reaches 115 mV differences for the 20 Pa

grown 2 µm thick films and about 20 mV for the 7 µm thick

films.

FIGURE 3. (J-V) characteristics recorded at different light illumina-
tion for PLD films prepared at background oxygen pressures of 20
Pa with different thicknesses (a) 2 µm, (b) 7 µm, and (c) IPCE
spectrum of the (20 Pa, 7 µm) sample.

TABLE 1. Photovoltaic Characteristics of C101 Dye onto
PLD-Made Photoanode and Nanocrystalline Film of Different
Thicknesses

Voc (mV) Jsc (mA/cm)2 FF η (%)

PLD 2 µm 791.7 5.28 0.75 3.1
PLD 7 µm 715.1 8.99 0.766 4.9
PLD 13 µm 780 5.86 0.8 3.7
nc 2 µm 774 12.2 0.739 7
nc 7 µm 736 16.5 0.746 9.3
nc 13 µm 711 17 0.71 8.8
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The evolution of the dark current density normalized for

the different film thicknesses and porosities as a function

of the bias voltage is reported in Figure 4. Regardless of the

film used, the current generated by the reduction of tri-iodide

follows an exponential dependence with bias voltage in

agreement with the Butler-Volmer relationship. As a result

of the higher overpotential, the generation of cathodic

current at the surface of the PLD photoanode is attenuated

by one to two orders of magnitude in comparison to the

standard nanocrystalline film. In addition, although the

current values reported were normalized by the film thick-

ness, one can notice a discrepancy in the current generated

suggesting a nonlinearity behavior for both types of film. In

other words, the particles composing the top of the photo-

anode and those close to the TCO are not equivalent from

an electrochemical point of view, and the top particles are

more electrochemically active toward tri-iodide reduction.

This implies that electron transport throughout TiO2 nano-

particles is faster than tri-iodide mass transport in the

mesopores. Note also in the Tafel-like plot the difference in

slope between the 7 and the 2 µm PLD-made thick films

which reflects the fact that the cathodic electronic transfer

coefficient (Rcath) depends on the film thickness conversely

to the standard nanocrystalline film (Rcath ≈ 3.40 × 10-5).

This Rcath increased (from 3.75 × 10-5 to 4.23 × 10-5) can

be explained by the cross sectional SEM observations that

suggest increased interface with the electrolyte when the

film growths thicker (Figure 1).

To gain better insight in the dynamics of interfacial charge

transfer processes, we have used the electrochemical im-

pedance spectroscopy technique in dark condition using a

two-electrode configuration. This powerful tool allows dis-

criminating the different interfacial electrochemical pro-

cesses as a function of their relaxation time constant. In

liquid-junction DSSC, the Nyquist plot generally features

three semicircles that reflect the charge transfer resistance

at the counter electrode in the kHz region, the Nernst-type

impedance due to electron transport across the nanocrys-

talline titania layer and their recapture by tri-iodide in the

Hz region and finally the so-called finite-Warburg impedance

relative to the tri-iodide mass transport in the mHz region30,31

(example of EIS spectrum shown in Figure 5 inset). All

spectra recorded were simulated using Zview software with

an equivalent circuit that depicts a general transmission line

electrical model established originally to describe the mac-

roscopic homogeneous porous electrode model.32 The elec-

tron lifetime value (τn) or “recombination time” was derived

from the product between the resistance of recombination

and the capacitance for the electron transfer. The semiloga-

rithmic plot shown in Figure 5 presents the linear depen-

dence of the electron lifetime as a function of the bias voltage

for the different films. The hierarchical assembly exhibits a

significantly higher electron lifetime, by more than 1 order

of magnitude, in comparison to the reference mesoporous

TiO2 nanocrystalline film. This could account for a better

charge collection efficiency when using this tree morphology

as similarly experienced on films composed of perpendicular

array of TiO2 nanotubes.10 It is noteworthy that the reduction

of the electron lifetime when increasing the thickness which

appears more pronounced in the case of the PLD films. This

point can be related to an increased Rcath value as we

discussed above. It also gives a plausible explanation on the

unusual significant loss of Voc, that is, from 792 to 715 mV,

while the film thickness was only augmented to 7 µm. In

addition to the positive aspect of delayed recombination

dynamics when using this forest-like photoanode film, we

have also attempted to quantify how such morphology could

affect the tri-iodide diffusion coefficient in the mesopores

when using a solvent-free, ternary eutectic melt, ionic liquid-

based electrolyte (2.9 M of DMII/EMII (1:1), 2.1 M of EMITCB,

0.22 M I2, 0.09 M GuNCS and 0.44 M of N-butyl benzimida-

zole).33 At first, we have evaluated the intrinsic apparent tri-

iodide diffusion coefficient by using electrochemical imped-

FIGURE 4. Comparison between standard nanocrystalline film and
PLD-grown films on the evolution of dark current density normalized
by the film thickness and porosity as a function of bias voltage.

FIGURE 5. Evolution of the electron lifetime as a function of bias
voltage for standard nanocrystalline film and PLD-grown films.
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ance spectroscopy on TCO-Pt/electrolyte/Pt-TCO symmetric

cells. As a result, we have deduced from the simulation of

the Warburg impedance and more particularly from the

slope of the plot R ) f(ω-1/2) the apparent tri-iodide diffusion

coefficient to be D(I3
-) ) 4.10-8 cm2/s. This is about 1 order

of magnitude lower than the value reported using rotating

disk ultramicroelectrode method.34 To compare the appar-

ent tri-iodide diffusion coefficient in the mesopores of PLD-

grown and standard nanocrystalline 7 µm thick films, we

have used the short-time approximation of the Cottrell’s law

using chrono-amperometry method on DSSC cells illumi-

nated at 100 mW/cm2. Owing to the kinetic control of the

cell by mass transport, the chrono-amperogram shows an

exponential decrease of the current with time before achiev-

ing a steady state. Figure 6 represents the evolution of the

current density as a function of t-1/2. The linear dependence

verifies Cottrell’s law from which the apparent diffusion

coefficient of tri-iodide is extracted from the slope of the

curve. Although Cottrell’s law is verified for a short period

on the PLD-film, it is extremely remarkable that the apparent

tri-iodide diffusion coefficient herein evaluated of ca. D(I3
-)

) 3.3 × 10-8 cm2/s is extremely close to the one determined

by electrochemical impedance spectroscopy on TCO-Pt

symmetric cell. This suggests that the hierarchical assembly

of TiO2 nanoparticles produced by PLD does not hinder the

mass transport. This is in contrast with the case of the

nanocrystalline film for which the mass transport seems

more drastically affected by the mesopores in light of the 2

orders of magnitude fall in the apparent tri-iodide diffusion

coefficient evaluated to D(I3
-) ) 5.4 × 10-10 cm2/s.

To conclude, we have shown in this study that by a careful

control of the PLD growth parameters, it is possible to mimic

down to the nanoscale the morphology of trees that nature

has designed for photosynthesis. In combination with the

high molar extinction coefficient heteroleptic C101 dye, we

were able to achieve 3.1% power conversion efficiency for

only 2 µm thick films and 5% for films 7 µm thick. On the

basis of electrochemical impedance spectroscopy, we have

demonstrated that this architecture impairs the electron

back reaction with tri-iodide. In particular, we have found

that electron lifetime can be increased by more than 1 order

of magnitude in comparison to the benchmark mesoporous

TiO2 films composed of acidic 20 nm based nanocrystalline

particles. On the other hand, we have also demonstrated in

this study that this hierarchical structure does not hinder

mass transport of tri-iodide in solvent-free ionic liquid

electrolyte. We are currently working on optimizing film

porosity and surface area to increase the roughness factor,

while maintaining similar morphology to further improve

light harvesting ability of such films and as a consequence

to push further the power conversion efficiency.
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