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ABSTRACT: An innovative all-nano-TiO, thin film capable of
enhancing dye-sensitized solar cell (DSC) photoefficiencies was
prepared by a layer-by-layer method beneath the meso-TiO, film,
employing acid and basic nano-TiO, sols as cations and anions,
respectively. TiO, syntheses were performed under absolute control
to lead to appropriate morphological and optical properties to yield
high-quality compact films using profilometry, tuning, and scanning
electron microscopy. A detailed study by photoelectrochemical
parameters, incident photon-to-current efficiency, electron lifetime,
and electrochemical impedance spectroscopy demonstrates that the
physical contact between FTO and the electrolyte is prevented and

LbL-TiO, compact layer

meso-TiO,/Dye s‘F’t
Electrolyte

the role of the compact film has been elucidated. DSCs with TiO, bilayers on top of FTO improved the conversion efficiency up
to 62%, mainly because of the prevention of FTO/I;” charge recombination and an improved contact between FTO and TiO,.
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B INTRODUCTION

New materials and components have been intensively
developed to improve dye-sensitized solar cells (DSCs). In
particular, the engineerin§ of photoanodes has provided some
innovative approaches.l_ s

Intensive efforts have been focused to prevent charge
recombination at meso-TiO,/electrolyte and FTO/electrolyte
interfaces to avoid back reactions of photoinjected electrons
with I,~ species."”™° Several attempts have been made to
improve DSC performance, but the most efficient approach is
the application of a compact layer on FTO or meso-TiO,
surfaces by using different methods and materials. Blocking
layers at the meso-TiO,/electrolyte interface are mainly
fabricated by employing Nb,Os, SrTiO;, and/or AL, O; thin
films,***” while the prevention of physical contact between
FTO and the electrolyte is achieved by immersion in oxide
precursor solutions, such as TiCl, dissolved in an ice/water
mixture, spray pyrolysis, spin—coatin% zputtering, and layer-by-
layer or chemical vapor deposition.”*¢~*

In our previous work, we have demonstrated that DSC
efficiencies can be improved by incorporation of layer-by-layer
(LbL) self-assembled films.******** In particular, the LbL
technique is a low-cost procedure for thin film deposition that
offers rigorous control of morphology and the possibility of
scaling up and can be employed to assemble almost all classes
of materials, such as polymers, organic dyes, colloidal particles,
graphene, carbon nanotubes, quantum dots, proteins, enzymes,
and DNA.*'™* Our first approach started with TiO,
nanoparticles as cations paired with polyelectrolytes as anions,
such as sodium-sulfonated polystyrene (PSS), sulfonated lignin
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(SL), and poly(acrylic acid) (PAA).>*** When deposited on
the FTO surface, these compact films work as blocking and
contact layers, which decrease the extent of electron
recombination and improve the contact between the meso-
TiO, and FTO.>* However, the choice of the appropriate
oppositely charged organic polymer paired with TiO, is a
difficult task, because most of the polyelectrolytes are not
thermally stable at the TiO, sintering temperature (500 °C).
Thus, we developed an innovative LbL film made solely with
TiO,, for which positively and negatively charged TiO,
nanoparticles were obtained by two different routes, acidic
and basic ones, respectively.”® We further developed the high-
performance compact film in this work following our ongoing
efforts to improve the quality of this film to exceed our previous
results. A morphological characterization has been further
performed using profilometry, tuning, and scanning electron
microscopy. Here, we also include a detailed study of
photoelectrochemical features of DSCs having LbL TiO, only
films beneath the meso-TiO, layer to elucidate and certify the
role of the compact film as a very effective contact and blocking
layer.

B EXPERIMENTAL SECTION

Synthesis of TiO, Nanoparticles. TiO, nanoparticles were
prepared by the sol—gel method emgloying acid and basic hydrolysis
conditions, as detailed previously.30‘3 344 In the acid route, 24 mL of
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Scheme 1. Assembly of All-Nano-TiO, Compact Films Using Oppositely Charged Nanoparticle TiO, by the LbL Techinique
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titanium(IV) isopropoxide (Sigma-Aldrich) was added dropwise to
140 mL of an aqueous 0.1 mol L' HNO; solution that was being
vigorously stirred. In basic hydrolysis, the same volume of titanium-
(Iv) isopropoxide was slowly dropped into 140 mL of an aqueous 0.1
mol L™! ammonia solution in an ice bath. In the following peptization
step, both acid and basic sols were stirred and heated (80 °C) for 8 h,
resulting in nanoparticles named TiO,(ac) and TiO,(bas), respec-
tively.

Deposition of a Compact TiO, Film by the LbL Technique.
TiO,(ac) and TiO,(bas) were used as cations and anions, respectively,
for deposition of compact films by the LbL method on top of the FTO
surface, named LbL-TiO,/FTO hereafter (Scheme 1).

A precleaned FTO substrate (Pilkington, TEC-1S, 15 Q/[]) was
immersed alternately in nonautoclaved suspensions of TiO,(ac) (25
mg mL™', pH 2) and TiO,(bas) (5 mg mL™", pH ~10) for S min.
Each immersion was followed by washing and drying in cycles to
produce 7, 15, 22, or 30 bilayers on the surface of the FTO.

Assembly of DSCs. A meso-TiO, paste (Dyesol) was deposited by
an ATMA AT25PA screen printer or painting directly over bare FTO
substrates and on LbL-TiO,/FTO and sintered at 500 °C for 30 min.
Its sensitization was achieved by the immersion of electrodes in a
saturated ethanolic solution of N719 (Dyesol), cis-[Ru-
(dcbH),(NCS),][TBA], (dcbH = 2,2'-bipyridyl-4,4’-dicarboxylate,
and TBA = tetrabutylammonium). The adsorbed dye concentration
was determined spectrophotometrically by desorption with an aqueous
10~* mol L™ NaOH solution. Photoanodes with or without TiO,
compact bilayers were assembled in a sandwich-type arrangement
(Figure 1) using Pt-covered FTO as counter electrodes.’*** Counter
electrode sheets had holes previously drilled using a Comco Inc.
AccuFlo microabrasive blaster for insertion of the electrolyte inside
cells. Electrolyte solutions consisted of 0.005 mol L™ I,, 0.5 mol L™!
Lil, and 0.5 mol L' pyridine in acetonitrile and 3-methyl-2-
oxazolidinone [9:1 (v/v)] or Electrolyte EL-HTE (Dyesol). Cells
were sealed with a polymer-based hot melt foil, Surlyn (DuPont),
using a hot press homemade machine that consisted of a Watlow EZ-
ZONE temperature controller and a Watlow Ultramic ceramic heater.

Surface Characterization. Surface parameters, such as thickness,
roughness, and waviness, were obtained by employing a KLA Tencor
P-6 profilometer. Because a typical surface profile exhibits roughness
superimposed over waviness, deviations in waviness were factored out
of the raw profile data in Profiler version 7.35 by employing a 0.14 ym
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Figure 1. All-nano-TiO, compact film deposited on the FTO surface
beneath the mesoporous layer in a DSC assemblage.

low pass algorithmic filter that best fit to the investigated sample. TiO,
nanoparticle sizes were evaluated by transmission electron microscopy
(TEM) using a JEOL 2010F-FasTEM microscope with an accelerating
voltage of 200 kV. The surface morphology of FTO and TiO, layers
was characterized by scanning electron microscopy in a Hitachi S-4700
Cold Cathode Field Emission SE Microscope, with an accelerating
voltage of 2 kV.

DSC Photoelectrochemical Characterization. Photocurrent—
photovoltage curves (J—V curves) and the open circuit voltage decay
(OCVD) were recorded with a Gamry S00 or Gamry Interface 1000
potentiostat at a simulated solar radiation (~100 mW cm™2) provided
by Newport solar simulators (AM 1.5 filter), as previously
described.""* The photoelectrochemical results are averages of, at
least, four individual cells. Electrochemical impedance (EI) spectra of
illuminated DSCs were recorded with a Gamry 500 or Interface 1000
potentiostat over a frequency range of 5 X 10~" to 10° Hz under a 10
mV ac amplitude signal. Data were analyzed using Gamry Echem
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Scheme 2. Acid- or Base-Promoted Hydrolysis of Ti(IV) Isopropoxide and Its Subsequent Condensation Step
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analyst software. Incident photon-to-current efficiency (IPCE) spectra
were measured using an Oriel system comprised by a 400 W Xe lamp
coupled to a 025 m Czerny-Turner monochromator, described
previously,*® or an Oriel 6251 75 W Xe lamp coupled with a
Cornerstone 260 monochromator.

B RESULTS AND DISCUSSION

Microscopic and Morphological Characterization.
Acid- or base-promoted hydrolysis of Ti(IV) isopropoxide
and its subsequent condensation step leads to three-dimen-
sional polymeric Ti—O—Ti chains**** as shown in Scheme 2.
Thus, dropwise addition of the titanium precursor guarantees a
very high water/titanium ratio and leads to a negligible kinetic
effect of the hydrolysis step.”” Depending on experimental
conditions, such as pH, temperature, condensing agents, and/or
templates, continuous hydrolysis will lead to the precipitation
of aggregates and particles with different shapes and sizes.*’
Therefore, here, we adopted a rigorous control of the synthesis
conditions, in particular temperature, to achieve optimization of
the optical and morphological characteristics of the nano-
particle.

Acid hydrolysis results in a translucent TiO,(ac) sol, visually
better dispersed than the opaque TiO,(bas) sol,* because in
the nanoparticle formation step of the acid route, superficial
Ti—OH sites are constantly protonated, which decreases the
condensation rate, yielding small particles (~4 nm in diameter)
as indicated in TEM micrographs (Figure S1 of the Supporting
Information). On the other hand, the basic hydrolysis shifts the
superficial Ti—-OH = Ti—O~ + H' equilibrium to the
dissociated form, which facilitates condensation.>° The resulting
singular nanoparticles are as small as the acid ones (~3 nm),
and occasional agglomerates were destroyed and dispersed into
primary particles in the following peptization step. This stage
also needs the rigorous control of the temperature and pH
becoming easier as the pH values deviate from the isoelectric
point (pH 7).* The so obtained optimized acidic and basic
TiO, sols (pH ~2 and ~10, respectively) were assembled into
TiO, bilayers by the LbL technique, as shown in Scheme 1.

Scanning electron micrographs of LbL films (Figure 2) show
a very thin, compact nanostructure, drastically differing from
the mesoscopic morphology of the meso-TiO, film. The
number of TiO, bilayers is linear with respect to the thickness
of the film, being 30 bilayers around 120 nm and 7 bilayers
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Figure 2. Surface SEM micrographs of LbL-TiO,/FTO and meso-
TiO,/FTO after sinterization.
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Figure 3. Surface roughness (blue triangles) and waviness (red
triangles) of LbL-TiO,/FTO.

around 30 nm (Table S1 of the Supporting Information). TiO,
compact films with 22 and 30 bilayers effectively cover the FTO
surface, while the 7-bilayer film is not thick enough, leading to a
similar surface pattern of a bare FTO due to exposed
conducting oxide particles.

A comparison of their surface roughness and waviness
(Figure 3) corroborates the observation described above with a
clear indication that samples with seven bilayers have basically
FTO surface morphology, while thicker films (i.e., 22 and 30
bilayers) possess characteristics of the TiO, compact film that
cover the conducting oxide, reaching constant waviness and
roughness values after ~20 bilayers. Cross-section SEM
micrographs (Figure S3 of the Supporting Information) show
enhanced contact between compact TiO, and FTO particles.

Optical Properties of LbL-Modified Photoanodes.
LbL-TiO,/FTO substrates show a decrease in transmittance
at 540 nm (maximum of the N719 injection band) as the
number of bilayers increases (Figure S4 of the Supporting
Information). Sintered LbL-TiO,/FTO and meso-TiO,/FTO
substrates were left immersed in an N719 dye solution
overnight. While the meso-TiO, film became purple after a
few minutes because of dye adsorption, no color was observed
with bare eyes for the TiO, compact films. The adsorbed dye
spectroscopically determined after desorption with aqueous
10~* M NaOH is 9.8 X 107® mol cm™ for meso-TiO,/FTO
and ~0.2 X 107% mol cm™ for LbL-TiO,/FTO. Therefore,
TiO, underlayers do not contribute to the light harvesting of
photoanodes due to the negligible dye absorption by the
compact film.

Photoelectrochemical Characterization of DSCs. Pho-
toelectrochemical parameters of N719-sensitized solar cells
with and without TiO, compact layers are listed in Table 1.
Experimentally obtained maximal efficiencies, global efficiencies
(ng), were corrected by the decrease in substrate transmittance,
named corrected efficiencies (77.), which represent the actual
electronic collection effectiveness. Figure 4A pictures their so
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Figure 4. Photoelectrochemical characterization of N719-sensitized
DSCs with TiO, compact bilayers on the surface of FTO, beneath the
mesoporous TiO, layer. (A) Corrected current—voltage curves (~100
mW cm™?, AM 1.5). (B) Corrected incident photon to current
efficiency spectra. (C) Improvements in electron collection efficiency
(n.) vs the number of bilayers. Results are averages of at least four
individual cells.

corrected J—V curves, while corrected efficiency improvements
as a function of the number of bilayers are shown in Figure 4B.

DSCs assembled using compact TiO, underlayers exhibit
remarkably high efficiencies, and the best Ny without correction
by the transmittance loss, is found for 22 compact bilayers
(8.36%, 17% improvement). Enhanced 7, values are mainly due
to better short-circuit current densities (Jsc), because open-
circuit voltages (V) are slightly smaller than those of devices
without compact films. Jsc and, consequently, 7, are similar
between zero and seven bilayers, and they substantially increase

Table 1. Photoelectrochemical Parameters for N719-Sensitized DSCs as a Function of the Number of TiO, Compact Bilayers
on FTO beneath the Mesoporous TiO, Layer (~100 mW cm™2, AM 1.5)¢

no. of bilayers Ts40 nm (%) Jsc (mA cm™) V. (V)
0 100 152 + 0.7 0.75 + 0.01
7 98 153 + 0.9 0.74 + 0.01
15 89 16.7 + 0.8 0.74 + 0.01
22 79 18.0 + 0.9 0.74 + 0.02
30 68 164 + 0.9 0.74 + 0.01

ff 1g (%) n. (%) efficiency improvement” (%)
0.62 + 0.02 7.12 + 0.26 7.12 0
0.62 + 0.03 7.06 + 0.33 7.20 1.1
0.63 + 0.02 7.71 + 027 8.66 22
0.62 + 0.03 8.36 + 0.57 10.6 49
0.64 + 0.04 7.80 + 0.36 11.5 62

“Results are averages of at least four individual cells. ®Compared to DSC without a LbL-TiO, film.
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without (black) 22 bilayers of the compact TiO, film.
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Figure 6. Bode plot of LbL-TiO,/FTO (red) or bare FTO (black)

substrates under open-circuit conditions.

until they reach maximal values at 22 bilayers. An apparent
decrease in Jc (from 18.0 to 16.4 mA cm™) with a consequent
decrease in 77, (from 8.36 to 7.80%) observed for the 30-bilayer
sample is a result of a decreased level of uptake of light caused
by a considerably lower transmittance of the thicker LbL-TiO,/
FTO substrate. Taking in account only the electron collection
efficiency by correction of the transmittance loss, we found the
22-bilayer film leads to an enhancement of 49% in 7, being
exceeded by only that of the 30-bilayer film, with an impressive
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Figure 7. Bode (A) and Nyquist (B) plots of illuminated N719-
sensitized DSCs with (red) or without (black) compact TiO, bilayers
under open-circuit conditions. The lines in panels A and B are the fits
obtained using the equivalent circuits shown in panel C.

62% improvement. Higher 7. values are in accordance with
higher corrected incident photon-to-current efficiency (IPCE)
spectra (Figure 4B), as a consequence of FTO/TiO, contact
enhancement, and charge recombination prevention.>>*
Improvements in current and IPCE are remarkably higher
than in our previous works using TiO,/Nb,O; compact
bilayers,28 and efficiencies exceeded those of DSCs with
TiO,/PSS bilayers®*** and with the TiO, compact film of
our preliminary study.*

The similarity between Figures 3 and 4C points to a
correlation of the surface microscopic morphology of compact
layers and cell efficiencies. In fact, a 1.1% improvement is
observed for DSCs with 7 bilayers, for which surface
characterization indicates exposed FTO particles, while
remarkable enhancements are observed by employing 22 and
30 bilayers, in which FTO is perfectly covered by the TiO,
compact layer. Therefore, the electron collection efficacy at the
FTO is enhanced by the rougher surface as a consequence of an
increased contact between TiO, and FTO, which is promoted
by the sintering step.

Open-circuit voltage decays (OCVDs) of DSCs with and
without LbL-TiO, bilayers (Figure SA) were obtained, and
their electron lifetimes (7yyg), which are the characteristic times
of recovery after the system is displaced from the OC

dx.doi.org/10.1021/am501955f | ACS Appl. Mater. Interfaces 2014, 6, 10421—10428
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Figure 8. Role of blocking TiO, underlayers under short-circuit (A) and open-circuit (B) conditions.

condition,”®>>*° were calculated using eq 1 (Figure SB) to

evaluate the extent of charge recombination.

kT ( AV )‘1
dt

Twe =
e

(1)

kg is Boltzmann’s constant, e the elementary charge, T the
temperature in kelvin, and dVy/dt the derivative of the open-
circuit voltage decay.

DSCs with TiO, compact bilayers exhibit 7y values 10-fold
longer than the values of those without it, because of the drastic
decrease in the level of electron recombination.”*>*° The
electron lifetime can also be calculated from eq 2, where 7 is the
free electron density in the TiO, nanostructure and U(n) is the
recombination rate that is dependent on n (eq 3).>°

= U 2)
U(n) = krnﬂ (3)

The recombination rate mediated by the electron acceptor
L™ is nonlinear (eq 3), where /3 is the recombination parameter
or effective recombination order (Figure SC) that %ives a
profile of the lifetime dependence on the Vi of DSCs.>® From
eqs 1—3, B can be also calculated by eq 4.

kT [ 0In(zyg ") ]

=1+
g Wpe

¢ 4)

B is usually constant and ~1, as shown in Figure 5C with
lower effective recombination orders for devices with compact
TiO, underlayers as a direct consequence of a decreased
recombination rate.

Electrochemical impedance spectroscopy (EIS) supports the
discussion presented above about the blocking layer effect. A
comparison of EI spectra of LbL-TiO,/FTO and bare FTO
substrates, without meso-TiO,/dye, can be observed in Figure
6. These substrates were set as working electrodes with
platinized FTO substrates as the counter electrode, and
measurements were performed in the presence of the same
I"/I;™ electrolyte, under open-circuit conditions. The intense
phase angle peak around 1.1 X 10> Hz (Figure 6) is mainly
ascribed to charge exchange between the working electrode and
electrolyte.>>*'~% In addition, processes from counter
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electrode/electrolyte charge transfer and electrolyte diffusion
can be observed around 1 X 10* Hz and 3 X 10°
respectively,>>> although not clearly in EI spectra because of
an overlap with the intense signal. Unfortunately, these signal
overlaps avoid an accurate fit of an equivalent circuit model to
the observed EI spectra as well as a quantitative description. In
spite of this, qualitative analyses indicate that the main phase
angle peak shifts to lower frequencies, ~7.0 X 10 Hz, for LbL-
TiO,/FTO due to the decrease in the recombination rate at the
FTO/electrolyte interface. When this is set up on DSCs, the so
effectively enhanced electron lifetime can be observed in Figure
SB, in which the inhibition of FTO/electrolyte back reactions is
clear for any bias < OC.

EI spectra for DSCs, with meso-TiO,/dye, under OC
conditions are shown in Figure 7A. For both samples, a main
phase angle peak is observed around 3 X 10 Hz, named w,, and
ascribed to charge transfer processes across the working
electrode/electrolyte interface.”>*'~>* Diffusion within the
electrolyte, named ,, and electron exchanges across the
electrolyte/counter electrode interface, named w;, are around 2
X 10° and 2 X 10* Hz, respectively, and just slightly overlapped
with ;.

The appearance of a new signal around 1 X 10° Hz, named
@, is observed after introduction of TiO, underlayers and
ascribed to the nonideal interface between electrolyte and TiO,
compact films, with surface states that arise from interactions
between the TiO, surface and components of the electrolyte as
suggested by Cameron et al.** In addition to the appearance of
@,, an enhancement of w), resistance is observed (from 6.15 to
11.6 Q cm™? as shown in Table S2 of the Supporting
Information). Both features are a consequence of a smaller
diffusion rate within the semiconductor®” causing current losses
due to a faster rate of recombination of trapped electrons at the
surface state.”® In other words, although the back reaction from
FTO is prevented under any bias < OC, charge recombination
from the surface state has a major role in DSCs with a LbL
compact layer under open-circuit conditions. The slightly lower
Voc is a consequence of these effects, which also lead to a
smaller dark current (Figure SS of the Supporting Information).
Figure 8 summarizes the role of blocking TiO, underlayers
under short- and open-circuit conditions.

Under short-circuit conditions (Figure 8A), the FTO Fermi
level is close to the redox one, as a consequence of a rapid
electron transfer at the counter electrode.”® Under this

dx.doi.org/10.1021/am501955f | ACS Appl. Mater. Interfaces 2014, 6, 10421—10428
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condition or at any applied voltage lower than the open-circuit
voltage, the TiO, underlayer acts as a physical barrier that
prevents charge recombination from FTO. Under open-circuit
conditions, the FTO Fermi level rises by ~0.7 eV, pairing with
the TiO, Femi level,** and back reactions are favored, in
particular via the compact TiO, surface state, which lead to
slightly smaller V¢ values for LbL-TiO, DSCs.

B CONCLUSION

The high-performance compact films prepared by LbL using
solely TiO, nanoparticles effectively work as FTO/TiO,
contact and FTO/electrolyte blocking layers under short-
circuit conditions, which leads to an impressive 62% improve-
ment in DSC efficiencies. A complete elucidation by photo-
electrochemical parameters, IPCE, 7y, and EI spectra shows
that the physical contact between FTO and the electrolyte is
prevented and, consequently, electrons can survive longer
without undergoing losses by coupled reactions at the FTO/
electrolyte interface at any bias < OC. Under open-circuit
conditions, the charge recombination from the compact TiO,
surface states has a major role and leads to a slightly lower V.
The simplicity of the cell design, including an affordable
fabrication process, as well as the respectable and reproducible
efficiency enhancement, promises a significant reduction of
solar energy production costs. Moreover, the optical and
morphological characteristics of the LbL-TiO, film, such as
enhanced FTO/TiO, interaction and compact nanostructure,
open up new applications not only in DSC photoanodes but
also as antireflection self-cleaning materials, electrode surface
protectors, and contact enhancers in different molecular
devices, e.g,, dye-sensitized photoelectrosynthesis cells.

B ASSOCIATED CONTENT

© Supporting Information

Transmission and scanning electron micrographs, transmittance
and energy dispersive X-ray spectra of LbL-TiO,/FTO, dark
current—voltage curves, and electrochemical parameters
obtained from EIS fits. This material is available free of charge
via the Internet at http://pubs.acs.org.
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