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Photoelectrochemical cells"! are promising devices for cheap,
environmentally compatible, and large-scale solar energy
conversion as an alternative to conventional solid-state
semiconductor solar cells. Among excitonic cells,” dye-
sensitized cells (DSCs)P! exhibit the highest performance in
terms of energy conversion efficiency and long term stability,
despite the fact that the efficiency remains below 13%
because of the intrinsic limitation in charge transport. The
structure of the photoelectrodes is crucial in determining the
functional properties of the photoelectrochemical system. In
particular, the photoanode consists of a mesoporous wide-
band-gap oxide semiconductor film with a high specific
surface (typically a thousand times larger than the bulk
counterpart).*! To date, the highest photoconversion effi-
ciency (PCE) has been achieved with film consisting of 20 nm
TiO, nanocrystallites sensitized by different dye molecules
(11.1% for N719 dye,”! over 10% for “black dye”,®! and
11.4% for C101,[9]). In addition to TiO,, a series of other n-
type metal oxide semiconductors can in principle be used in
DSCs, such as ZnO, SnO,, and In,0O;. Much attention has
been recently devoted to ZnO!” owing to its higher electron
mobility and similar electronic band structure with respect to
TiO,. Various strategies have been addressed to enhance PCE
in ZnO-based DSCs, which are mainly based on tailoring the
geometrical and structural features of ZnO. A possible
solution to reduce electron recombination could be the use
of one-dimensional nanostructures that are able to provide a
direct pathway for the rapid collection of photogenerated
electrons.""'2 However, only low PCE has been achieved to
date, mainly because of the reduced internal surface area of
the nanostructures. Hybrid structures have also been tested to
improve light collection, such as combination of nanoparticles
and nanowires (maximum PCE =4.2%),l*!¥ or hierarchical
nanowires (maximum PCE =2.63 % ). Another strategy to
enhance PCE is application of hierarchical photoanodes
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composed of large aggregates of nanocrystallites, which can
act as light scattering centers while maintaining a high specific
surface area.l'*"]

The synthetic procedure of photoanode preparation is
crucial to improve PCE: an optimized photoanode composed
of just ZnO nanoparticles without any geometrical feature for
light confinement or enhanced electron transport resulted in
the highest value of PCE (6.58%) for a ZnO-based DSC.?"!

Herein we present the fabrication and characterization of
hierarchically structured ZnO-based photoanodes in DSCs to
enhance the PCE. Our approach addresses specifically the
following points: 1) High optical density of the sensitized
layer, allowing complete light absorption in the spectral range
of the dye; 2) high light scattering of the absorbing layer,
enhancing the time spent by light inside the sensitized film
and improving light absorption; and 3) inhibition of back
electron transfer between the conducting layer at the anode
and the electrolyte. The films are prepared by the simple,
cheap, and large-area-scalable spray pyrolysis method. The
films are composed of polydispersed ZnO aggregates con-
sisting of nanosized crystallites while submicrometer-sized
aggregates act as efficient light scattering centers and nano-
particles provide the mesoporous structure and the large
specific surface area needed for high dye loading. Addition-
ally, a ZnO compact layer is intentionally formed between the
conducting substrate and the layer composed of polydis-
persed aggregates. Such a layer acts as an efficient blocking
layer for electron back reaction between the conducting glass
at the anode and the electrolyte,?" improving the functional
properties of the cells. This is the main innovation with
respect to the work of Cao and co-workers,'" leading to
unprecedented PCE up to 7.5%, which is larger than ZnO
nanoparticles (6.58 % ),” hierarchically structured ZnO with-
out a blocking layer (5.4 %), and hierarchically arranged
ZnO nanowires (2.63% ).l As a further benefit, our method
is extremely fast (no more than 1.5h for the complete
processing of a photoanode, while typically 8 h!"l or 10 to
14 h'" are required), enabling its technological implementa-
tion.

The compact layer in contact with the conducting glass
was deposited by a standard spray pyrolysis procedure
starting from a methanol/water solution of zinc acetate
dihydrate (see the Experimental Section). The main layer of
ZnO aggregates (samples 1-4) was obtained from a mixture
composed of an ethanolic suspension of ZnO commercial
nanoparticles and a methanol/water solution of zinc acetate
dihydrate. Annealing in air followed to induce the sintering of
the aggregates. Films (15+ 1) pm thick are considered in this
study. A second set of samples (samples S5, 6), used as a

SWILEY i

ONLINE LIBRARY

ewandte

Chemie

12321



Communications

12322

benchmark of the effectiveness of the proposed synthetic
route to improve cell performances, was also considered.
These samples were obtained by spray pyrolysis of commer-
cial nanoparticles dispersed in ethanol without any other
precursor.

The fluorine-doped tin oxide (FTO) conducting layer was
prepared according to the procedure that was previously
described™ and exhibits the functional properties suitable for
solar cells (transparency over 80% in the visible range and
sheet resistance below 10 Q/0).

Figure 1 shows the scanning electron microscopy (SEM)
images of ZnO film with the buffer layer, polydispersed
aggregates and their size distribution, and a high-resolution
image of single aggregates. The highly disordered structure is
visible in Figure 1b; each aggregate consists of closely packed
nanoparticles, and the broad size distribution of the aggre-
gates ranges between 100 nm and 600 nm (average diameter:
(270 £85) nm). This ZnO film has a hierarchical structure,
which is delivered directly by the synthetic method. The
buffer layer shows a compact structure with respect to the top
layer, enabling a blocking action of electron recombination.

The buffer layer is optically transparent, as expected for a
ZnO compact film, while the film composed of polydispersed
ZnO aggregates appears white, thus confirming the effective
scattering action of the particles. In particular, Mie theory™!

top layer.
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Figure 1. a) Cross-sectional SEM image of the photoanode. The top layer, composed of hierarchically
structured ZnO nanocrystals, the compact buffer layer, acting as the blocking element for electron back
reaction, and the FTO conducting layer are visible. b) Top view of the absorbing layer, showing a highly
disordered structure. c) Size distribution of the aggregates, as estimated by SEM. Inset: Shape analysis
of the aggregates from the SEM image in (b), with elliptical shapes predominant. d,e) High-resolution
SEM images of two aggregates, showing the closely packed assembly of the nanoparticles. f) High-
resolution SEM image of the buffer layer, indicating its compact morphology with respect to the

polydispersed aggregates.

www.angewandte.org

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and Anderson localization of light® provide an exhaustive
analytical description of light scattering by spherical and
elliptical particles. Resonant scattering may occur when the
particle size is comparable to the wavelength of the light. This
is exactly the condition of ZnO aggregates within the film,
and is the reason for the white color of the aggregates.

One additional advantage of the shape of the aggregates is
the broad size distribution (see Figure 1c). In fact, polydis-
persed aggregates are able to successfully form a highly
disordered photoanode, as quantitatively analyzed in Fig-
ure 1c. Such a structure can result in random multiple
scattering of the light traveling through the film by the so-
called Levy paths® The effect would lead to light local-
ization owing to formation of traps for optical confinements,
enhancing the probability of light absorption. Additionally,
aggregates polydispersed in size are believed to induce light
scattering in a broad wavelength region.?"

The ruthenium complex bis(tetrabutylammonium) cis-
diisothiocyanato-bis(2,2"-bipyridyl-4,4'-dicarboxylato)ruthe-
nium(IT), known as N719 dye, has been used to sensitize the
ZnO films. The film is immersed in a 0.5 mMm ethanol solution
of N719 dye for approximately 2 h. This immersion time was
chosen to avoid the dissolution of surface zinc atoms and
formation of Zn?"/dye complexes, which is believed to be
harmful to the charge transport from the dye to the semi-
conductor.["’

Investigation of dye loading
kinetics was carried out to quan-
tify the relative amount of dye
with respect to the asymptotic
value expected for long-time
impregnation. Dye loading is cal-
culated from UV/Vis measure-
ments after complete removal of
chemisorbed dye from oxide sur-
face using 0.1m NaOH aqueous
solution.’”  As illustrated in
Figure 2 for a sample composed
of ZnO aggregates annealed at
450°C, pseudo-first-order kinetics
is found, with a time constant of
about 12.5x 10> min . The best-
performing cell (sample 1) pres-
ents dye loading of about 80% of
the asymptotic value.

The photoanode has a high
specific surface area, with a calcu-
lated dye loading of 1.5x
107" molcm? (relative to the geo-
metric electrode area) from UV/
Vis measurements after dye
removal using calibrated solu-
tions.’” Such results are in line
with similar experimental findings
on similar systems, and confirm
the effectiveness of the synthetic
route in delivering a mesoporous
structure with large internal sur-
face area. All of the samples
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Figure 2. Quantification of dye loading as a function of loading time in
ZnO aggregates annealed at 450°C. The intensity of the absorption
band at 500 nm of N719 is monitored as a function of the loading
time (10 to 420 min; O experimental data, —— exponential fitting).
Inset: UV/Vis absorption spectra as a function of different loading
times as indicated by the arrow.

prepared with ZnO precursors (samples 1-4) have about the
same dye uptake ability, so improved functional properties do
not rely on enhanced dye loading, but other functional
features have to be claimed (such as light management and/or
electron transport and collection).

Grafting of N719 dye on ZnO surface has been studied
with diffuse-reflectance FTIR (DRIFT) spectroscopy.
Figure 3 shows a comparison between the DRIFT spectra of
N719 powder, N719-sensitized ZnO, and N719-sensitized
TiO,. The peak owing to the stretching of SCN group is
completely preserved in both dye-loaded metal oxide photo-
anodes, thus indicating that thiocyanate is not involved in
binding the metal oxide surface. Stretching of C=0, visible as
a double band in the N719 spectrum (1721 and 1675 cm™),
has completely disappeared in the spectrum of loaded dye:
ZnO coordinates with all the four carboxylic functions
available, as also confirmed by the relevant decrease of the
intensity vibration mode of the NBu," counterion
(1466 cm™"). This finding marks a noteworthy difference
with respect to dye loading on TiO, surface,”! in which the
acidic groups do not bond (stretching C=O at 1726 cm™).
Symmetric O—C—O stretching is visible in the spectrum of
loaded ZnO at a higher wavenumbers than the corresponding
peak of pure dye (1365 and 1348 cm™!, respectively), while the
signal owing to asymmetric O—C—O stretching, although
overlapping with the vibration modes of bipyridine rings
(centered at 1625 cm™, shoulder at 1608 cm™), is much
broader and shifted toward lower wavenumbers (1610 cm™).
N719 binds to the metal oxide surface in a chelating/bridging
mode,” as in the case of TiO,-loaded photoanodes.

As-prepared ZnO solar cells are characterized by meas-
uring the current—voltage curve while the cells are irradiated
by 1.5G AM simulated sunlight (100 mW cm™2). The transient
photovoltage decay™! is acquired to gain information on
electron lifetime as a function of the open-circuit voltage.
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Figure 3. DRIFT spectra of dye N719 (se+es), dye N719-sensitized ZnO
(—), and dye N719-sensitized TiO, (-----).
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In Figure 4 a typical current density (/) versus voltage (V)
curves of different ZnO photoanodes are collected. Sample 1,
composed of the buffer layer and optimized aggregates,
exhibits the best photovoltaic performances in terms of fill
factor (FF), short circuit current density (Jsc), open circuit
voltage (Voc), and photoconversion efficiency (PCE). On the
other hand, samples 5 and 6, consisting of only ZnO com-
mercial nanocrystallites, present the lowest Jg- and the lowest
PCE, owing to poor sintering features, which do not allow
creation of a percolating network for electron conduction.
Table 1 summarizes the functional parameters of all of the
analyzed cells.

Table 1: Preparation details and photovoltaic properties of ZnO photo-
anodes.”

Sample Annealing  Buffer Load Voc  Jse FF  PCE
temperature  layer time [mV] [mAcm™? [%]
h]
1 450°C yes 2 640 19.8 0.59 7.5
2 370°C yes 2 630 12.8 0.60 4.9
3 450°C no 2 650 7.5 0.54 2.6
4 450°C no 18 590 7.5 0.49 2.2
5 - yes 2 630 0.8 039 0.2
6 - no 2 500 0.4 0.50 <0.1

[a] PCE = photoconversion efficiency, FF =fill factor.

Characteristic electron lifetime (z,), obtained by transient
photovoltage decay, is given for two selected samples in
Figure 4b to elucidate the influence of the various compo-
nents of the photoanodes on cell performance. Equa-
tion (1), where kg is the Boltzmann constant, T is the

e

kgT (dV,\ ™!
T = <7> 1

absolute temperature, and e is the elementary charge, gives a
fast method to calculate 7. directly from the transient
photovoltage decay. 7, is intimately related to the nature of
the interface oxide/dye/electrolyte.
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Figure 4. a) J-V curves of samples 1-6 under 1.5G AM simulated

sunlight irradiation (100 mWcm™?). b) Electron lifetime versus the
open circuit voltage for selected samples. Inset: Transient photo-

voltage decay.

The current density in a DSC is determined by the initial
number of photogenerated carriers, the injection efficiency
from dye molecules to semiconductor, and the recombination
rate between the injected electrons and oxidized dye or redox
species in the electrolyte. It is reasonable to assume the same
injection efficiency for the given ZnO/dye/electrolyte system
and the same light-harvesting capability for samples 1-4 (as
they exhibit similar morphology of the layer composed of
ZnO aggregates), so different values of Jg can be ascribed to
different mechanisms of charge transport and recombination
in photoanodes with different structure.

Specifically, the buffer layer and the firing temperature
play a crucial role. The buffer layer relies with inhibition of
electron recombination between the TCO at the photoanode
and the electrolyte® and guarantees enhanced electron
harvesting, leading to improved Jg.. It is shown experimen-
tally by direct comparison of sample 1 and sample 3, which
differ just for the presence of the buffer layer: sample 3
(without a buffer layer) exhibits an electron lifetime that is
more than three times lower than sample 1 (with a buffer
layer) at 400 mV. Thanks to the presence of the buffer layer,
the PCE turns out to be about three times higher (from 2.6 %
in sample 3 to 7.5% in sample 1). One further proof of the
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role of the buffer layer is given by the functional properties of
samples 5 and 6, which are composed of commercial nano-
particles. Even in these samples, which exhibit poor functional
properties, the presence of the buffer layer is able to
significantly enhance current density and photoconversion
efficiency. Such a positive effect is somehow different with
respect to the buffer layer in TiO, photoanodes, where limited
improvement was observed, which could be attributed to the
presence of a compact layer between the FTO and the
mesoporous film.*

Firing temperature affects the ability of aggregates to
form a well-connected network for electron transport: the
higher the sintering temperature, the stronger the interaction
amongst aggregates. Comparison of sample 1 and sample 2
offers direct evidence of such a mechanism: a higher firing
temperature results in a 55% improvement of J (from
12.8 mAcm 2 to a remarkably high 19.8 mA cm?), which is
reflected in a more than 50 % increase in PCE (from 4.9 % to
7.5%).

In conclusion, spray pyrolysis has been demonstrated
effective for the creation of a nanoengineered DSC photo-
anode exhibiting optimized optical and electrical features. An
unprecedented PCE of 7.5% for ZnO-based DSCs was
achieved for a photoelectrode consisting of polydispersed
ZnO aggregates of nanocrystallites over a compact ZnO
buffer layer and at a firing temperature of 450 °C. Combined
optimization of the firing temperature and buffer layer effect
is crucial to dramatically enhance the photoconversion
efficiency. The process of photoanode preparation is much
faster with respect to traditional routes based on the hydro-
thermal synthesis of ZnO crystallites, thus paving the way for
a direct scale-up and industrial exploitation of these results.

Experimental Section

Spray pyrolysis was applied to the formation of a compact buffer
layer, a mixed layer of ZnO submicrometer-sized aggregates com-
posed of nanocrystallites, and a layer of commercial nanoparticles.
The buffer layer is deposited from ZnO precursor solution (0.24 M,
25 mL methanol/water, 2:1 v/v Zn(CH;COO),2H,0). The mixed
layer is formed starting from an ethanolic suspension of commercial
nanoparticles (0.5 ¢ in 15 mL ethanol) and of the ZnO precursor
solution for spray pyrolysis (Zn(CH,;COO),2H,0 0.55Mm, in 40 mL
methanol/water, 3:1 v/v). For both the buffer layer and the mixed
layer, the carrier gas (N,) was at pressure of 0.40 bar, the hot plate for
sample allocation was at 250°C, and post-deposition annealing was
carried out in the range 350-450°C for 30 min. Nozzle-to-sample
distance: 37 cm for the buffer layer, 25 cm for the mixed layer. A
series of samples with and without the buffer layer (samples 1-4) were
produced at different annealing temperatures to investigate the effect
of the buffer layer and of the annealing temperature on cell
performances.

The layers of commercial particles (samples 5, 6) were prepared
by spraying the ethanolic dispersion of commercial ZnO nano-
particles. The substrate was kept at 200°C, the carrier gas pressure
was 0.40 bar, and the nozzle-to-substrate distance was 15 cm. This
procedure resulted in a powder-like film with quite poor adhesion.

Fluorine-doped tin oxide (FTO) thin film was deposited on glass
substrate according to Ref. [22]. A solution of SnClL,-2H,O in
methanol (0.2M, 40 mL) and NH,F used as dopant (25 atom %) was
used as the starting solution. FTO films with a transparency of more
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than 80 % and a sheet resistance lower than 10 Q/g were used as the
electrode.

The oxide photoanodes were dye-sensitized by impregnation into
a 5.0x107*m ethanolic solution of commercial ruthenium-based
molecule dye N719 (Solaronix). The best sensitization time (2 h) was
chosen on the basis of literature results. After impregnation samples
were carefully washed with ethanol to remove unadsorbed dye.

Dye loading on photoanodes surface was quantitatively deter-
mined by UV/Vis spectrophotometry after calibration using diluted
0.1m NaOH aqueous solutions of N719 dye. Adsorbed dye was
completely removed from oxide surface by washing with a 0.1m
NaOH aqueous solution.* Optical absorption spectra were collected
at room temperature on a PG Instruments T80 spectrophotometer
(1 cm quartz cuvettes were used for liquid samples).

Diffuse reflectance FTIR spectra were collected under vacuum
on a Bruker VERTEX70v spectrometer (accumulating 32 scans at a
resolution of 2 cm™') and displayed in the Kubelka-Munk unit.*s) A
few milligrams of each sample were mixed with KBr and loaded in the
accessory for diffuse reflectance (Harrick Scientific); KBr was used as
a background.

Cell fabrication was carried out using the I;7/I” redox couple. The
active area of the cells was 25 mm’. Platinized FTO (5nm thick
sputtered Pt film) was used as the counterelectrode. The redox
electrolyte contained 0.1m Lil, 0.05m I,, 0.6M 1,2-dimethyl-3-n-
propylimidazolium iodide, and 0.5M 4-tert-butylpyridine dissolved in
acetonitrile. All chemicals were purchased from Sigma-Aldrich and
used as received. The functional properties of the cells were
investigated under simulated sunlight irradiation using an
ABET 2000 solar simulator at AM 1.5G (100 mW cm~?). Transient
open-circuit photovoltage voltage decay (measured according to
Ref. [33]) was investigated to obtain information on electron lifetime.
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