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Abstract A nanocrystalline TiO, (anatase) nanosheet ex-
posing mainly the (001) crystal faces was tested as photo-
anode material in dye-sensitized solar cells. The nanosheets
were prepared by hydrothermal growth in HF medium.
Good-quality thin films were deposited on F-doped SnO,
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support from the TiO, suspension in ethanolic or aqueous
media. The anatase (001) face adsorbs a smaller amount of
the used dye sensitizer (C101) per unit area than the (101)
face which was tested as a reference. The corresponding
solar cell with sensitized (001)-nanosheet photoanode
exhibits a larger open-circuit voltage than the reference cell
with (101)-terminated anatase nanocrystals. The voltage
enhancement is attributed to the negative shift of flatband
potential for the (001) face. This conclusion rationalizes
earlier works on similar systems, and it indicates that careful
control of experimental conditions is needed to extract the
effect of band energetic on the current/voltage character-
istics of dye-sensitized solar cell.

Keywords Titanium dioxide - Anatase -
Dye-sensitized solar cell

Introduction

Dye-sensitized solar cell (DSC), also called Gritzel cell,
represents an attractive alternative of solid state photovol-
taics due to high efficiency, low cost, and easy fabrication
[1-4]. Optimization of TiO, photoanode for dye-sensitized
solar cell has been a subject of numerous studies, and nano-
crystalline anatase turned out to be the best material for this
device [5]. The voltage enhancement is crucial for further
improvement of DSCs [1, 3, 6-10]. Promising data were
acquired recently by replacing the traditional electrolyte
redox relay, Iy /I" by other systems [3, 6—10], but little is
known about the voltage enhancement via tuning of the
photoanode material.

The (101) face is dominating in ordinary TiO, (anatase)
materials (>94 % of the total surface area of crystals) [11].
The remaining face on the anatase crystal is (001) which is
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consistent with the conclusion that a truncated bipyramid is
the corresponding crystal morphology [12]. Only rarely, the
rhombic-shaped crystals are found, exposing the (010) face
[13]. Both (001) and (010) facets are called “high-energy”
or “reactive” ones, and they show interesting activity in
catalysis and photocatalysis [13—16].

Comparative studies of anatase (101) or (001) faces have
been carried out on macroscopic single-crystal electrodes
[17, 18], but the dye sensitization was attempted only on the
(101) face of the single-crystal electrode [17]. The works on
single-crystal electrodes confirmed that the (001) face had
more negative flatband potential and was more active for Li
insertion than the (101) face [18]. The conclusion about
flatband potential shift was later reproduced on polycrystal-
line electrodes [19]. Also, the improved Li insertion was
subsequently confirmed on polycrystalline (001)-oriented
nanosheets [20]. They were prepared hydrothermally in
HF medium according to Yang et al. [11], and the follow-up
studies [14, 15, 21-23] report on materials enriched up to
90 % with the (001) face.

Recently, Wang et al. [24] studied the sensitization of
such (001) nanosheets by CdS quantum dots, but no com-
parison with (101)-exposing crystals was presented. This
was carried out earlier by Yu et al. [25], who observed
improved conversion efficiency of a DSC employing hydro-
thermally grown nanosheets sensitized by the organometal-
lic dye, N719 [chemical name: di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2'-bipyridyl-4,4" dicarboxylato) ru-
thenium(II)], as the photoanode material. They attributed the
improvement to three effects specific for the (001)-oriented
nanosheets: (1) enhanced diffusion of the electrolyte, (2)
more easy adsorption of the dye, and (3) fewer defects in
the surface. However, there were no clear experimental data
about electrolyte diffusion and defects, and the amount of
adsorbed dye (N719) was actually smaller on nanosheets
than that on nanoparticles [25] which seems to contradict the
statement (2). Yang et al. [23] reported recently on hierar-
chical spheres with over 90 % (001) faces which were more
active than the Degussa P25 titania material in dye-
sensitized solar cells, and the effect was ascribed to (1)
stronger ability to dissociatively “absorb” (COOH) groups,
(2) higher surface area for dye loading, (3) light scattering,
and (4) smaller electron losses at grain interfaces [23].
However, these conclusions were not supported by direct
experimental data. Zhang et al. [26] tested the (001)-ex-
posed microspheres in a bilayer photoanode with Degussa
P25 underlayer, and concluded that the beneficial effect
consists in enhanced light scattering on the mirror-like
(001) facets.

To address these divergences, we report here on a com-
parative study showing that a significant effect favoring the
(001) nanosheets is the enhanced open-circuit voltage of the
solar cell. This result is consistent with the negative shift of
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flatband potential of the (001) face. To the best of our
knowledge, this conclusion is presented here for the first
time; hence, it upgrades earlier works dealing with these
problems [23, 25, 26].

Experimental section
Materials

Anatase TiO, nanosheets were prepared as follows: 10 mL
of titanium (IV) butoxide was mixed with 0.8—1.2 mL of
hydrofluoric acid (concentration, =50 %). The mixture was
sealed in a Teflon cell encased in a stainless steel autoclave
and heated at 180-200 °C for 24 h. A sample was then
collected, washed with copious amounts of Milli-Q water
and finally dried at 100 °C. The reference material was
prepared in the same way, but in the absence of HF which
was replaced by the same amount of water. X-ray diffraction
patterns (data not shown) confirmed that the reference ma-
terial was phase-pure anatase. For comparison, a second
reference material (coded C240) [27] was also used. It is
nanocrystalline anatase, Spr=89 m*/g, prepared by hydro-
lysis of titanium tetra(isopropoxide) and hydrothermal re-
crystallization at 240 °C in the absence of HF [28]. The
crystal morphology of C240 is characterized by particles ca.
10-20 nm in size exposing mainly the (101) facets, and it is
frequently used for DSC [29]. The photoelectrochemical
behavior of both reference materials was very similar.

Electrodes from all parent powder materials (see above)
were fabricated using either aqueous paste (A films) or
simply ethanolic suspension (E films). The aqueous paste
was prepared as follows: 0.3 g of the powder was mixed
under slow addition of 4x0.15 mL of 10 % aqueous solu-
tion of acetylacetone, 0.3 mL of 4 % aqueous solution of
hydroxypropylcellulose (MW 100,000), and 0.3 mL of
10 % aqueous solution of Triton-X100. The obtained slurry
was deposited on F-doped SnO, (FTO) glass (TEC 15 from
Libbey-Owens-Ford, 15€Q/sq) with Kapton foil tape defin-
ing the TiO, film edges. The film was then calcined for
30 min in air at 450 °C. For the preparation of E film
electrodes, the powder samples were sonicated in ethanol.
The obtained slurry was deposited by doctor blading, and a
uniform semitransparent film was obtained after drying at
room temperature and calcination in air at 450 °C. Typical
film thickness was 2—4 um (Alpha-step profilometer, Tencor
Instruments) for both A/E films.

The C101 dye [NaRu(4,4'-bis(5-hexylthiophene-2-yl)-
2,2'-bipyridine)(4-carboxylic acid-4’-carboxylate-2,2'-
bipyridine)(NCS),] with chenodeoxycholic acid (cheno) as
a coadsorbent was used for sensitization (see [30] for
details). Immediately after calcination, the still warm elec-
trode (ca. 50 °C) was dipped in a solution containing
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300 umol/L of C101 dye and 300 pmol/L cheno in a mixed
solvent of acetonitrile+t-butanol solution (1:1, v/v). The
electrodes were soaked at room temperature in the solution
overnight to secure complete attachment of the sensitizer
dye to the electrode surface. To avoid irregularities in dye
attachment [31], the sensitization time and temperature were
identical for all the tested electrodes. The DSC was assem-
bled with platinized F-doped tin oxide (FTO) counter elec-
trode [32, 33] using a Surlyn tape (25 um in thickness) as a
seal and spacer. The electrolyte solution was 0.6 M N-
methyl-N-butyl imidazolium iodide, 40 mM L,, 0.075 M
lithium iodide, 0.26 M tert-butylpyridine, and 0.05 M guani-
dine thiocyanate in acetonitrile/valeronitrile (85/15 %, v/v).
The cell active area for illumination was 0.22 cm?, defined by
a mask.

Methods

The X-ray diffraction (XRD) was investigated on powder
samples by XRD-6000, Shimadzu, Japan, using Ni-filtered
CuK o« radiation (A=0.15418 nm). The transmission electron
microscopy (TEM) images were measured on a JEOL JEM-
2010F microscope. The BET surface areas of the prepared
powder materials were determined from nitrogen adsorption
isotherms at 77 K using the Micromeritics ASAP 2020
instrument. The surface areas of thin films were determined
from Kr-adsorption isotherms, which were measured directly
on the sintered films following the methodology described in
[34]. The surface concentration of the C101 dye on TiO, was
measured spectrophotometrically as follows: The sensitized
electrode was dipped in 0.1 M tetrabutylammonium hydrox-
ide in dimethylformamide and stirred until complete desorp-
tion into the liquid took place. The solution was analyzed on
the PerkinElmer Lambda 1050 spectrometer using the extinc-
tion coefficient £55o=17.5-10> M 'em ' [30]. The dye surface
coverage (I gy.) was determined by normalizing the found dye
concentration to the film's physical surface area from Kr-
adsorption isotherm. Scanning electron microscopy (SEM)
and energy-dispersive X-ray analysis (EDX) were carried
out with the Hitachi FE SEM S-4800 microscope equipped
with the Noran EDX system. Electrochemical measurements
were carried out in a one-compartment cell using an Autolab
Pgstat-30 (Ecochemie) controlled by GPES-4 software. For
photoelectrochemical tests, the light source was a 450-W
xenon light source (Osram XBO 450, Germany) with a filter
(Schott 113). The light power was regulated to the AM 1.5G
solar standard by using a reference Si photodiode equipped
with a color-matched filter (KG-3, Schott) to reduce the mis-
match in the region of 350-750 nm between the simulated
light and AM 1.5G to less than 4 %. The differing intensities
were regulated with a neutral wire mesh attenuator. The ap-
plied potential and cell current were measured using a

Keithley model 2400 digital source meter. Optical determina-
tion of the flatband potential was made by a spectroelectro-
chemical method described in [35—37]. The measurement was
carried out in 0.2 M NaClO, (pH adjusted by HCIO,4 or
NaOH) using UV-vis—NIR spectrometer PerkinElmer
Lambda 1050 interfaced to a potentiostat. Measurements were
performed in transmission mode at gradually decreasing
potentials from 0 V to —1.2 or —1.4 V. Potential was set, and
after 1.5 min at the given potential, the spectrum was mea-
sured. For data processing, the measured spectra were nor-
malized by subtracting the spectrum measured at 0 V.
Nanosecond flash photolysis was applied to C101 dye-
sensitized transparent TiO, layers covered by a film of pure
methoxypropionitrile and a thin cover glass. Pulsed excitation
(A=530 nm, 5-ns FWHM pulse duration, 20-Hz repetition
rate) was provided by an optical parametric oscillator (GWU
OPO-355), pumped by a frequency-tripled, Q-switched Nd:
YAG laser (Continuum, Powerlite 7030). The laser beam
output was expanded by plano-concave lens to irradiate a
large cross section of the sample, whose surface was kept at
a 30° angle to the excitation beam. The probe light, produced
by a Xe arc lamp, passed through the first monochromator,
various optics, and the sample. Transmitted light was focused
on the entrance slit of the second monochromator and detected
by a fast photomultiplier tube. Data waves were recorded on a
DSA 602A digital signal analyzer (Tektronix). Satisfactory
signal-to-noise ratios were typically obtained by averaging
over 3,000 laser shots.

Results and discussion

Figure 1a shows a typical X-ray diffraction pattern of TiO,
nanosheets (grown in HF medium), indicating the formation
of pure anatase TiO, (JCPDS no. 21-1272). The diffracto-
grams of (001) nanosheets are similar to those of (101)-
nanoparticles, which is in accord with earlier literature [11,
14, 15, 21, 22]. As XRD is obviously not very sensitive to
distinguish the (001) or (101) oriented anatase crystals, the
morphology of our TiO, anatase nanosheets was character-
ized by transmission electron microscopy. A typical nano-
sheet dimension was 40-30-7 nm® (Fig. 1b). Figure 1c shows
a high-magnification TEM image of two selected individual
TiO, nanosheets (ca. 30-20-7 nm® in size). The lattice spac-
ing parallel to the top and bottom facets was determined to
be ~0.235 nm, corresponding to the (001) planes of anatase
TiO,. Figure 1d shows the corresponding selected-area elec-
tron diffraction (SAED) pattern (indexed as the (001) zone
axis diffraction). It further indicates that the top and bottom
facets of the nanosheets are the (001) planes. The anatase
nanosheets exhibited a specific surface area from nitrogen
adsorption measurement, Sgrt between 85 and 120 m2/g
depending on the sample batch. Higher values were
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Fig. 1 Structural a
characteristics of (001) ] 1 ] ]

nanosheets. a XRD pattern.

b Low-magnification TEM
image. ¢ High-magnification
TEM image. d Typical

SAED pattern of an individual
TiO, nanosheet

(101)

Intensity (a.u.)

observed in products grown from mixtures containing less
HF and autoclaved at lower temperatures (see “Experimental
section”). The typical nanosheet dimension of 40-30-7 nm®
(cf. Fig. 1b) translates into the calculated Sggr of 103 mz/g,
which matches reasonably well the experimental values from
adsorption isotherms. The particles grown in HF-free medium
had Sgpr=150 m?/g and exhibited the usual bipyramidal
crystal shape with (101) facets. This morphology resembles
that of C240 particles optimized earlier for DSC applications
[29].

SEM images of our nanosheet-based electrodes are
shown in Fig. 2. Both variants of TiO, film deposition (A
films, E films; see “Experimental section”) exhibited a sim-
ilar morphology of unorganized nanoplatelets which were
reasonably uniform and non-agglomerated. This is benefi-
cial for achieving good optical and mechanical quality of the
films. It should be noted that even the E films were optically
semitransparent with good adhesion to the FTO support in
spite of the very simple deposition procedure used and the
fact that particles were not stabilized against agglomeration
by any other additives as in the case of A films (see
“Experimental section”). The as-received nanosheet material
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10 nm

contained 8 wt% of F, as determined by EDX analysis, but the
heat treatment during electrode fabrication (450 °C, 30 min; see
“Experimental section) caused the F content to drop practically
to zero for both the A and E films.

The actual surface area of electrodes (determined from
the Kr-adsorption isotherm of the thin-film samples) was
normalized to the projected geometric area, which provided
the roughness factor. The found values of roughness factor
were from 100 to 600 for various film thicknesses, but
without significant distinction between the A and E films.
More importantly, the surface concentration of the dye
(I 'aye) was, for both film types (A, E), significantly smaller
on the (001) films compared to that on (101) films (Table 1).
The found [y for (101) films is comparable to the values
reported earlier for various Ru-bipyridine sensitizers
adsorbed on titania (from 0.56 to 1.16 molecules/nm?; see
[38] for the data overview). Recently, Sauvage et al. [31]
studied the C101 dye adsorption on a TiO, film which was,
obviously, rich in the (101)-terminated anatase particles.
They found an almost perfect dye monolayer (assuming
L4y=0.57 molecules/nm?) only for the films sensitized at
low temperature (4 °C), but the dye coverage exceeded the
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Fig. 2 Scanning electron
microscopy images of the
FTO-deposited film from
(001)-oriented nanosheets.
Left: A film, right: E film

monolayer saturation limit for the films sensitized at room
or higher temperatures. In accord with this report, both our
(101) films adsorb more C101 dye than expected for a
monolayer (Table 1). However, our I, values for the
(001) films are below this limit. The relatively smaller dye
loading on the (001) face was also reported for the N719 dye
[25], but the reason for smaller adsorption capacity of this
face is unclear. The anchoring of N719 and N3 dyes [N3 is
cis-bis(isothiocyanato) bis(2,2'-bipyridyl-4,4'-dicarboxylato
ruthenium(II)] on the (101) face was investigated carefully,
including quantum chemical simulations [38, 39], but there
is no corresponding study of the (001) face nor that of other
dyes like C101.

The trend that smaller values of /7y are observed for the
(001) films qualitatively agrees with the conclusion of Yu at
al. [25] who reported that the surface concentration of N719
dye was 143 nmol/cm? for the (001) nanosheets or
214 nmol/cm? for the reference (101) nanoparticles, respec-
tively. However, the values reported by Yu et al. [25] do not
seem to be normalized to the physical (BET) area of the
TiO, film as in our case. (Note that the recalculated 4y, for
the physical surface area would be unrealistically high in the
cited work [25], ca. a thousand molecules per square nano-
meter). Also, we should note that our data in Table 1 do not
support the assumption of Yang et al. [23] that the (001) face
has better ability to adsorb the N719 dye.

Figure 3 shows the current—voltage characteristics of a
solar cell employing the dye-sensitized A films (Fig. 3a) and

E films (Fig. 3b). In both cases, data are plotted for (001)-
oriented nanosheets (full curves) and reference (101) par-
ticles (dashed curves). For the reference (101) particles, we
report on the materials grown from Ti(IV) butoxide in HF-
free medium (Sger=150 mz/g), but the plots for our second
(101) reference (C240, Sgrr=89 m?/g) were quite similar
(data not shown). Detailed results about our solar cells are
collected in Table 1. It is obvious that the (001)-oriented
nanosheet films exhibit smaller short-circuit photocurrents
(Isc), particularly at 100 % sun illumination, when the light
harvesting is less efficient, and also, the /4y, concentrations
are lower (Table 1). Hence, we attribute the smaller /. to
smaller dye loading on the (001) nanosheets. At 10 % sun,
the differences in photocurrents are less pronounced or even
negligible (A film, Fig. 3a). The (101) particles in A film
further show superlinear response to light intensity which
might be caused by some dye aggregation. This effect, albeit
less pronounced, is also expressed for the remaining films in
Table 1. It is further illustrated by higher 7 values for higher
light intensity. Usually, we observe opposite trends [30], but
there are also examples when 7 and light intensity do not
scale monotonically for dyes of this type [40]. Furthermore,
there is no proportionality between the efficiency, 7, and
L4y (Table 1). This finding is supported by Sauvage et al.
[31] who reported on decreasing efficiency for the C101-
sensitized films, if the 4y, was larger than the mono-
layer coverage. They concluded that subtle structural
characteristics at the C101/TiO, interface influence the

Table 1 Characteristics of dye-sensitized solar cells with various TiO, films

Film type Taye [molecules/nm?] 10 % sun 100 % sun

I [mA/Cle] Uoe [mV] FF n [%] I [mAlcmz] Uoe [mV] FF n [%]
A-(001) 0.4 0.86 620 0.74 42 8.78 708 0.69 43
A-~(101) 0.7 0.89 566 0.73 3.8 104 660 0.69 4.7
E-(001) 0.5 0.51 625 0.74 2.5 5.34 725 0.72 2.8
E-(101) 0.8 0.65 583 0.72 2.8 6.36 681 0.71 3.1

Iy, surface concentration of the C101 dye in molecules per square nanometer, . short-circuit photocurrent, U, open-circuit voltage, FF fill factor,

7 solar conversion efficiency
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Fig. 3 Current—voltage
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electron transfer dynamics and light harvesting of the
assembly [31].

The actually measured photocurrent is further dependent
on the TiO, film thickness. This is difficult to control
accurately in various film-deposition techniques; hence,
the matching of photocurrents in Fig. 3a (10 % sun) is casual
only. From this point of view, we should consider with care
the conclusion by Yu at al. [25] who observed a larger
photocurrent for the (001) nanosheets, compared to that
for (101) nanoparticles and reference commercial titania
(P25, Degussa). They reported a film thickness of “about
10 um,” but the surface concentration of the used dye
(N719) was actually smaller by a factor of ca. 1.5 on the
(001) nanosheets compared to that on their reference (101)
nanoparticles [25]. The relatively smaller dye loading for
(001) nanosheets compared to that on (101) particles was
also reproduced by us (see Igy. values in Table 1). At full
sun illumination, our solar conversion efficiencies 7 are
slightly better for the (101)-terminated nanocrystals. This
is due to the dominating contribution of enhanced photocur-
rent for this face. Our conclusion is in conflict with Yu et al.
[25] who reported just the opposite trend in photocurrents
and 7 values.

Figure 3 and Table 1 demonstrate that the most pro-
nounced effect distinguishing (001) nanosheets from the
ordinary (101) nanoparticles is the open-circuit voltage
(U,.) enhancement of the former. The found differences in
open-circuit voltage between nanosheets and nanoparticles
(AU,.) were 54 or 48 mV (for A films at 10 or 100 % sun,
respectively) and 42 or 44 mV for E films at the corresponding
conditions and for the actual experiments demonstrated in
Table 1. It should be noted that these numbers (and the data
in Fig. 3 and Table 1) represent only a single set of measure-
ments; hence, experimental errors and the likely sample-to-
sample variations could be unnoticed. To avoid such mistakes,
we have carried out a statistical evaluation of data using an
array of parallel tests on various TiO, films with a different
preparation history. This analysis showed statistically
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Cell voltage (V)

insignificant differences between A and E films. The averaged
values for both film types (A, E) were as follows:

AUy = (47 £ 3) mV at 10 % sun illumination
AUy = (45 £ 2) mV at 100 % sun illumination

Obviously, even the dependence on the light intensity is
not very pronounced too. This points at the hypothesis, that
AU, reflects a fundamental physical effect (albeit small)
but not a variable introduced by experimental conditions,
such as film thickness, preparation history, dye loading,
light intensity, etc. More specifically, one of the reasons
for positive values of AU, can be the corresponding shift
of flatband potential of (001) faces/(101) faces.

Similarly enhanced voltage (AU,.=20 mV) was found
for 001-terminated anatase in hierarchical spheres, referred
to the value for P25 particles [23]. However, the enhance-
ment was not discussed in [23] and we should also note that
P25 is hardly the optimum reference material. It is, actually,
a mixture of anatase and rutile, while both phases exhibit a
significantly different electronic structure: e.g., the flatband
potential of rutile is by 0.2 V more positive than the value
for anatase [17].

In contrast to these data, Yu et al. [25] reported on
negligible differences in U, for their (001) nanosheets,
(101) nanoparticles, and the P25 film sensitized by N719.
To address this paradox, we should note that Yu et al. [25]
found a considerably smaller U, (ca. 580 to 590 mV at
100 % sun) for their DSCs compared to our values (Table 1).
Smaller U, values may stem from a voltage drop caused by
enhanced recombination of photoinjected electrons in the
titania conduction band with the electrolyte [4, 41], and this
effect can mask any other mechanism of fine tuning of U,
e.g., by crystal face orientation.

Our combination of cheno-coadsorbent with high-
extinction dye (C101) provides, obviously, a more-defined
interface for exploring small U, shifts undisturbed by such
parasitic effects. Cheno improves the dye attachment by
assembling the geometry of the surface complex, prevents
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agglomeration of dye molecules, and decreases the recom-
bination losses with the electrolyte solution [30, 42, 43].
Furthermore, the back electron transfer can be hindered by a
compact titania underlayer on top of the FTO support [4].
This strategy is unsuitable for our study, aiming at the
distinction of (001)- and (101)-terminated nanocrystals,
but we should note that the optimization of the morphology
of TiO, photoanode may further enhance U,. for a DSC
device quite similar to ours [30]. Hence, the elimination of
all the other factors influencing AU, is essential, if subtle
effects caused by band energetic are to be unraveled.

To test our hypothesis about different band energetic,
Fig. 4 compares spectroelectrochemical data for thin-film
electrodes made from (001)- and (101)-terminated nano-
crystals. This technique was developed for determination
of the flatband potential of transparent semiconductors,
and it is particularly useful for nanocrystalline electrodes
where the standard method based on electrochemical imped-
ance (Mott—Schottky plots) is complicated by various factors
[35-37]. The flatband potential of anatase, Ey, (in volts) is
known to exhibit Nernstian dependence on pH:

Eg = Eo — 0.0591pH (1)

where the constant £, was reported to be —0.4 V for the (101)
face assuming a saturated calomel eclectrode (SCE) as the
reference electrode [17, 35, 36]. The negative shift of absor-
bance/potential profiles for the (001)-oriented film is apparent
from Fig. 4, although the absorbance onset potential is not that
clearly different. This might be due to surface states which
contribute differently in (001) or (101) films. Based on optical
spectra and X-ray photoelectron spectroscopy (XPS), Pan et
al. [16] concluded that the conduction band edge of (001) face
is upshifted (in electrochemical scale) by 0.04 V. This

0.04 —
pH 115 pH 3
0.03— —
3 -~ (101) nanoparticles
f
8 -5~ (001) nanosheets
S 0.02— -
17
Q
<
0.01 - |
0.00— |
I I I I I I I
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential (V vs. SCE)

Fig. 4 Optical absorbance of TiO, films from (001)- or (101)-oriented
nanosheets plotted by open red points or full blue points, respectively.
The absorbance was measured at 640 nm and normalized to the mass
of the TiO, film. It is plotted as a function of the applied electrochem-
ical potential in 0.2 M NaClQy, at two different pH values. The /ines are
guides to the eye

contradicts our conclusion, as well as earlier spectroelectro-
chemical reports on single-crystal [18] and polycrystalline
[19] electrodes. (One of the reasons for this discrepancy might
be that the reported upshift is within experimental error of the
determination of the valence band edge by XPS [16].)

Our data are in qualitative accord with the earlier conclu-
sion by Kawakita et al. [19] based on Mott—Schottky plots
for (001)- vs. (101)-oriented nanocrystals similar to ours.
These authors reported on negative shift of Ey, for their
(001)-oriented nanocrystals; the Ep values were from
ca. =0.4 to 0 V vs. SCE for various samples at pH 6
(phosphate buffer). This is more positive than the value of
E=—0.75 V predicted by Eq. (1), but the difference was not
commented on in [19]. As discussed above, accurate imped-
ance data are available for single-crystal electrodes only; in
this case, the Ey, values for (001) face were negatively shifted
by 0.06 V compared to that of (101) face [18]. This negative
shift of Ey, is not far from the observed enhancement of open-
circuit voltage, AU, of ca. 0.04 V found in this study (vide
ultra). However, there might be also other effects at play, such
as different geometry of the dye/titania surface complex [44].

To get further insight into the specific behavior of (001)
nanosheets referenced to that of (101) nanoparticles, we
employed transient absorption spectroscopy. Nanosecond
flash excitation was applied to C101-sensitized TiO, film
contacting pure methoxypropionitrile solvent. Monitoring
the transient absorbance signal at a wavelength A=650 nm
allowed to follow the time course of the dye cation S*
produced upon ultrafast electron injection from the photo-
excited sensitizer, S*, into the conduction band of TiO,
(Eq. 2). In the absence of electrolyte (redox mediator), the

—— (001)-nanosheets
4 —— (101)-nanoparticles (-

Absorbance change * 10*

0 J:m."ln [l 1

T T T T
0 200 400 600 800
Time (us)

Fig. 5 Temporal behavior of the transient absorbance measured at A=
650 nm for a C101 dye-sensitized anatase (001)-nanosheet film, cov-
ered by pure methoxypropionitrile solvent, upon ns-pulsed laser exci-
tation (red trace). A typical transient absorbance decay curve obtained
in identical conditions with (101) nanoparticles is shown for compar-
ison (blue trace). Amplitudes of both signals were normalized at time
zero for a better visual comparison. The first-order kinetic fits are
indicated on top of each experimental curve
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decay of the S” signal was due to the back electron transfer
reaction (Eq. 3).

S|TiO, + hv — S*|TiO; — S + ¢~ (TiO,) (2)

S* + e (Ti0,) — S|TiO, (3)

The excitation pulse fluence was progressively decreased by
neutral density filters until the signal displayed a single
exponential decay (Fig. 5). The used fluence of 35 wJ/cm?
was then believed to relate to the injection of at most one
electron per TiO, nanoparticle or nanosheet. The transport
of charges between individual nanoparticles or nanosheets is
negligible within the sub-millisecond time frame of the back
electron transfer process.

The corresponding rate constant, &k, (Eq. 3), can be
obtained from first-order kinetic fit of the absorbance
change, AA4:

A4 =C+ B -exp(—hky - 1) (4)

where ¢ is time and C and B are constants. The fitted values
of ky, are: 1.2:10° s™' for the (001) nanosheets and
7.7-10% s~ for the (101) nanoparticles, respectively. Hence,
the back electron transfer is by a factor of 6 slower for the
(001) nanosheets compared to the same process on (101)
nanoparticles. The difference in the back electron transfer
kinetics observed for both samples could be rationalized by
a change in the dye-anchoring geometry. Assuming a damp-
ing coefficient 5=1.2 A™' for through-space electron tun-
neling (Eq. 5), retardation of the charge recombination
reaction by a factor of 6 corresponds to the increase of the
electron transfer distance existing between the Ru(III) center
of the oxidized dye and the closest Ti(IV) site on the surface
of the oxide by Ar=1.5 A:

ky = kg -exp(—BAr) (5)

C101 has only two carboxylic anchoring groups available on a
single bpy ligand. The distance between the Ru ion and the
TiO, thus depends strongly upon the tilt angle of the pyridyl
rings on the surface. Because the dicarboxylated bpy ligand
(bi-isonicotinic acid) tends to distort upon anchoring on the
TiO, surface, different geometries are expected on the (101)
and (001) surfaces [45]. The distance between the Ru center of
the dye and the Ti*" ion directly linked to one of the oxygen
atoms of the carboxylic anchor is 10 A when the bpy adopts
a flat structure. A change of the tilt angle of the pyridyl rings
related to the surface normal of ca. 15° on the (001) facet to ca.
35° on the (101) facet would yield a decrease of the distance
between the Ru center in the dye to the surface:

Ar=10-cosl5 —10-cos35 ~ 1.5A (6)
which is the Ar value calculated from our experimental data

(Eq. 5).

@ Springer

In DSCs, the back electron transfer process competes
kinetically with the regeneration of the dye by the donor
species of the electrolyte. As the latter reaction should not
depend upon the crystalline face on which the dye is
adsorbed, the retardation of the back electron transfer can
only improve the charge separation yield. The difference in
back electron transfer rate (k,) hardly influences the open-
circuit voltage of the cell. The Upc certainly depends on the
injected electrons' quasi-Fermi level [2, 4]. However, the
electrons' lifetime is controlled by the competition between
their transport in the TiO, network and their recombination
with the oxidized mediator (I3 ). The recombination be-
tween conduction-band electrons and the dye cations, S°,
is generally sufficiently intercepted by the reduction of S*
by I' and is not expected to influence the potential of DSC.

Conclusion

Nanocrystalline TiO, (anatase) in two different crystal mor-
phologies exposing mainly the (001) or (101) crystal faces
was employed as a photoanode material in dye-sensitized
solar cells. The (001) face adsorbs a smaller amount of the
used dye sensitizer (C101) but provides a larger open-circuit
voltage of the solar cell. The negative shift of flatband
potential is suggested to be responsible for the observed
enhancement of U,.. This conclusion helps to rationalize
contradictory data in the earlier literature. Furthermore, it
indicates that careful control of experimental conditions is
needed to extract the effect of band energetic on the current/
voltage characteristics of the dye-sensitized solar cell.
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