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Atomic layer deposition (ALD) has been used to create conformal TiO, blocking layers on fluorine-doped
tin-oxide substrates in dye-sensitized solar cells (DSSCs), effectively eliminating shunting. ALD has also
been used to deposit, in controlled fashion, ultrathin coatings of alumina on nanoparticle-based TiO, DSSC
photoanodes. These modified electrodes enable ferrocenium/ferrocene, an outer-sphere redox couple, to be
used as a shuttle. The photovoltaic performance and interfacial charge-transfer dynamics were investigated
in DSSCs employing this shuttle. It was found that a single ALD cycle is able to passivate surface states,
resulting in a dramatic improvement in photovoltaic performance. Subsequent alumina deposition resulted in
exponentially increasing electron lifetimes as a function of alumina layer thickness, indicating that the layers
behave as barriers to electron tunneling. The characterization of DSSC photovoltaic performance and interfacial
charge-transfer dynamics was extended to cells employing derivatives of ferrocenium and ferrocene featuring

more positive redox potentials; these cells yielded larger open-circuit photovoltages.

Introduction

The best dye-sensitized solar cells (DSSCs) are based on
nanocrystalline TiO, and exhibit solar energy conversion
efficiencies exceeding 11%.'™* To date, all high-efficiency
DSSCs have utilized the I57/I" couple as a redox shuttle. The
good performance of these cells is attributable, in part, to the
slow, and likely mechanistically complex, nature of back
electron transfer (ET) reactions from TiO, and fluorine-doped
tin oxide (FTO) to triiodide. (Slow back ET allows for efficient
collection of photoinjected electrons.) Nevertheless, there are
substantial drawbacks to the use of the I;"/I" couple as a redox
shuttle.>”7 Among them are the following: (i) appreciable
limitations on the achievable open-circuit voltage due to the
relatively low redox potential of the shuttle, (ii) significant
limitations on the achievable photocurrent due to the inability
of iodide to regenerate far-red-absorbing dyes (i.e., dyes with
comparatively low redox potentials) at acceptable rates (iodide
typically is effective as a dye regenerator only when the driving
force for regeneration exceeds ca. 0.5 eV),%"!° (iii) limitations
on the achievable photocurrent, due to competitive absorption
of visible light by triiodide, (iv) strong association of I3~ with
highly polarizable organic chromophores (e.g., porphyrins),
resulting in enhanced dark currents as well as undesirable,
alternative dye reaction pathways,''? and (v) a propensity to
corrode non-noble metal components.

Clearly it would be desirable to identify alternative, noncor-
rosive, and weakly absorbing redox reagents capable of
functioning as dye-regenerators/photocell-shuttles under low
driving-force conditions. Unfortunately, fast-exchanging, one-
electron, outer-sphere redox couples such as ferrocenium/
ferrocene (Fc™/Fc) have thus far proven ineffective as DSSC
shuttles.!>!* Although ferrocene rapidly reduces the oxidized
dye created by injection of an excited electron into the TiO,,
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ferrocenium is quickly reduced by electrons in TiO, or an
underlying exposed current collector such as FTO (fluorine-
doped tin oxide)."*!> Gregg et al. showed that the latter reaction
(back ET from the exposed current collector) could be inhibited
via self-limiting electropolymerization of phenol + allyl
phenol.!** Additionally, they showed that CH3SiCl; vapor,
which reacts with surface hydroxyl groups, can readily form
thin, insulating films of poly(methylsiloxane) on both nanoc-
rystalline TiO, and FTO surfaces. Interestingly, the silane
treatment was implemented with photolectrodes that had already
been loaded with chromophores. The siloxane coatings were
of sufficient quality to enable Fc*/Fc to function to some extent
as a redox shuttle. While noting the promise of this approach,
the authors pointed to limitations, including poor reproducibility,
nonuniform coating, limited control of coating thickness, and
propensity for capillary condensation of the chlorosilane within
TiO, pores (resulting in pore blockage).

In principle, the inhibitory effects of surface modifiers on
ET kinetics at photoelectrode/solution interfaces can have any
of three origins: (a) passivation of unusually reactive surface
states,'® (b) shifting of the conduction band edge energy,'” and/
or (c) diminution of initial-state/final-state electronic coupling
based on physical separation of the electron donor (photoelec-
trode) and electron acceptor (oxidized redox shuttle). The
dependence of the rate of back electron transfer from TiO; to
covalently attached oxidized dyes on separation distance has
been examined in several studies.'®2! In addition, back-ET
reactions from SnO, to electrostatically bound dyes featuring
alkyl substituents of various lengths have been reported to
exhibit distance-dependent rate constants.?> Further, it was
recently determined that fers-butyl groups can act as spacers
on an outer-sphere redox couple, thereby significantly decreasing
electronic coupling for interfacial electron-transfer reaction at
a ZnO single crystal electrode.?® Together, these studies imply
that systematic control of separation distance may be a very
useful strategy for modulating rate constants for transfer of
electrons from a semiconductor electrode to a redox shuttle.
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An alternative approach to controlling electrode/molecule
separation distance, and therefore electronic coupling and back-
ET reactivity, would be to employ insulating metal oxides as
barrier layers. Indeed, several wide-band gap materials, including
710,,27%7 Al,0;,'%22730 Nb,05,2%? and Si0,,?* have been used
as barrier-layer coatings in DSSCs. While no significant
improvement in conversion efficiency has been described—in
most cases, the barrier layers actually worsen cell performance—it
has been shown that barrier layers are able to reduce the rates
of transfer of injected electrons back to oxidized sensitizer
molecules and/or the redox shuttle (I;"/I"; to our knowledge,
no studies with other shuttles have been reported), as well as
the rates for forward electron injection.'®?*3! The investigated
metal oxide barrier layers were prepared by “dip-coat” methods,
producing nonconformal and nonuniform layers with difficult-
to-determine thicknesses.>! It is important to note that thin layers
of ALLOs or other metal oxides prepared by dip-coating are likely
not pinhole-free.?! Pinholes are not expected to have a significant
effect on the retardation of dye injection or recombination
kinetics as long as most of the dye is bound to the barrier layer,*?
thus permanently separating the dye and the semiconductor. For
a barrier layer to be effective in slowing the interception of
injected electrons by an outer-sphere redox shuttle, on the other
hand, the layer must be essentially pinhole-free—as the solution-
phase shuttle can diffuse to pinholes, with reactivity there then
dominating the kinetics.

We reasoned, however, that the metal oxide barrier approach
could be adapted for our purposes (i.e., understanding and
producing DSSCs that can function well with simple outer-
sphere redox couples as regenerators and shuttles) if the oxide
fabrication method was highly reproducible and if it was capable
of producing robust, conformal, pinhole-free films with near-
angstrom control over thickness, even on highly irregular, porous
photoelectrode surfaces. Atomic layer deposition (ALD) meets
these requirements® and, in fact, has been used with good
success in several recent photoelectrochemical and closely
related studies.?®3*3% In the work described below, ALD-
fabricated TiO, was examined as a blocking layer on FTO for
elimination of shunting. ALD was further used to deposit
conformal, ultrathin pinhole-free layers of Al,O; on TiO,
nanoparticle photoanodes, with the aim of slowing interception
of injected electrons by an oxidized shuttle (Fc™). The mech-
anisms by which the alumina layers affect the interception rate
are discussed. The exponential modulation of the interception
dynamics with thickness of Al,O; on TiO, allowed for estima-
tion of the tunneling parameter, 5. The modified electrodes
enabled the use of a homologous series of nonadsorbing one-
electron outer-sphere redox shuttles. Results from the series
demonstrate that the photovoltage can be controlled through
systematic derivatization of shuttle compounds.

Experimental Section

Atomic layer deposition was performed with a Savannah 100
instrument (Cambridge Nanotech Inc.). Photoelectrodes were
prepared on 12 Q c¢cm™? FTO-coated glass (Hartford glass).
Blocking layers of TiO, were deposited using 400 ALD cycles
of titanium isopropoxide (Aldrich), TIP, and water as precursors.
TiO, was grown at 200 °C using reactant exposure times of 1
and 0.02 s for TIP and H,O, respectively, and nitrogen purge
times of 10 s between exposures. A transparent TiO, nanopar-
ticle layer was prepared by doctor blading a paste of TiO,
nanoparticles (DSL 18NR-T, Dyesol) on the FTO. A scattering
layer of TiO, nanoparticles (WER4-O, Dyesol) was subsequently
deposited on top of the transparent layer. The resulting electrodes
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were annealed at 500 °C in air for 30 min. The thicknesses of
the transparent and scattering layers of the photoelectrodes were
approximately 8 and 3 um, respectively, measured using a
Tencor P10 profilometer. Alumina was deposited immediately
following removal from the oven by ALD using trimethylalu-
minum (TMA (Aldrich)) and water as precursors. Al,O; was
grown at 200 °C using reactant exposure times of 10 s for both
precursors and nitrogen purge times of 20 s between exposures.

The TiO; electrodes were immediately immersed in a 0.5 mM
solution of [Ru(4,4’-dicarboxy-2,2’-bipyridine),(NCS),] (“N3”,
Dyesol, B4 dye) in ethanol. After ~20 h, they were rinsed with
ethanol and dried with N,. A Surlyn frame was sandwiched
between the open-pore side of the membrane and a platinized
FTO electrode. Light pressure was applied at 130 °C to seal
the cell.

Photoelectrodes consisting of an ~8 um thick transparent
layer of TiO, nanoparticles were prepared as described above,
with the exception that no scattering layer was added. Electrodes
were coated with 0, 1, 2, 3, 4, and 5 ALD cycles of Al,O;
immediately after sintering. The series of electrodes were cooled
to room temperature and immersed in an ethanolic catechol
solution (~5 mM) for ~30 min. Electrodes were removed from
the catechol solution, rinsed with ethanol, and dried with a
nitrogen stream, and UV —vis spectra were taken immediately.
A control electrode was prepared identically, except they were
soaked in ethanol without catechol.

Ferrocene (Alfa Aesar) and ferrocenium tetrafluoroborate
(Aldrich) were used as received. Chloroferrocene,
Fe(CsHs)(CsH4Cl), and 1,1°-dichloroferrocene, Fe(CsH4Cl),,
were prepared by modified literature procedures as follows.
Chloroferrocene (Fc—Cl) was synthesized by modifying the
procedure described by Nefedov et al.>® Ferrocenylboronic acid
(1.00 g, 4.35 mmol), CuCl,+2H,0 (1.2 g, 7.04 mmol), and 100
mL of distilled water were placed in a 250 mL one-neck round-
bottom flask and refluxed for 3 h (bath temperature was 250
°C). The solution was cooled to room temperature, and the crude
product was extracted with CH,Cl, (3 x 100 mL). The organic
fractions were combined and concentrated by a rotary evapora-
tor. A silica plug was applied with hexanes as eluent. The hexane
was evaporated, and the red—orange solid was recrystallized
from hexanes. The pure product (orange solid) was filtered and
dried under vacuum (0.83 g, 87%). 'H NMR (300 MHz, CDCl;):
0 = 4.04 (2H), 4.22 (5H), 4.38 (2H). '*C NMR (75.5 MHz,
CDCl): 6 = 66.3, 68.1, 70.5, 92.6. Calculated for C,oHoClFe:
C, 54.4; H, 4.1; Found: C, 54.6; H, 4.2.

Dichloroferrocene (Fc—(Cl),) was synthesized by modifying
and combining procedures described by Phillips et al. and Kovar
et al.***! Sublimed ferrocene (5.0 g, 26.88 mmol) was dissolved
in 200 mL of distilled hexane. N,N,N’,N’-tetramethylethylene-
diamine (8.96 mL, 59.76 mmol, distilled from sodium) and
n-BuLi (23.90 mL of 2.5 M in hexanes, 59.76 mmol) were
mixed and allowed to stand for 15 min to form a complex. The
former solution was added quickly to the ferrocene solution
under a nitrogen atmosphere. This mixture was stirred at room
temperature for 6 h. The solution was then cooled to —78 °C
and tosyl chloride (11.39 g, 59.76 mmol) was added. The
reaction mixture was allowed to warm to room temperature and
stirred for 15 h. A silica plug was then applied with hexanes as
eluent, and the yellow band was collected. The solvent was
removed in vacuo, yielding a mixture of ferrocene, chlorofer-
rocene, and 1,1’-dichloroferrocene in an approximate ratio of
15:15:70. The mixture was dissolved in 50 mL of methanol,
3 g of AgNO; were added, and the solution was stirred at room
temperature for 1 h. Water (50 mL) was then added, and a
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yellow—orange product was extracted with cyclohexane (3 x
100 mL). The organic fractions were combined, and the solvent
was removed in vacuo. The orange solid was then recrystallized
twice from hexanes to give pure product as an orange solid
(3.1 g, 55%). 'H NMR (300 MHz, CDCl3): 6 = 4.15 (4H),
4.44 (4H). *C NMR (75.5 MHz, CDCls): 6 = 68.7, 70.2, 93.4.
Calculated for C,oHsCl,Fe: C, 47.1; H, 3.2; Cl, 27.8; Found:
C, 46.3; H, 3.2; Cl, 27.6.

Chloroferrocenium and dichloroferrocenium were prepared
following a literature procedure for ferrocenium.*? Briefly, a
solution of 2 equiv of Fc—CI or Fc—(Cl), in diethyl ether was
added to a solution of HBF,*OEt, (~4 equiv) and p-benzo-
quinone (1 equiv) in diethyl ether while stirring. A blue solid
precipitated and was removed by filtration, washed with diethyl
ether, and dried in vacuo. Calculated for C,(HyCIFeBF,: C, 39.1;
H, 2.9; CI, 11.5; Found: C, 39.0; H, 2.9; CI, 11.7. Calculated
for CoHsClL,FeBF,+3H,0: C, 29.9; H, 3.4; Cl, 17.7; F, 18.9;
Found: C, 30.2; H, 2.5; Cl, 16.7; F, 18.7.

Acetonitrile solutions containing 0.1 M ferrocene species (Fc,
Fc—Cl, or Fc(Cl),), 0.01 M ferrocenium species ([Fc]BF,,
([Fc—ClI]BF,, or ([Fc—(Cl),]BF,), and 0.20 M tetrabutylam-
moniumtetrafluoroborate, TBABF,, were deoxygenated by bub-
bling with N,, introduced into TiO, cells, and examined
immediately. LiClO4 (30 mM) was added to some electrolyte
solutions as indicated in the text. The iodide electrolyte consisted
of 0.6 M TBAI (Aldrich), 0.01 M I, (Aldrich), and 0.2 M
TBABEF, in acetonitrile.

Cyclic voltammograms were performed with CH Instruments
CHI 900 Electrochemical Analyzer using a platinum disk
working electrode and silver ion working electrode in acetonitrile
with 0.20 M TBABF, at 100 mV/s. Photoelectrochemical
measurements were performed with a CH Instruments CHI 1202
Electrochemical Analyzer interfaced with a Jovin Yvon Spex
FluoroLog-3 fluorimeter to obtain solar cell data. The fluorimeter
had the slits set such that the light intensity was 100 mW/cm?,
and an AM 1.5 solar filter was used.

Results and Discussion

FTO Modification. Steady-state current density, J, versus
potential, E, measurements were performed in the dark on
DSSCs featuring nanoparticle TiO, electrodes in contact with
an acetonitrile solution containing Fc*, Fc, and TBABF,. Figure
la shows that high dark-current densities are obtained when a
nanoparticle TiO, film is deposited directly on the FTO substrate
(blue line) without a blocking layer, similar to the report by
Gregg et al.'* Spray pyrolysis is often used to deposit a compact
layer of TiO, on the FTO substrate before deposition of a TiO,
nanoparticle film; however, layers formed by pyrolysis typically
lack uniformity and are relatively difficult to prepare in pinhole-
free fashion.!**3 Here we used 400 ALD cycles to assemble a
~14 nm TiO, blocking layer on the FTO substrate, just prior
to deposition of the TiO, nanoparticle film. Figure la shows
the greatly reduced dark-current density (black line) resulting
from the effective passivation of the FTO. Also shown is the
increased photocurrent density (black line; Figure 1b) and the
introduction of diode-like behavior—behavior attributable to
elimination of shunting by the otherwise exposed FTO. (Given
its effectiveness, a ~14 nm blocking layer of TiO, was
employed in all further devices described herein.) Notably, even
after elimination of shunting by FTO, the photocurrent density
is low (~0.1 mA cm™2). This behavior implies that the
overwhelming majority of injected electrons are being inter-
cepted by ferrocenium before they can be captured by the
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Figure 1. Current density, J, vs applied potential, E, for nanoparticle
TiO, deposited directly on the FTO substrate (blue, solid), with a ~14
nm TiO, blocking layer (black, dotted), and with both a blocking layer
and 1 ALD cycle of Al,O; (red, dash): (a) in the dark and (b) under 1
sun illumination.

underlying current collector (i.e., the interception rate greatly
exceeds the charge-collection rate).

Semiconductor Modification: Single Layers. In order to
control the loss of injected electrons via interception by Fc™,
we coated the entire TiO, surface with thin layers of ALOs.
Figure la shows that a single ALD cycle of Al,O; decreases
the dark-current density by more than 1 order of magnitude at
a given potential. It is important to note that, since ALD is a
self-limiting film-fabrication method, one cycle will produce
only a single monolayer (or less) of Al,O3;. Measurements of
thicker layers of Al,Oj; as a function of number of ALD cycles
yield 1.1 A/cycle under the conditions used, in good accordance
with literature reports. 283033

Figure 1b shows the dramatic enhancement in photovoltage
brought about by a single ALD cycle of AL,O5. As noted above,
there are (in principle) three mechanisms by which an Al,O5
layer can improve the photovoltage of a DSSC. The layer can
introduce a surface dipole that shifts the bands negatively,
thereby producing an increased open-circuit photovoltage,
Voe.!"?* Previous studies of Al,O; coatings on TiO, showed
increases in V,. of ~50 mV,?2%*45 much less than the ~200
mV observed here. It is unlikely that Al,O; coatings will shift
the bands substantially more in our system than in previously
studied systems. Further, a negative shift of the conduction band
is unlikely to cause a decrease in the interception rate constant
(in fact, it should increase it) or increase injection (in fact, it
should decrease it)—behavior that would be necessary in order
to explain the observed large increase in short-circuit current
density, J,.. We therefore discount shifting of the band edge as
asignificant contributor to the observed performance improvement.

Al,O3 can also act as a barrier to electron tunneling, thereby
decreasing the rate (and rate constant) for interception of injected
electrons by Fc™. At open circuit, the rate of electron injection
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necessarily equals the sum of the rates for recombination (with
dye™) and interception (by the oxidized form of the shuttle).’
Ferrocene has been shown to reduce N3+ rapidly; thus, electron
recombination with the oxidized dye is not expected to play a
significant role in determining V. in this system.'> Under these
conditions, the rates of injection and interception determine the
steady-state electron concentration in the semiconductor and,
therefore, its quasi-Fermi level. All else being equal, for each
factor-of-ten decrease in the rate of interception, V,. should
increase by y+59 mV—provided that electrons are transferred
from the semiconductor’s conduction band.?**73° (y is the diode
quality factor, and typically has a value between 1 and 1.5.)
The observed ~200 mV increase in V,. implies a 2—3 order-
of-magnitude decrease in interception rate—a much more
significant attenuation than achievable with a 1.1 A layer
tunneling barrier. We conclude that tunneling-based attenuation
is not responsible for the observed effects.

A third explanation is that interception at the naked electrode
can occur via surface electronic states (sub-band-edge states)
and that the Al,O; coating passivates (or eliminates) these
states.'®* If the relevant surface states are localized states
associated with incompletely or “incorrectly” coordinated
titanium ions (e.g., titanium ions having a water or hydroxyl
ligand in place of a bridging oxo ligand), a single exposure to
the highly reactive trimethylaluminum vapor should serve to
convert most or all such sites to ones having full oxo
coordination. In the absence of other plausible explanations, we
favor passivation as the primary explanation for the observed
photovoltage enhancement.

In addition to increasing V., treatment of photoanodes with
a single alumina ALD cycle very substantially increases the
short-circuit current density (Figure 1b). The large increase
stands in contrast to the results of previous studies. For example,
for a DSSC based on ZnO nanorod arrays, even a single alumina
deposition cycle (via ALD) led to somewhat smaller photocur-
rent densities.?® Other reports of the effects of formation of thin
ALO; films (prepared by dip-coating) on TiO, and SnO,
nanoparticles also document decreases in photocurrent den-
sities.?#2%4748 ‘While one report does describe an increase of
current density with an Al,O; coating, the increase is modest
(~30%) in comparison to the ~12-fold increase observed here.?*
In rationalizing the findings, it is tempting to focus on the details
of photoelectrode fabrication and modification; however, the
salient difference between the current study and the previous
ones almost certainly is instead the use of Fc™ in place of I3~/
I". With the latter, interception is generally sufficiently slow
that photoinjected electrons can be collected from throughout
the porous photoelectrode with high efficiency. Hence, decreas-
ing the rate of interception should not yield larger values for
Jsc-49

In contrast, with Fc™ as the shuttle, electron interception
(at naked electrodes) is comparatively rapid and electrons can
be efficiently collected only if they are injected close to the
current-collection face of the photoelectrode. Expressed another
way, under conditions of fast interception, the electron-diffusion
distance is small in comparison to the overall electrode
thickness.’ By slowing the Fc* interception rate, the alumina
coating increases the distance over which injected electrons can
be efficiently collected and thereby increases Js.. The results in
Figure 1b suggest a greater than 12-fold increase in electron-
diffusion distance (depending on the wavelength-variable details
of light penetration in the DSSC), which thus implies a decrease
in interception rate constant (at short circuit) of at least ~140-
fold (~122).
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Figure 2. UV-—visible absorption spectra of catechol on TiO,
nanoparticle electrodes with O (black, dotted), 1 (red, solid), 2 (yellow,

small dash), and 3 (orange, large dash) ALD cycles of Al,Os. For
comparison, the spectrum of bare TiO, (blue) is also shown.

Semiconductor Modification: Multiple Layers. Additional
layers of Al,O3 were deposited on the nanoparticles in order to
further investigate and optimize the effect of the coatings. As a
prelude to photovoltaic characterization, several naked and
ALD-modified electrodes (all lacking dye) were soaked in
catechol-containing solutions. After rinsing, the electronic
absorption spectra of the electrodes were recorded. As shown
in Figure 2, the spectrum of the alumina-free electrode displays
a poorly resolved (but easily observed) feature, in the blue part
of the spectrum, which is characteristic of catechol—titanium
charge-transfer complexes.>'** The absorbance is greatly di-
minished, but still detectable, for an electrode subjected to one
ALD cycle of Al,0; modification—establishing that a single
deposition cycle produces slightly less than a full monolayer
of alumina (i.e., some titanium sites remain exposed). The usual
interpretations in the ALD literature of such behavior center
on the relative footprints of the surface-adsorbed precursor
molecules versus product species.** More generally, the precur-
sor/product size differential (as well as other effects) accounts
for the common observation that the “per cycle” rate of film
deposition is less than expected for full monolayer deposition.
Returning to the case at hand, we note that many shuttle
molecules (including ferrocenium) are larger than catechol; thus,
the surface may well be effectively pinhole-free with even a
single ALD cycle. The absorption band disappears (within
experimental uncertainty) with additional Al,O; layers.

Turning to cell behavior, Figure 3a shows that dark-current
densities progressively decrease, as expected, with increasing
alumina-coating thickness. Figure 3b illustrates the J—E re-
sponse, under 1 sun illumination, for a series of Fc™°-containing
DSSCs featuring photoelectrodes coated with alumina via one,
two, three, four, or five ALD cycles. While the first cycle
produces large increases in Jy, Vi, and FF (and thus 7),
additional cycles yield only small additional increases in V.,
as expected from the smaller dark-current densities displayed
in Figure 3a. The photocurrent density, on the other hand,
sharply drops as the coating thickness increases. (See Supporting
Information for numerical tabulations of J, V., FF, and 5 as
a function of extent of alumina modification.) While consistent
with other studies involving 137/17,2830 this result is striking
because it implies that injection is slowed sufficiently to diminish
substantially the dye-injection yield.’! Unity charge-injection
efficiency requires that even the slowest part of injection
dynamics be faster than competing processes. Haque et al. have
reported that a significant portion (10%) of the highly dispersive
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Figure 3. Current density, J, vs applied potential, E, for nanoparticle

TiO, electrodes coated with 1 (red), 2 (orange), 3 (yellow), 4 (green),

and 5 (blue) ALD cycles of Al,O5 (a) in the dark and (b) under 1 sun
illumination. The black arrow highlights the trend of increasing Al,Os.

injection kinetics for photoexcited N719 on nanocrystalline TiO,
occurs on time scales > 1 ns.>? It has further been shown that
the electron injection kinetics depends on the dye used,’?>?
electrolyte composition,>** and surface treatment.’' It is, thus,
difficult to make accurate comparisons of electron injection in
our system of N3 on Al,O5; coated TiO, in contact with a
ferrocene electrolyte. We want to point out, however, that
previous measurements of slow electron injection can account
for the diminished photocurrent densities with increasing barrier
layer thickness reported herein. Haque et al. further emphasized,
despite the ultrafast nature of injection for a fraction of the dye
molecules, little room remains for optimization of the overall
injection dynamics®>—a conclusion that is borne out here.

Previous studies have shown that Al,O; coated surfaces
produce slightly higher dye (N3) loadings in comparison with
bare Ti0,.24?® After the first ALD cycle of Al,Os, the surface
is predominately composed of Al,Os, and subsequent cycles
should not change the surface and, thus, dye coverage. This is
consistent with our observation that dye loading was essentially
constant for all electrodes studied, and any slight variation
cannot account for any of the trends reported herein.

Figure 4a shows the results of open-circuit voltage decay
measurements of TiO, photoelectrodes coated with 1, 3, and 5
cycles of Al,O;. These measurements enable one to assess the
kinetics of interception.’® Briefly, the voltage decays can be
transformed into electron lifetimes, 7,, according to>®

B kBT(dVOC)l
T g \dt

Recall that the lifetime of the electron is simply the amount of
time the electron survives before being intercepted (assuming
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Figure 4. (a) Open-circuit voltage decay and (b) lifetimes of DSSCs
using nanoparticle TiO, electrodes coated with 1 (red), 3 (yellow), and
5 (blue) ALD cycles of Al,Os.

recombination with dye™ can be neglected), so it is inversely
proportional to the interception rate constant (provided that the
reaction is first order in electrons; see below). Figure 4b shows
the electron lifetime as a function of voltage for the samples
examined in Figure 4a. The observed exponential variation of
the lifetime with open-circuit voltage is consistent with an
interfacial charge-transfer pathway that avoids surface states and
instead proceeds only through the conduction band.!®® The
lifetime increases, at a given voltage, for each additional cycle
of Al,Os (Figure 4b). The Al,O; layers thus appear to act as
effective barrier layers for the interfacial electron-transfer
reactions.

A plot of the open circuit photovoltage versus the log of the
incident light intensity has a slope of 77 mV per decade (see
Supporting Information). This near-ideal photodiode behavior
establishes that the interception reaction is indeed first order in
electron concentration (making the interception rate constant
proportional to 1/7,,).4>*7 If the ALD-formed Al,O; behaves as
a simple tunneling barrier, the electron interception rate should
decrease exponentially with layer thickness, r. A plot of In(1/
7,) vs r should be linear with a slope of —f3, where f is the
usual tunneling attenuation parameter. Figure 5 shows a plot
of In(1/t,) vs number of Al,O5 deposition cycles at the same
voltage, V,. = 0.35 V. (The result of the analysis is relatively
insensitive to the voltage used; however, a comparatively high
voltage was chosen because it is close to the maximum power
point and because the plots deviate from linearity at low
voltages). A straight-line fit to the data yields a slope of —1.1/
cycle. Each ALD cycle deposits ~1.1 A of ALOs, thus yielding
B ~ 1 A~'—a reasonable value for a high-barrier material such
as alumina. The exponential dependence of 1/, with distance
(AL O; cycles) can be taken as further evidence that interception
occurs via the conduction band.
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Figure 5. Plot of the logarithm of the interception rate (1/t,) at V,. =
0.35 V as a function of number of Al,O; deposition cycles.
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Figure 6. (a) Cyclic voltammograms of Fc (red, dot—dot—dash),
Fc—Cl (orange, solid line), and Fc—(Cl), (yellow, dash). (b) Ap-
proximate energy diagram of a DSSC sensitized with N3, showing the
potentials of the ferrocene-based redox. The arrows show the processes
affected (directly or indirectly) by changing redox couples: (1)
regeneration, (2) interception, and (3) recombination.

Derivatives of Ferrocenium/Ferrocene as Redox Shuttles.
In order to increase the photovoltage, Fc—CI1*"° and Fc(Cl),™
were employed in place of Fc™ as shuttles/regenerators. As
illustrated by the cyclic voltammograms in Figure 6a, the redox
couples are reversible, with the formal potentials of the chloro-
and dichloro-derivatives being 0.17 and 0.31 V more positive,
respectively, than the parent redox couple, as expected.’® If the
TiO, quasi-Fermi level remains constant, the use of the
chlorinated ferrocenes should result in improvements in open-
circuit photovoltage of 0.17 and 0.31 V for Fc—CI™ and
Fe(Cl),™™, respectively, compared to Fc* (Figure 6b). Deviation
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Figure 7. J—E curves for DSSCs employing Fc (red, dot—dot—dash),
Fc—Cl (orange, solid), and Fc—(Cl), (yellow, dash) redox shuttles: (a)
in the dark and (b) under 1 sun illumination. The photoelectrodes in
each case have been coated with 1 ALD cycle of alumina.

from these values, however, provides insight into the relative
rates of recombination and interception.

Figure 7a compares dark-current densities for DSSCs con-
taining TiO, nanoparticle photoelectrodes coated with 1 cycle
of Al,Os; and employing Fc™, Fc—CI1™, or Fc—(Cl),*" as a
redox shuttle. The dark-current density is much lower at a given
potential for Fc—CI1™", compared to Fc™, and even lower for
Fc—(Cl),™. Since the cells are two-electrode systems and the
potentials are referenced to solution potentials that differ by
~160 mV per chlorine, the decreasing dark-current density
(while good) is somewhat misleading. Correcting for the
differences in reference potential, we find that dark-current
density increases at a given electrode potential as ferrocenium
is replaced by chloroferrocenium and then 1,1’-dichloroferro-
cenium. If the intercepted electrons indeed transfer from the
conduction band, the larger dark-current density implies that
the interception rate constant increases with driving force
(assuming that the conduction band energy is essentially
constant). Thus, the interception reactions appear to be occurring
in the Marcus normal region—a surprising result given estimated
driving forces (Figure 6b) of ca. 1.1—1.4 eV. These observations
in turn imply reorganization energies of greater than 1.4 eV for
interception. While we have no explanation for the (apparently)
extraordinarily large reorganization energies, we note that studies
of back-ET to electrostatically bound dye molecules on SnO,
surfaces also seemed to show anomalously large reorganization
energies.”’

Returning to DSSC behavior, Figure 7b compares photovol-
taic responses for cells containing Fc™, Fe—CI*, or Fe—(Cl),™
0. Similar short-circuit current densities are observed for the
three cells, albeit decreasing slightly as the shuttle redox
potential increases. The open-circuit photovoltage, on the other
hand, increases as the shuttle formal potential increases, although
by less than the shifts in formal potential. These results indicate
that the quasi-Fermi level lowers (i.e., moves to less negative
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Figure 8. (a) Open-circuit voltage decay and (b) lifetimes of DSSCs
employing Fc* (red), Fc—CI*" (orange), and Fc—(Cl),™ (yellow)
redox shuttles. The lifetimes are normalized to a common reference
potential. The lifetime vs corrected voltage of a standard 17/I3~
electrolyte (green) is also shown for comparison. The photoelectrodes
in each case have been coated with 1 ALD cycle of alumina.

potentials on the electrochemical scale; see Figure 6b) in the
order Fc > Fc—Cl > Fc—(Cl),. This trend is consistent with
the trend in dark-current densities.

Closer comparisons reveal that the increase in V. for the cell
employing Fc—(Cl1),""° versus the cell employing Fc—CI™ is
slightly less than expected based on the relative dark-current
densities. Recall that the dark current is a measure of the rate
of the shuttle interception reaction (only), whereas V. is
responsive to both shuttle interception and dye recombination.
Since regeneration is anticipated to be slower with Fc—(Cl),
(due to the lower reaction driving force), we tentatively attribute
the somewhat smaller increase in V. with the Fc—(Cl), shuttle
to electron loss via recombination with the oxidized dye. In
principle, increasing the concentration of Fc—(Cl), should
overcome the regeneration problem. Our attempts in this regard
were hampered, however, by the relatively poor solubility of
Fc—(Cl), in acetonitrile (i.e., <0.2 M).

The performance of the most efficient DSSCs is known to
be influenced by solution additives, most notably lithium salts
and fert-butylpyridine. We therefore examined the effects of
additives here. For LiClO, addition, the chief effect was a
decrease of ~70 mV in V,. with all ferrocene shuttles (see
Supporting Information), a finding that is consistent with a
systematic lowering of the conduction band edge of the TiO,,
as has been discussed in detail elsewhere.*®' Attempts to
introduce fert-butylpyridine resulted in fairly rapid decomposi-
tion of the ferrocenium species, preventing photovoltaic mea-
surements. The instability of the ferrocenium species may be a
limitation to optimization and practical use of ferrocenes as
redox shuttles in DSSCs.

Figure 8a compares open-circuit voltage-decay transients of
DSSCs with Fc™0, Fe—CI1™, or Fc—(Cl),™ couples as redox

Hamann et al.

shuttles. The rate of voltage decay (interception) decreases at a
given open-circuit voltage with decreasing potential for the redox
shuttle. This result is in agreement with the dark-current density
measurements as expected, since they are both measurements
of the rates of interception. In order to compare the relative
interception rate constants, at the same electrode quasi-Fermi
level, the voltages are corrected for the different solution
potentials to the Fc—(C1),*"° couple’s potential. The corrected
lifetimes are shown in Figure 8b. The corrected lifetimes
decrease in the order Fc > Fc—Cl > Fc—(Cl),, which is in
agreement with the ordering of (corrected) dark-current densities
as described above.

Included for comparison in Figure 8b are electron-lifetime
data for a DSSC employing the I37/I" redox shuttle (0.60 M
TBAI, 0.01 M I,, 0.20 M TBABF, in acetonitrile), also corrected
to Fc-(Cl),’s solution potential by shifting the lifetimes by 0.41
V. The slopes of semilog plots of 7, vs V,. are similar for the
various shuttles. At a given potential, however, the electron
lifetime in the presence of I;7/I” is >10* longer than with
ferrocenenium/ferrocene. Since (as pointed out above) the
lifetime is inversely proportional to the interfacial electron-
transfer rate constant, k, this implies that k, for ferrocene is
>10* larger than for I;7/I".

Issues in Building Efficient DSSCs Based on Alternative
Redox Couples. As noted above, the main benefits of the very
small k, value for I;7/1" are as follows: (a) long lifetimes for
injected electrons, resulting in highly efficient current collection
over long distances and (b) small dark currents, resulting in
high quasi-Fermi levels (necessary for good photovoltages). We
consider issue (a) first: Evaluation of short-circuit photocurrents
for cells containing Fc™ as the shuttle/regenerator (Figure 3)
suggests that electrode treatment with 1 ALD cycle of alumina
increases the charge-collection distance by about 1 order of
magnitude. Extension of the charge-collection depth by another
factor of 20 or so will be necessary to achieve near-quantitative
current collection with the present (or a similarly absorbing)
chromophore. In principle, this can be achieved by slowing the
interception rate by another 2—2.5 orders of magnitude. From
Figure 5, we conclude that treating an electrode with 7 or 8
ALD cycles of alumina should yield the needed rate decrease.
To sustain good injection yields, however, it will be necessary
to: (i) extend the photoexcited state lifetime by 2—2.5 orders
of magnitude or (ii) eliminate the slow-injecting population of
dye molecules and replace the population with fast-injecting
dyes. Recent work by Abrahamsson and co-workers illustrates
how excited-state lifetimes can be greatly extended.’> Work by
Wenger and co-workers points to dye aggregation as the source
of multiphasic injection kinetics and suggests that, if aggregation
can be prevented, the problematic slow-injecting population will
be eliminated.®® An alternative approach would be to use dyes
with much higher extinction coefficients, thereby enabling thinner
photoelectrodes to be used and allowing a greater fraction of dye-
injected electrons to be collected.”** Finally, faster electron transport
would improve the collection efficiency.>%~%

The second challenge, issue (b), is to decrease dark currents
further and thereby raise the quasi-Fermi level at the photo-
electrode (anode) and increase the cell photovoltage. Replacing
I;7/1" by Fc—(Cl1),*" offers a ca. 0.41 V shift in the potential
of the dark electrode (cathode). However, the advantageous shift
is more than offset by lowering of the quasi-Fermi level at the
photoelectrode. For the cells examined here, each factor-of-10
reduction in dark current at the anode should raise the quasi-
Fermi level and increase V,. by about 70 mV (provided that
there is no decrease in injection yield). Since the dark current
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scales as the electrode surface area, any reduction in surface
area (made possible, for example, by employing higher-
extinction chromophores) should translate into higher V. values.
Similarly, the use of thicker barrier layers (Figure 5) should
increase photovoltages (again, assuming that dyes can be found
that do not suffer losses in injection yield upon introduction of
the barrier layers). If the number of ALD cycles could be
increased from 1 to 8, with retention of high injection yields as
discussed above, V. values should increase by ca. 170 to 200
mV. Clearly, a challenge going forward will be to design dyes
that can satisfy the injection-yield requirements. An additional
strategy would be to use the dye layer itself to block access of
the shuttle to the underlying photoelectrode. The comparatively
small sizes of iodide and triiodide make this challenging;
however, such an approach might well prove effective with
appropriately designed dyes and a sterically demanding redox
shuttle. This is a focus of ongoing work.%® Finally, it is important
to note that, while faster electron collection will improve the
current collection efficiency, it will not improve the open-circuit
photovoltage.

Conclusions

Atomic layer deposition of a ~14 nm TiO, layer on FTO
prior to nanoparticle addition is an effective measure for
defeating redox-shuttle shunting by the current collector in
DSSCs. Highly controlled deposition of alumina layers on the
TiO, nanoparticles defining the photoanode is also beneficial
in DSSCs featuring fast redox shuttles, but for different reasons.
The major effect of the first cycle of alumina is to passivate
surface states, resulting in dramatic improvement in photovoltaic
performance when Fc*? is employed as the redox shuttle.
Subsequent alumina layers act as tunneling barrier layers. The
inverse of the electron lifetime was found to decrease expo-
nentially with ALD cycles (i.e., distance), consistent with
electron tunneling, allowing for an estimation of f ~ 1 A"
The barrier layers also slow down electron injection, however,
resulting in diminishing photocurrent densities and diminishing
energy conversion overall efficiency with extension of the
deposition beyond a single alumina ALD cycle.

The use of chlorine-derivatized ferrocene couples shifts the
potential at the dark electrode (at open circuit) by as much as
310 mV, relative to underivatized ferrocene. About one-half of
the 310 mV shift is captured as increased open-circuit (cell)
photovoltage, indicating that the quasi-Fermi level at the
illuminated photoelectrode lowers (i.e., shifts to less negative
potential on an electrochemical scale) when Fc*” is replaced
by Fc—(Cl1),*". Intermediate behavior is seen with Fc—CI™
as the redox shuttle. Consistent with these observations, rates
for interception of injected electrons were found to increase in
the order Fc™ < Fc—CIt < Fc—(Cl),", indicating that the
interception reaction occurs in the Marcus normal region.
Successful collection of the majority of photoinjected electrons,
in cells of this kind, will require that interception rates be
diminished by roughly 2 orders of magnitude. Further diminu-
tion (beyond ca. 10?) is not anticipated to improve photocurrents
but should improve photovoltages. We suggest that further
progress in this area may be achievable be focusing on dye
properties that are not of great significance for DSSCs that
employ standard I;7/I" electrolytes. Among the desired dye
properties are the following: (a) ultrafast injection dynamics (at
naked electrodes), (b) uniform injection dynamics, (c) higher
extinction coefficients, and (d) ability to block contact between
large shuttle molecules and the photoelectrode.
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