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ABSTRACT: Both the adsorption of t-butylpyridine and the atomic-
layer deposition of ultrathin conformal coatings of insulators (such as
alumina) are known to boost open-circuit photovoltages substantially
for dye-sensitized solar cells. One attractive interpretation is that
these modifiers significantly shift the conduction-edge energy of the
electrode, thereby shifting the onset potential for dark current arising
from the interception of injected electrons by solution-phase redox
shuttle components such as Co(phenanthroline)3

3+ and triiodide. For
standard, high-area, nanoporous photoelectrodes, band-edge energies
are difficult to measure directly. In contrast, for flat electrodes they
are readily accessible from Mott−Schottky analyses of impedance data. Using such electrodes (specifically TiO2), we find that
neither organic nor inorganic electrode-surface modifiers shift the conduction-band-edge energy sufficiently to account fully for
the beneficial effects on electrode behavior (i.e., the suppression of dark current). Additional experiments reveal that the efficacy
of ultrathin coatings of Al2O3 arises chiefly from the passivation of redox-catalytic surface states. In contrast, adsorbed t-
butylpyridine appears to suppress dark currents mainly by physically blocking access of shuttle molecules to the electrode surface.
Studies with other derivatives of pyridine, including sterically and/or electronically diverse derivatives, show that heterocycle
adsorption and the concomitant suppression of dark current does not require the coordination of surface Ti(IV) or Al(III)
atoms. Notably, the favorable (i.e., negative) shifts in onset potential for the flow of dark current engendered by organic and
inorganic surface modifiers are additive. Furthermore, they appear to be largely insensitive to the identity of shuttle molecules.

■ INTRODUCTION

Dye-sensitized solar cells (DSCs) constitute a promising
technology for light to electrical-energy conversion.1−6 The
basic DSC operational scheme is as follows: (1) A dye molecule
adsorbed on a high-surface-area porous nanoparticle semi-
conductor array absorbs light. (2) The excited state of the dye
injects an electron into the conduction band of the semi-
conductor; the electron then diffuses through the array and is
collected at the substrate. (3) The oxidized dye is regenerated
by a redox shuttle in solution. (4) The redox shuttle is
regenerated at the dark electrode.
The archetypal cell utilizes a Ru-based dye,7 typically N719

(i.e., ditetrabutyl-ammonium cis-bis(isothiocyanato)-bis(2,2′-
bipyridyl-4,4′-dicarboxylato)ruthenium(II)8,9). The semicon-
ductor nanoparticles are most often TiO2, and the redox
shuttle is most often the I3

−/I− couple.5 For a fully optimized
cell with this composition, the small-scale/laboratory efficiency
is approximately 11.5% at 1 sun, but the theoretical limit of the
DSC is significantly higher.10,11 (The highest efficiency,
multidye, single-photoelectrode cells deliver 12.3% at 1
sun.12) Beneficial pathways for charge transfer and charge
transport necessarily compete with detrimental pathways,
resulting in a host of kinetic and thermodynamic issues in

cell operation. These issues can influence both photovoltages
and photocurrents and thereby directly affect efficiencies.3,13,14

For example, N719 has an optical band gap of 1.6 eV,8,11 yet
near-champion DSCs as described above achieve voltages of
only ca. 0.8 V. Thus, nearly half of the hypothetical maximum
open-circuit photovoltage (Voc) is lost. Some of the lost voltage
is used by the cells to ensure that electron-transfer steps are
effectively irreversible; these losses would be difficult to recover
even with ideally performing cell components.11,14,15 Others are
consequences of a slow forward reaction or transport kinetics,
the coupling of charge transfer to chemical steps, the catalysis
of back-reaction structural defects, and so on. These, in
principle, can be recovered via cell component replacement or
modification.
As shown in Figure 1, Voc is equal to the difference between

the Nernstian potential of the redox shuttle (the potential of
the dark electrode) and the quasi-Fermi level, EFermi, of the dye-
coated electrode. Although there are often complications, in
practice the potential of the dark electrode can in principle be
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readily and systematically altered by changing the chemical
identity and therefore the formal potential of the redox shuttle
(Figure 1b).16−26 The potential of the illuminated electrode can
be adjusted by shifting the electrode’s conduction-band-edge
energy, ECB, for example, by introducing so-called potential-
determining cations such as Li+ or H+ to the cell solution
(Figure 1c).27−29

The open-circuit potential, of course, is also the potential at
which the anodic photocurrent (arising from dye injection and
subsequent charge collection) is precisely offset by the
potential-dependent flow of current in the reverse direction
(i.e., current due to the interception of injected electrons by the
redox shuttle or the recombination of injected electrons with
the oxidized dye). Typically, interception is considerably more
important than recombination; thus, current flow in the reverse
direction can often be well approximated by measuring the
current at the semiconductor electrode under dark conditions.
Consequently, additives that suppress the potential-dependent
dark current, either by creating a blocking layer (tunneling
barrier) to electron interception or by passivating electrode
surface states that facilitate electron interception, will generally
raise the quasi-Fermi level of the illuminated electrode and
increase the DSC photovoltage and energy-conversion
efficiency. Figures 2 and 3 illustrate these two possibilities.
Among the many additives/surface modifiers that have been

evaluated for their ability to suppress dark current and boost
photovoltages are adsorbed t-butylpyridine (tbp)8,28,30−33 and
ultrathin, insulating metal oxide layers,19,34−41 especially well-
defined conformal layers constructed via atomic layer
deposition (ALD).19,23,34,37,42,43 Although tbp is thought to
suppress dark currents mainly by shifting Ecb,

28,32,33 other
effects may also be important. For ALD-formed insulating
layers, evidence exists (mainly with nanoparticulate SnO2
electrodes)37 to support the mechanisms illustrated in both
Figures 2 and 3. Nevertheless, it has been suggested that the

displacement of Ecb (i.e., the mechanism in Figure 1c) is also
important.40

One means of testing the Ecb-shift notion would be to
measure electrode flat-band potentials (Efb) before and after
treatment with molecules or materials known to suppress dark
currents and alter Voc. For an n-type semiconductor, the flat-
band potential is closely related to the conduction-band-edge
energy. Unfortunately, the standard experimental approach to
assessing Efb, the Mott−Schottky assessment of electrochemical
capacitance data,44−46 is not applicable to porous electrodes
(such as the high-area nanoparticulate photoelectrodes typically
used in DSCs).47,48 We reasoned, however, that ALD could be
used to fabricate nonporous (flat) TiO2 electrodes and that
these in turn could be evaluated via the Mott−Schottky
method. Below we report on the effects of molecular adsorbates
and ALD-formed insulating layers on Efb and Ecb. From these
and related experiments, we have obtained insights into the
mechanisms by which these modifiers alter the photoelectrode
performance. Additionally, from dopant-density information
yielded by the experiments, we have obtained insight into the
behavior of ALD-TiO2 electrodes previously examined in other
contexts.49,50

■ EXPERIMENTAL SECTION
Fluorine-doped tin oxide-coated (FTO-coated) glass (8 Ω cm−2) was
purchased from Hartford Glass. Unless otherwise stated, all other
reagents were acquired from commercial sources and used without

Figure 1. (a) Voc of a DSC is the difference between the Nernstian
potential of the redox shuttle and EFermi of the semiconductor. (b)
Changing the redox shuttle to one having a more positive
electrochemical potential increases Voc. (c) The addition of
potential-determining cations or other solution components can
lower Voc by lowering Ecb and hence EFermi. Note that the sign
convention for electrochemical potentials is the reverse of that for
absolute energies versus vacuum (i.e., an energy of zero for an electron
in vacuum). Thus, electrochemical potentials become more positive as
one moves downward along the energy axis, whereas absolute energies
become more negative.

Figure 2. Adding a blocking/tunneling barrier to an electrode surface
slows interfacial electron transfer and increases EFermi and thus Voc.

Figure 3. Passivating the redox-catalytic surface states of an electrode,
thus increasing EFermi and Voc.

Langmuir Article

dx.doi.org/10.1021/la303962y | Langmuir 2013, 29, 806−814807



further purification. [Co(1,10-phenanthroline)3](ClO4)3 (Co-
(phen)3

3+) was made according to a literature procedure.43 2,6-
Diphenylpyridine was synthesized via literature procedures.51

Electrode Preparation. Squares of dimensions 2.0 × 2.0 cm2 were
cut from an FTO-coated glass sheet. Each sample was sonicated in
water with detergent for 15 min, washed with deionized water,
sonicated in isopropanol for 15 min, sonicated with methanol for 15
min, and finally held at 500 °C for 1 h.
Flat TiO2 films were synthesized by atomic-layer deposition in a

Savannah 100 reactor made by Cambridge Nanotech Inc. Films were
prepared using alternating cycles of titanium tetra-isopropoxide (0.1 s
pulse, 1 s exposure, 10 s nitrogen purge) and deionized water (0.1 s
pulse, 1 s exposure, 15 s nitrogen purge).52,53 The reactor temperature
was maintained at 200 °C, and the titanium tetra-isopropoxide
reservoir was maintained at 80 °C. The TiO2 growth rate (previously
measured in our laboratory on silicon using ellipsometry) is 0.35 Å/
cycle. Alternating cycles (900) of the precursors were deposited,
yielding a film ca. 32 nm thick. Prior to any further ALD process or
experimentation, the films were annealed at 500 °C for an hour to
ensure that the initially amorphous films were crystallized as the
metastable anatase phase.54

Alumina coatings were grown on annealed TiO2 films by using
three ALD cycles, each consisting of a 0.1 s pulse and 1 s exposure to
trimethylaluminum, a 30 s purge, and a 0.1 s pulse and 1 s exposure to
water vapor. For each electrode, an edge was sanded to expose FTO.
Silver epoxy was then spread on the exposed section to enable external
electrical contact. A piece of 25 μm Surlyn with a 0.25 cm2 hole was
melted onto the film surface at 140 °C in order to define a fixed active
area for each electrode.
Electrochemical Measurements. All electrochemical measure-

ments were made on a Solartron Analytical Modulab instrument
equipped with a 1 MHz frequency analyzer and a potentiostat capable
of measuring 1 million samples/s. A Ag/AgCl reference electrode in
saturated KCl(aq) and a platinum mesh counter electrode were used.
All electrochemical experiments were three-electrode experiments.
The stability of the reference electrode was monitored between
experiments by recording cyclic voltamograms of ferrocene in
acetonitrile containing tetrabutylammonium tetrafluoroborate as a
supporting electrolyte. No shifts in the potential of the reference
electrode versus the ferrocene formal potential were observed over the
course of the experiments.
Electrochemical impedance spectroscopy was performed with

solutions consisting of 0.2 M LiClO4 in acetonitrile, with or without
0.2 M tbp. The potential was stepped from −500 to −750 mV in 25
mV increments. A 10 mV sinusoidal signal was utilized as the
perturbation over a 500 kHz to 0.05 Hz range. For dark current and
open-circuit voltage decay measurements, the potential was swept
from 100 to −850 mV at 50 mV/s while monitoring the current. The
potential was then fixed at −850 mV for 10 s. Potentiostatic control
then ceased, and the voltage decay was recorded as a function of time
(1000 points/s). The electrolyte consisted of either 0.02 M
Co(phen)3

3+ or 0.02 M LiI3 in 0.2 M LiClO4, with or without 0.2
M pyridine or a derivative.

■ RESULTS AND DISCUSSION
Band-Edge Energetics. The Mott−Schottky treatment of

the potential-dependent distribution of free charges within a
semiconductor electrode in contact with an electrolyte solution
provides a basis for extracting the flat-band potential from
experimental measurements of an electrode’s capacitance. The
Mott−Schottky equation can be written as
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where A is the solution-exposed surface area of the electrode, q
is the charge of the electron, ε is the dielectric constant of the
material, εo is the permittivity of free space, N is the donor

density, E is the applied electrode potential, k is Boltzmann’s
constant, and T is temperature.44,45 A Mott−Schottky plot (i.e.,
a plot of the inverse square of the area-normalized capacitance
vs. electrode potential) should produce a straight line with an x
intercept equaling the flat-band potential plus the thermal
voltage, kT/q. The slope of the plot should vary inversely with
the donor density.
Figure 4 shows the linear region of a plot of A2C−2 versus E

for an unmodified TiO2 electrode in contact with 0.2 M LiClO4

in acetonitrile (red circles). After accounting for a kT/q value of
27 mV, we found that the extrapolated intercept of the plot
yields an Efb value of −880 mV versus a Ag/AgCl reference
electrode. Repeat measurements with this electrode produced
values that were reproducible to within ±5 mV. The statistical
error over several electrodes was ±50 mV. The conduction
band edge can be determined from the flat-band potential via
eqs 2 and 3 55
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where NC* is the effective density of electronic states and me* is
the effective mass of the electron, here taken to be ca. 1.8 times
the electron’s rest mass.56 On this basis, Ecb is ca. −900 mV.
After accounting for differences in reference electrodes, we find
this value to be in reasonable agreement with results from
previous studies in similar electrolytes.57

Repeating the impedance experiments in the presence of 0.2
M tbp yielded Efb and Ecb values that are shifted to more
negative potentials by only ca. 20−40 mV (Figure 4). Because
tbp addition typically boosts open-circuit photovoltages by ca.
200 mV, we conclude that factors in addition to a simple shift
in Ecb (Figure 1c, but in the opposite direction) are important
in operational DSCs;8,32,58−60 these possibilities are considered
further in subsequent sections. The observed small shifts in Ecb
and Efb stand in contrast to much larger shifts inferred from
Mott−Schottky experiments with high-area nanoparticulate
electrodes (i.e., shifts of ca. −200 to −300 mV59,61). As noted
above, however, the derivation of the Mott−Schottky relation
entails assumptions that are unlikely to be met by porous,
nanoparticulate electrodes.48,62 Among the most tenuous
assumptions for these electrodes are that (a) band bending is

Figure 4. Mott−Schottky plots for flat TiO2 electrodes, with (red
triangles) and without tbp (red circles), and those treated with 3 ALD
cycles of Al2O3 and run with (blue triangles) and without (blue circles)
tbp.
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significant and (b) particle sizes and interparticle spaces are
large compared to space-charge-layer thicknesses. It is
conceivable that the failure to meet these conditions with
nanoparticulate electrodes causes the Mott−Schottky experi-
ments to report primarily on effects other than shifts in Ecb.
Alternatively, it might be that nanoparticulate electrodes,
derived from colloidal suspensions, are much more strongly
influenced by added tbp than are electrodes grown by ALD
from vapor-phase titanium tetra-isopropoxide and water. If, for
example, colloid-derived nanoparticulate electrodes feature
excess protonated surface sites, then tbp addition would likely
neutralize or buffer these sites and shift the conduction-band
edge negatively. The sensitivity of Ecb values for TiO2 to pH is
well established63,64 and has been shown to extend over more
than 30 pH units at ca. −60 mV/pH unit.63 Perhaps
significantly, the apparent Ecb values for high-area nano-
particulate electrodes,59,61 derived from Mott−Schottky experi-
ments, approach more closely the Ecb values for ALD-
constructed electrodes (Figure 4) when tbp, a weak Brønsted
base and potential buffer, is present.
Also shown in Figure 4 are Mott−Schottky plots for a flat

TiO2 electrode coated with ALD with a ca. 3 Å layer of
insulating alumina. (To minimize batch-to-batch variations, the
two electrodes examined in Figure 4 were prepared during the
same TiO2 ALD run.) Notably, the flat-band potential is shifted
by only about 40 mV (and in the positive direction) relative to
its value for an alumina-free electrode (i.e., comparable to the
electrode-to-electrode measurement variability in the absence
of surface modification40). This finding is consistent with our
previous interpretation of ALD-insulator-layer effects on open-
circuit photovoltages in DSCs primarily in terms of effects
other than shifts in Ecb.

19,37,43,65 Also notable is the absence of a
sizable effect of tbp on the flat-band potential. As with alumina-
free TiO2, the experiments reveal a shift of only about −30 mV.
The substantially differing slopes (factor of ∼1.7) for Mott−

Schottky plots for ALD-coated versus ALD-free electrodes
imply a substantially greater donor density for the latter (i.e., ca.
1.7-fold greater). Given that the electrodes examined in Figure
4 are roughly 30 nm thick and that the thickness of the alumina
coating is only ∼0.3 nm, this interpretation is almost certainly
incorrect. A more probable interpretation is that alumina
passivates surface-localized states that can otherwise accept and
release charge (electron density) as a function of the applied
electrode potential and thereby contribute to the measured
capacitance.66 (Note that at each of the points shown in Figure
4 the measured capacitance is smaller (C−2 is larger) for the
ALD-coated electrode.)
If we assume that the slopes of the Mott−Schottky plots for

the alumina-coated electrodes do not include significant
contributions due to surface states (a sensible assumption
given the thermodynamic inaccessibility of the Al(III/II) couple
in oxide environments), then the donor density within the flat
electrodes is ca. 2 × 1019 m−3. With this information, the
potential-dependent thickness of the space-charge layer can be
calculated from refs 46 and 55.

εε
=

Δ
W

E
qN

2 o
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In eq 4, ΔE is the potential drop across the semiconductor.
Assuming a static dielectric constant for TiO2 of 55,61 the
thickness of the space-charge layer is ∼12 nm at typical values
of Voc in iodide-containing DSCs and ∼25 nm at the I3

−/I−

potential. We have proposed elsewhere50 that band bending
within ALD-formed TiO2 electrodes featuring either nano-
tube67 or cylindrical shell geometries50 can slow back electron
transfer to redox shuttles once the TiO2 thickness reaches a few
to several nanometers. The results obtained here support those
proposals.

Dark Currents. Given the inability of tpb- or alumina-
induced shifts in Ecb for flat TiO2 electrodes to account fully for
shifts in Voc in operating DSCs (via the mechanism in Figure
1c), we extended our investigation to include the effects of
these modifiers on dark currents. Shown in Figure 5 are the

results for flat-electrode cells containing 0.02 M I3
− as the

electron interceptor. The salient features are (a) a shoulder in
the current−density (J) versus voltage curve for unmodified
TiO2, (b) a shift in the onset potential for I3

− reduction by
approximately −200 mV following the addition of tbp to the
cell solution, (c) a similar shift in the absence of tbp but after
ALD-based modification of the electrode surface with ca. 3 Å of
alumina, and (d) a shift in current onset by approximately
−400 mV when an electrode is modified with both alumina and
tbp (i.e., the favorable shifts in the onset potential appear to be
additive68). We tentatively ascribed the shoulder in the J−V
curve for unmodified TiO2 to the surface-state mediation of the
reduction of triiodide, behavior that seemingly can be
eliminated either by the addition of tbp or coating with
alumina. The simplest interpretation is that both modifiers
interact with the sites responsible for mediation and shift their
energies to much more negative potentials. (See the discussion
in the following sections.) What seems most remarkable is that
tbp can engender sizable negative shifts in onset potential even
after titanium sites are fully obscured (or nearly so) by alumina.
Figure 6 reveals similar tbp and alumina effects, including

roughly additive shifts in voltage for the onset of significant
dark current when I3

− is replaced with Co(phen)3
3+ as the

electron interceptor. The curves in both figures point to the
suppression of electron interception by the redox shuttles
rather than shifts in Ecb as the primary contributors to
enhancements in Voc in corresponding solar cells. Noteworthy
is the observation that for modified electrodes the dark currents
for Co(phen)3

3+ are nearly identical to those for I3
− (i.e.,

charge-interception rates and their changes in response to
surface modifiers are not significantly dependent on the identity
of the redox shuttle).

Figure 5. Dark-current-density measurements for flat TiO2 electrodes
using 0.02 M I3

− as the electron interceptor. Key: unmodified
electrode (red), after the addition of 0.2 M tbp (green), Al2O3-coated
electrode with no tbp (blue), and Al2O3-coated electrode after the
addition of 0.2 M tbp (orange).
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Open-Circuit Voltage Decay Measurements. To gain
additional insight into how alumina coatings and tbp likely
influence photovoltages, we performed open-circuit voltage
decay measurements (dark measurements)69,70 with the
starting potential being provided by a potentiostat. These
experiments yield plots of the survival time of electrochemically
(or photochemically) injected electrons versus the potential of
the semiconductor (i.e., EFermi, relative to a reference electrode).
In the absence of dye molecules and photons, injected electrons
are removed via interfacial electron transfer to the oxidized
form of the redox shuttle. If electrons are transferred solely
from the conduction band and if the interfacial electron transfer
is rate-determining (as opposed to, say, the rate of thermal
population of the conduction band by electrons initially in sub-
band-edge states), then a plot of the log of the electron survival
time versus the open-circuit potential is expected to be
linear.69,70 In contrast, plots that deviate from linearity would
point to the involvement of multiple interception pathways, for
example, transfer from nonidentical surface states (defect
states) or transfer from both surface states and the conduction
band.
Figures 7 and 8 show survival-time plots for various versions

of flat TiO2 in contact with either I3
− or Co(phen)3

3+,
respectively. The formal reduction potentials of the two
compounds (vs. Ag/AgCl) are +380 and +420 mV,
respectively. Because well-designed and highly efficient DSCs
typically feature open-circuit photovoltages of ca. 800 to 850

mV, the regions of greatest practical interest in the decay plots
are near −400 mV versus Ag/AgCl. Focusing first on Figure 7,
we find that the voltage decay plot for unmodified TiO2 is
curved, implying the participation of surface states in back
electron transfer despite the fabrication of the electrode via
atomic layer deposition. The addition of tbp increases the
survival time (decreases the interception rate) by about a factor
of 2 at −400 mV and by a factor of 10 at −160 mV. Notably,
however, the plot retains the unusual shape found with the
unmodified electrode. Thus, tbp does not appear to passivate
surface states, a conclusion not revealed by simple dark-current
measurements but consistent with our interpretation above of
the Mott−Schottky data.
Electrode modification with ALD alumina elicits a

qualitatively different response. The rate of electron inter-
ception at a given electrode potential is still slowed, but the
decay plot becomes much more nearly linear. Thus, in contrast
to tbp, alumina acts to passivate surface states (Figure 3) and
presumably drive interception toward primarily a conduction-
band pathway. The conclusion regarding passivation is
consistent with the findings above for Mott−Schottky experi-
ments. Notably, the decay plots for unmodified and ALD-
alumina-modified electrodes converge at ca. −600 mV,
suggesting that at this potential a common interception
pathway is followed.
The final plot in Figure 7 is for electron transfer to triiodide

from a flat TiO2 electrode modified first with ca. 3 Å of alumina
and then with tbp adsorbed from solution. The plot retains the
nearly linear shape of the decay plot for the alumina-coated
electrode in the absence of tbp, implying that back electron
transfer is still mediated by the electrode’s conduction band,
rather than surface states (defect states). The remarkable effect
of tbp is to slow the rate of electron interception by another
factor of 7 (at −400 mV).71 Although a small portion of the
tbp-engendered attenuation conceivably could be attributed to
the ca. −30 mV shift in Ecb brought about by this additive, the
majority cannot. A conceivable interpretation is that tbp
functions, on both naked and alumina-coated TiO2, as a
physical barrier between the shuttle and the electrode. The
resulting increase in electron-transfer distance should lead to
less-efficient electron tunneling and, as observed experimen-
tally, a decrease in the electron-transfer rate.
Finally, Figure 8 shows the results of similar experiments, but

with the cobalt-containing shuttle molecule. Although not

Figure 6. Dark-current-density measurements for flat TiO2 electrodes
using 0.02 M Co(phen)3

3+ as the electron interceptor. Key:
unmodified electrode (red), after the addition of 0.2 M tbp (green),
Al2O3-coated electrode with no tbp (blue), and Al2O3-coated electrode
after the addition of 0.2 M tbp (orange).

Figure 7. Open-circuit voltage decay plots (electron survival times) for
flat TiO2 electrodes in the presence of 0.02 M I3

− as the electron
interceptor. Key: unmodified electrode (red), after the addition of 0.2
M tbp (green), Al2O3-coated electrode with no tbp (blue), and Al2O3-
coated electrode after the addition of 0.2 M tbp (orange).

Figure 8. Open-circuit voltage decay plots (electron survival times) for
flat TiO2 electrodes in the presence of 0.02 M Co(phen)3

3+ as the
electron interceptor. Key: unmodified electrode (red), after the
addition of 0.2 M tbp (green), Al2O3-coated electrode with no tbp
(blue), and Al2O3-coated electrode after the addition of 0.2 M tbp
(orange).
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identical to those seen with triiodide as the electron acceptor,
the results are broadly similar.69 The addition of alumina yields
straighter decay curves, implying the passivation of redox-
catalytic surface states. The effect of tbp, however, is somewhat
different with the cobalt shuttle versus the iodide shuttle. We
lack an explanation for the behavioral difference.
Alternative Adsorbents. Although tbp clearly serves to

decrease the rates of electron interception at a given electrode
potential (and increase the open-circuit voltage at a given rate
of interception), the detailed mechanism of interaction is not
clear. We reasoned that replacing tbp with other nitrogen
heterocycles might provide mechanistic insight. For simplicity,
we limited the investigation of other additives to cells
containing Co(phen)3

3+ as the electron acceptor and alumina-
coated TiO2 as the electrode. Thus, we chose conditions where
surface states appear to be fully passivated and where back
electron transfer occurs from the electrode’s conduction band.
Shown in Figure 9 are plots of dark-current density versus
potential in the absence of a nitrogen heterocycle and in the
presence of 0.2 M tbp, imidazole, pyridine, 2,6-diphenylpyr-
idine, 2,6-ditert-butylpyridine, or 2,6-lutidine (Chart 1). We

anticipated that the dark-current density at a given potential
might correlate with the Lewis basicity of the additive (a proxy
for the strength of coordination of a metal atom (e.g., Al(III))
by the heterocycle) or that it might correlate with additive’s
steric properties. For example, pyridine derivatives substituted
at the 2 and 6 sites ought to encounter difficulty in binding to
Al(III) sites. Although substantial variations are seen and all
additives are suppressed dark currents to some extent, no
correlations with heterocycle structural or electronic properties
were evident nor were correlations with molecular dipole
moments seen
Reasoning that an expanded data set involved a more

extreme modulation of heterocycle electronic properties, we
examined with a second electrode the effects of added 2,6-
difluoropyridine, 4-methylpyridine, 4-trifluoromethylpyridine,
2,6-ditrifluoromethyl-pyridine, and again pyridine and 2,6-
lutidine.72 Again to our surprise, no correlations with

heterocycle sterics or electronics were uncovered. Also
surprising, as noted above, is the similarity of the tpb-
engendered suppression of dark current at electrodes
presenting Ti(IV) sites versus electrodes presenting Al(III)
sites
An attractive but speculative interpretation is that the

heterocycles act not by coordinating titanium or aluminum
but by binding to adsorbed lithium ions. The strength of such
binding is likely dependent not only on the Lewis basicity of
heterocyclic nitrogen atoms but also on the geometry and
peripheral electrostatic interaction of substituents (especially 2-
and 6-positioned substituents) with the adsorbed and
presumably partially solvated lithium cation and, to a lesser
extent, with the atoms constituting the electrode surface.
Alternatively (and again speculatively), the heterocycles might
adsorb in flat orientations rather than normal to the electrode
surface. If so, then neither the Lewis basicity of the nitrogen
atom nor its accessibility for metal ion coordination would be a
governing factor in blocking-layer formation. In principle,
quartz crystal microgravimetry studies of photoelectrodes as
functions of both lithium salt addition and heterocycle addition
should be able to distinguish between these possibilities. These,
however, are beyond the scope of the present study.Chart 1. Molecular Structure of Nitrogen-Containing

Heterocycles Used to Probe the Mechanistic Behavior of tbp
in DSCs

Figure 9. Dark-current-density measurements for flat, alumina-coated
TiO2 electrodes in the presence of 0.02 M Co(phen)3

3+ as the electron
acceptor. Key to solution additives: no additive (gray), pyridine (light
blue), 2,6-diphenylpyridine (red), 2,6-ditert-butylpyridine (green), 2,6-
lutidine (pink), tbp (black), and imidazole (blue). Note that the curves
for the last three are nearly identical.

Figure 10. Dark-current-density measurements for flat, alumina-coated
TiO2 electrodes in the presence of 0.02 M Co(phen)3

3+ as the electron
acceptor. Key to solution additives: no additive (gray), pyridine (red),
2,6-difluoropyridine (red dashed line), 4-methylpyridine (green), 4-
trifluoromethylpyridine (green dashed line), 2,6-lutidine (blue), and
2,6-ditrifluoromethylpyridine (blue dashed line).72.

Langmuir Article

dx.doi.org/10.1021/la303962y | Langmuir 2013, 29, 806−814811



■ CONCLUSIONS

The fabrication of flat, nonporous, n-type TiO2 electrodes via
atomic-layer deposition has enabled capacitance measurements
and the Mott−Schottky analysis to be used to evaluate flat-band
potentials, donor densities, and conduction-band-edge energies.
Electrode surface modification either by tbp adsorption from
solution or by the formation of an ultrathin coating of alumina
(∼3 Å) causes only small shifts in Efb and Ecb (i.e., ca. −20 to
−40 mV). These shifts stand in contrast to much larger additive
shifts in onset potentials for the significant flow of dark current.
These effects (suppression of dark current) are manifest in
DSCs as substantial increases in open-circuit photovoltage.
Measurements of open-circuit voltage decays, when

combined with capacitance measurements, show that the
striking effects of tbp and ALD-alumina upon onset potentials
(i.e., additive shifts of ca. −200 mV for each) have distinctly
different causes. Alumina coatings act by passivating surface
states (defect states) that otherwise facilitate the interception of
injected electrons by redox shuttles. tbp does not passivate
surface states and does not shift Ecb sufficiently to influence
dark-current flow significantly. Instead, adsorbed tbp slows by
up to an order of magnitude the rates of interfacial electron
transfer, evidently by inhibiting the access of shuttle molecules
(electron interceptors) to the electrode surface and diminishing
the probability of electron tunnelling (Figure 2). Remarkably,
the additive exerts such effects regardless of whether back
electron transfer is mediated by surface states or occurs via the
electrode’s conduction band.
An extension of this study to imidazole, pyridine, and several

pyridine derivatives shows that all are effective at suppressing
the flow of dark current. However, differences in the extent of
dark-current suppression could not be correlated with either
the electronic or structural characteristics of the additives.
Notably, the most effective additive (lutidine) is methyl-
substituted at carbon atoms adjacent to the nitrogen atom,
likely preventing the coordination of Ti(IV) or Al(III) atoms
on the electrode surface. We speculatively ascribe the
remarkable dark-current-inhibition effects instead to the
binding of adsorbed lithium ions and the concomitant
formation of a surface-blocking layer. In a subsequent report,
we will describe how the effects observed at flat electrodes
translate mechanistically into efficiency changes in high-area,
nanoparticulate, dye-sensitized solar cells.
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(57) Cantaõ, M. P.; Cisneros, J. I.; Torresi, R. M. Kinetic study of
lithium electroinsertion in titanium oxide thin films. J. Phys. Chem.
1994, 98, 4865.
(58) Nguyen, P. T.; Anderson, A. R.; Skuo, E. M.; Lund, T. Dye
stability and performances of dye-sensitized solar cells with different
nitrogen additives at elevated temperaturesCan sterically hindered
pyridines prevent dye degradation? Sol. Energy Mater. Sol. Cells 2010,
94, 1582.
(59) Yin, X.; Zhao, H.; Chen, L.; Tan, W.; Zhang, J.; Weng, Y.; Shuai,
Z.; Xiao, X.; Zhou, X.; Li, X.; Lin, Y. The effects of pyridine derivative
additives on interface processes at nanocrystalline TiO2 thin film in
dye-sensitized solar cells. Surf. Interface Anal. 2007, 39, 809.
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