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The favorable energetics of dye-sensitized solar cell (DSC)
constituents have advanced photoelectrochemical power conversion
efficiencies to an impressive ~11%.' However, the performance
of DSCs based on the I /I3~ redox couple has essentially plateaued,
and additional component modifications have not advanced ef-
ficiency.? Indeed, the limitations placed on DSC dyes, semiconduc-
tors, and counter electrodes by I /15~ compatibility have presented
a major challenge. DSC efficiency rests on a delicate balance of
charge transport and recombination processes, with attempts to find
redox shuttle alternatives to the I"/I;~ meeting limited success. To
date, only a handful of cationic redox couples (e.g., Co(II/I1I)* and
Cu(I/IT)* complexes) and p-type semiconductors® have functioned
as effective redox mediators. While rapidly exchanging, outer-
sphere redox couples such as ferrocene/ferrocenium (Fc/Fct) appear,
a priori, promising for dyes with low overpotentials, rapid intercep-
tion of injected electrons by Fc' leads to inadequate electron
diffusion lengths and charge lifetimes.®

In searching for chemically robust and DSC-compatible redox
couples, we focused on organometallic boron chemistry.” Metal-
lacarboranes,® boron-based metallocene analogues, exhibit extraor-
dinary chemical stability but simultaneously offer diverse deriva-
tization options,” suggesting diverse applications.'® Ni bis-
(dicarbollide), featuring two #7°-coordinated deboronated (nido-2)
o-carborane 1 ligands (Figure 1a), readily undergoes multiple redox
transformations involving net charges of —2, —1, and 0, with Ni(II),
Ni(III) (3), and Ni(IV) (4) oxidation states, respectively.'' Species
3 and 4 exhibit high thermal stability (up to 300 °C), as judged by
thermogravimetric analysis (see Supporting Information (SI), p S4).
These properties make Ni (III)/(IV) bis(dicarbollides) attractive for
DSC applications.

Here we report the implementation of Ni-based metallacarboranes
3 and 4 as a new, noncorrosive anionic redox shuttle for DSCs.
The 3 = 4 interconversion is a simple one-electron process,
requiring suppression of the fast back-transfer of photoinjected
electrons to complex 4. This is accomplished by applying a barrier
to the TiO, framework to slow charge transfer at the electrolyte
interface. Previous DSC Fc/Fc' couple work showed that dark
currents can be suppressed by TiO, surface passivation via
conformal, A-precise atomic layer deposition (ALD) of Al,05.'>13
We show here that the efficacious combination of the 3/4 couple
and TiO, ALD passivation yields DSC devices having impressively
high efficiencies for these fast shuttles.

Although the potential of the 3/4 couple lies ~140 mV negative
of Fc/Fct vs SCE (translating to a smaller potential difference
between the dark electrode and quasi-Fermi level in the TiO,), an
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Figure 1. (a) Synthetic scheme: (i) NaOH, EtOH, reflux, then Me;N<HCl;
(ii) 50% aqueous NaOH, NiCl,+6H,0, then Me,;NCl; (iii) aqueous FeCl,
or electrochemical oxidation; (iv) NaBH,;, EtOH, or electrochemical
reduction. (b) Optical absorption spectrum for a 5 um thick N719-sensitized
nanoparticulate TiO, film (red) and adjusted spectrum for 0.10 M 3 (black)
in acetonitrile, assuming a 5 um path length and 50% film porosity. Inset
table shows electrolyte absorption.

open-circuit voltage (V,.) almost three times greater than Fc/Fct
(580 mV vs 200 mV) is achieved using a mixture of reduced 3
(0.030 M) and oxidized 4 (1.8 x 1073 M) in acetonitrile. Overall,
the present DSCs exhibit power conversion efficiencies of 0.9%
with fert-butylpyridine and TMABF, as solution additives, a
significant advance over Fc/Fc* systems, which thus far have
exhibited efficiencies of merely 0.01%.'> The application of
bis(dicarbollide) pairs to DSCs thus offers a new generation of fast
redox shuttles which significantly out-perform previous metallocene
studies.

Various shuttle concentrations were studied to determine the
optimal electrolyte composition (Figure 2b), with the concentrations
of the components, 3, 4, TMABF,, and tert-butylpyridine, main-
tained at a fixed 50:3:10:50 ratio for all experiments. Higher short-
circuit current density (Ji) at low electrolyte concentrations are
attributed primarily to the decreased local concentration of 4 and,
consequently, the decreased electron interception by 4. This is
corroborated by the slight increase in V,. observed at low
concentrations of electrolyte, from 460 mV at 0.50 M 3 to 580
mV at 0.030 M 3. Furthermore, improved light harvesting is due
to the attenuation of competitive electrolyte absorption below 500
nm. For the 3/4 redox couple, absorption is minimal for A = 500
nm while the standard DSC dye N719 has A, & 535 nm, and
thus the present cells exhibit good light harvesting. Figure 2c shows
the incident photon-to-current conversion efficiency (IPCE) spec-
trum for a cell having 0.030 M 3 with a maximum of 11% at 535
nm, tracking the absorption spectrum of N719. Increasing the redox
shuttle concentration to 0.30 M decreases the IPCE maximum to
9.0%, as indicated in Figure 2c. The Figure 2c inset reveals nearly
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Figure 2. (a) J—V characteristics of DSCs containing 3 (0.030 M), 4 (1.8 x 1073 M), TMABF, (6.0 x 1073 M), and tert-butylpyridine (0.036 M) with 0—2
cycles of ALD Al,O5 coverage of the TiO,; (b) J—V characteristics with decreasing electrolyte concentration; (c) IPCE comparison of electrolyte containing
0.30 M (blue dotted) and 0.030 M (black solid) TMA-3 solutions (inset shows normalized IPCE spectra).

identical photoaction spectra by scaling the IPCE spectrum of the
0.30 M cell by 1.26x, indicating minor photon loss due to
electrolyte absorption. This 21% IPCE loss is attributed to the 10-
fold increase in redox shuttle concentration and is confirmed by a
parallel decrease in Jg, from 2.4 mA/cm? at 0.030 M to 1.9 mA/
cm? at 0.30 M of 3.

Thin insulating layers of large band gap MgO,"* ZrO,,'
StTiO;3,'® and Al,05'” have been previously deposited on DSC TiO,
photoelectrodes to tune interfacial charge dynamics. Electron
interception by the electrolyte is considered to be the predominant
power conversion pathway, assuming fast dye regeneration. With
a physical barrier at the TiO,/dye interface, charge leakage resulting
from direct semiconductor—electrolyte contact is reduced, thus
dramatically enhancing overall DSC performance. Using ALD,
conformal Al,O; growth is effectively achieved (~1.1 A per ALD
cycle) on the TiO, nanoparticle framework. Increased Jy. is believed
to largely reflect passivation of surface states causing localization
of electron density on the TiO, surface, since 1 Al,O; ALD cycle
deposits less than a monolayer.'? Eliminating these defect sites
impedes electron capture by the neighboring redox couple, thus
reducing dark current. For each order of magnitude that charge
interception is reduced, there is a +59 mV gain in photovoltage,
where the diode quality factor y is usually 1.0—1.5, assuming
electron transfer from the conduction band.'® This effect is
confirmed by the increase in V,. from 580 mV to 640 mV with 1
cycle of Al,Oj; passivation, yielding J,, = 3.76 mA/cm? and an
overall power conversion efficiency of 1.5%. Further Al,O3
deposition hinders current collection, reducing Js. by ~50% for 2
Al O5 cycles. This drop in current may indicate the suppression of
electron injection, resulting from the insulating Al,O; barrier. With
2 ALD cycles, the TiO, surface is completely coated with Al,Os.
Thus, beyond 1 deposition cycle, charge interception is no longer
reduced primarily by trap state passivation but by increased distance
between photoinjected electrons and 4. Retardation of electron
interception is apparent in the successive photovoltage increase with
increasing Al,O; coverage, but optimal performance is achieved at
only 1 ALD cycle due to its relatively high Jg.

The open-circuit voltage decay technique was next used to
probe the kinetics of interception by the electrolyte.'® Compari-
sons of the 3/4 redox couple with I7/I;~ and Fc/Fc™ are shown
in Figure 3a with potentials adjusted to the Fc/Fc* solution
potential for reference.'? From the charge lifetimes vs potential
plots, interception appears to be ~10°x slower than for Fc/Fc™,
but almost 100x faster than I17/I5;”. Slower 3/4 shuttle kinetics
are expected since the Ni (IV) — Ni(Ill) reduction requires
dicarbollide rotation from a cis — trans conformation (see Figure
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Figure 3. (a) Charge lifetime plots from V,. decay for different redox
shuttles with 1 ALD cycle of Al,O5 on the TiO, nanoparticle framework.
(b) Ground-state recovery kinetics of N719 adsorbed on TiO; films probed
at 500 nm after excitation at 532 nm. Films were soaked in 0.03 M of 3
and I~ solutions.

la). This in turn creates a larger activation barrier for the
reduction of 4 than for Fc*, translating to a slower interception
rate. However, compared to 17/I;7, the 3/4 kinetics are fast,
involving facile 3 — 4 one-electron transfer, thereby allowing
efficient dye regeneration, and opening the possibility of
incorporating DSC dyes with less positive ground state potentials
than widely used “N719”. Nevertheless, to make full use of the
new shuttle, it will be necessary to turn to photoelectrode
materials and architectures displaying faster electron transport
and collection;?° the observed modest IPCE values indicate, with
nanoparticulate TiO, as the photoelectrode material, significant
deleterious competition from electron interception by 4.
Transient absorption spectroscopy confirms that the remarkable
performance of 0.030 M 3 results from fast dye regeneration. Thus,
Figure 3b compares N719 ground-state recovery kinetics, probed
at 500 nm, for 0.030 M 3, 0.030 M 1-butyl-3-methylimidazolium
iodide, and pure solvent. Dye regeneration in the absence of
electrolyte (recombination) occurs in tens of microseconds and
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slower, agreeing well with literature data.>' Dye regeneration by 3
occurs in <2 us (t), slightly faster than that by I". Remarkably,
regeneration by 3 is 10—100x faster than recombination, thus
affording a regeneration yield of =90%.

In addition to efficient dye regeneration kinetics, the 3/4 shuttle
has a fast rate of electron exchange at the counter electrode,
minimizing voltage losses.>* Platinized counter electrodes are
typically used in DSCs since Pt efficiently catalyzes the ;™ — I™
reduction.”> However, Au and carbon have also been used as
alternative cathode materials for cobalt-based shuttles.* Unlike the
I"/I;” redox mediator, the 3/4 shuttle is stable with respect to other
conductive metals, and in fact, replacing Pt with Ag or Au at the
counter electrodes gives similar or enhanced photovoltaic charac-
teristics. Thus, a Au counter electrode gives the highest J,. and fill
factor in this study (see SI, p S6), most likely due to the greater
electrode reflectivity, increasing the optical path through the cell.
The performance with Ag was also explored and shown to follow
similar trends with ALD modification. Other cost-efficient materials
are being explored.

In summary, the 3/4 shuttle is shown to be a promising,
noncorrosive DSC shuttle with good solubility and redox properties.
In contrast to Co and Cu based shuttles, 4 is neutrally charged and
therefore does not appreciably adsorb on the TiO, photoanode.
Additionally, the 3/4 shuttle exhibits slower kinetics than Fc/Fct
and therefore a slower rate of electron interception by the electrolyte.
Marked suppression of dark currents is achieved, with the kinetically
slower 3/4 reaching photovoltages of 640 mV after Al,O; deposi-
tion, significantly higher than the case for the Fc/Fc* couple, and
enhancing current densities by 2—3x with only 1 Al,O; ALD cycle.
Furthermore, Au is shown to be an attractive alternative counter
electrode in these cells, providing superior current densities and
fill factors. The remarkable inertness of 3/4 toward Ag metal may
be beneficial for large-scale DSC fabrication, if Ag contacts are
used. This novel fast, one-electron transfer system opens the
possibility for new dyes and frameworks to be incorporated into
DSCs, with dicarbollide ligands readily tunable to alter the shuttle
charge transfer characteristics.
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