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ABSTRACT: Dye-sensitized solar cell (DSC) redox shuttles
other than triiodide/iodide have exhibited significantly higher
charge transfer resistances at the dark electrode. This often
results in poor fill factor, a severe detriment to device
performance. Rather than moving to dark electrodes of
untested materials that may have higher catalytic activity for
specific shuttles, the surface area of platinum dark electrodes
could be increased, improving the catalytic activity by simply
presenting more catalyst to the shuttle solution. A new copper-
based redox shuttle that experiences extremely high charge-
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transfer resistance at conventional Pt dark electrodes yields cells having fill-factors of less than 0.3. By replacing the standard Pt
dark electrode with an inverse opal Pt electrode fabricated via atomic layer deposition, the dark electrode surface area is boosted
by ca. S0-fold. The resulting increase in interfacial electron transfer rate (decrease in charge-transfer resistance) nearly doubles
the fill factor and therefore the overall energy conversion efliciency, illustrating the utility of this high-area electrode for DSCs
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B INTRODUCTION

Dye-sensitized solar cells (DSCs) are an oft-studied alternative
to traditional Si-based photovoltaic technology.'™* Broadly
popularized by O’Regan and Graetzel in 1991, DSCs featuring
nanoparticulate photoanodes of TiO, were quickly pushed to
power conversion efficiencies above 10%.>® The most common
optimized devices incorporate triiodide/iodide (I;7/17) as the
electron shuttle.* The greatest single opportunity for efficiency
improvement would appear to be in increasing open-circuit
voltages by largely eliminating the sizable driving force needed
for dye regeneration by iodide.” Recent attempts at solving this
problem have tended to focus on moving away from I,7/I", and
instead deploying various cobalt,*~' copper,'"'? iron,"'* or
nickel-based"> outer-sphere redox couples in addition to
organic molecule shuttles'® and solid-state hole conductors.'”
Each of these innovations has aimed at increasing the overall
power conversion efficiency (#) of DSCs, but the innovations
themselves focus almost entirely on the photoelectrode.
However, improvements at the dark electrode can also lead
to improved power conversion efficiencies. Thus, we
demonstrate how increasing the surface area of a platinum
dark electrode can nearly double the efficiency of a particularly
challenging cell that utilizes a new system, 1,8-bis(2’-pyridyl)-
3,6-dithiaoctane copper(IT)/(I) (Cu(PDTO)*"/*), as the redox
shuttle;'® see Figure 1.
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Figure 1. Basic components of a DSC highlighting the location of the
major loss in efficiency due to the dark electrode of the device
discussed.

The benefits of improving performance at the dark electrode
are most clearly seen in the improvement of the oft-neglected
fill-factor variable and its subsequent effect on #. Power
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conversion efficiency is calculated as in eq 1, where J, V, and
P;, represent short circuit current, open circuit voltage and
incident power, respectively. FF represents the fill factor, which
is related to the maximum power point of a device. A poor fill
factor is typically the result of undesirable resistances within the
device. This term is often taken for granted in traditionally
constructed devices (i.e., those utilizing I;"/I” and a ruthenium-
based dye) because its value is reasonably close to optimal.
However, as new shuttles have been employed, focusing on this
this term has become more important. Previous work has
shown that Co(2,2-bipyridine);**/*, perhaps the most
successful alternative shuttle, displays more favorable electro-
chemistry (faster charge-transfer kinetics) on electrodes other
than platinum, i.e.,, gold, carbon, or polymer electrodes, among
others;'”*° when traditional platinum electrodes are used, the
fill factor, and thus the efliciency, suffers.”!
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While a specific shuttle may benefit greatly from a novel
counter electrode, the new counter electrode may not be
advantageous with all potential shuttles and, with some shuttles,
may actually lead to a decrease in performance.’”*® For
example, when an inverse opal (IO) architecture was utilized
with carbon-based dark electrodes, performance with the I;7/I7
shuttle was worse than with traditional platinum dark
electrodes.”* Additionally, some alternative dark electrodes
may be difficult to fabricate, introducing complications in the
scaling and/or commercialization of DSCs. Ideally, an
improved dark electrode could be applied to and work well
for nearly all possible redox shuttle systems. Instead of devising
a dark electrode that can yield larger rate constants than can
traditional Pt dark electrodes for electron transfer to a given
redox shuttle, we choose here to increase the surface area of the
Pt dark electrode. Thus, in terms of effects on electron-transfer
rate, a 10-fold increase in electrode surface area would be
equivalent to a 10-fold increase in heterogeneous electro-
chemical rate constant. To this end, we use a new redox shuttle
to illustrate that large charge-transfer resistances for its reaction
at the dark electrode lead to a large decrease in overall cell
efficiency. We then rectify this problem by shifting to a high-
area platinum dark electrode fabricated on an IO architecture
by using atomic layer deposition (ALD).”®

B EXPERIMENTAL SECTION

Unless otherwise noted, all chemicals were purchased from Sigma-
Aldrich and used as received. Fluorine-doped tin oxide (FTO) glass
was purchased from Hartford Glass (Hartford City, IN). Polystyrene
microspheres (average diameter 350 nm) were purchased from Alfa-
Aesar. TiO, nanoparticles were purchased from Dyesol. The platinum
ALD precursor (trimethyl)methylcyclopentadienylplatinum(IV) was
purchased from Strem. The 1,8-bis(2'-pyridyl)-3,6-dithiaoctane
(PDTO) ligand was synthesized by the method of Goodwin and
Lions?® and recrystallized from hot hexanes. [Cu(PDTO)](CF;SO5),
(Figure 2) was formed by mixing in ~1:1 ratio by mol copper(II)
triflate with PDTO in acetonitrile and rotovapping to dryness.
[Cu(PDTO)](CF;S0;), was generated in situ by addition of dendritic
copper powder to a 1:1 mixture of [Cu(PDTO)](CF,;S0;),:PDTO in
acetonitrile. [Co(2,2'-bipyridine);](PE¢) (Co(bpy);>*/**) salts were
synthesized by mixing Co(NO;), with 2,2'-bipryidine in a 1:3.1 ratio
in methanol followed by the addition of an excess of NH,PF, A
portion of the resulting [Co(bpy);]** was oxidized to [Co(bpy);]** by
the addition of NOBF, and precipitated by addition of water. The
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Figure 2. Carbz-PAHTDTT dye and Cu(PDTO)*/* redox shuttle.

Carbz-PAHTDTT dye (Figure 2) was synthesized according to
literature procedure."

FTO glass cut in 2 cm X 2 cm squares with a machined hole for
electrolyte solution loading was the basis for all counter electrodes in
two electrode experiments. All glass was cleaned by sonication in
detergent, isopropanol, and methanol before use. IOs were grown by
the method of Hatton, et al>” and then platinized via ALD in a
Savannah 200 reactor manufactured by Ultratech/Cambridge Nano-
Tech. The Pt precursor was held at 75 °C, and 500 alternating cycles
of Pt (1 s pulse, S s expo, 8 s nitrogen purge) and O, (2 s pulse, 9 s
nitrogen purge) resulted in ~12 nm of Pt growth on the IO
framework. Platinum thermal decomposition counter electrodes (TD
Pt) were formed by drop casting a H,PtCl, solution on FTO glass and
heating at S00 °C for 20 min. For two-electrode impedance
measurements, two IO or TD Pt electrodes were sandwiched using
a Surlyn spacer with a 0.25 cm?® hole to define the active area of the
counter electrode, as shown in Figure 3. Dye-cell photoanodes

Surlyn
Spacer
\ [Cu(PDTO)]Z**
Electrode
contact

Figure 3. Schematic representation of the two-electrode set-up used in
all impedance measurements.

(nanoé?articulate TiO, on FTO, 6 micrometers thick; no scattering
layer®®) were prepared by standard methods and dye loaded overnight
in Carbz-PAHTDTT dye (02 mM) in 3:2 chloroform:ethanol
solution containing 20 mM chenodeoxycholic acid (to inhibit
aggregation of the adsorbed form of the dye). Photoanodes were
sandwiched and heat-sealed (using a Surlyn spacer) with either 10 Pt
or TD Pt counter electrodes and vacuum back-loaded with the desired
electrolyte solution. Photoanodes for three-electrode experiments were
prepared in the same manner without sandwiching.

All redox solutions were made in acetonitrile. I;7/I" solutions
contained 0.6 M 1,2-dimethyl-3-propylimidazolium iodide, 0.05 M I,,
and 0.5 M 4-tert-butylpyridine (tbp). Co(bpy);**/** solutions
consisted of 0.2 M [Co(bpy);](PF¢), 0.02 M [Co(bpy);](PFy)s,
and 0.5 M tbp. Cu(PDTO)*"/* solutions were 0.5 M [Cu(PDTO)]-
(CF;803), 0.05 M [Cu(PDTO)](CF,803),, and 0.5 tbp.

Electrochemical impedance measurements were taken on a
Solartron 1286 electrochemical interface coupled to a SI 1260
impedance/gain-phase analyzer using the two-dark-electrode setup
depicted in Figure 3 with shuttle concentrations identical to those used
in constructed photocells. Photo-electrochemical measurements were
performed using a Jobin-Yvon Fluorolog-3 fluorimeter with a xenon-
arc lamp and AM-1.5 filter as the light source and a Solartron
Analytical Modulab potentiostat. Three-electrode measurements were
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performed with a platinum mesh counter electrode and KCl saturated
Ag/AgCl reference electrode in 1 mL of Cu(PDTO)**/ *-containing
solution using dye-loaded TiO, as the working electrode.

B RESULTS AND DISCUSSION

Electrochemical impedance spectroscopy was used to deter-
mine magnitudes of charge resistance at TD Pt electrodes, first
with the common I,7/I" and Co(bpy);>*/** redox shuttles and
then with the new copper-based shuttle, using the experimental
setup shown in Figure 3. The resulting Nyquist plots for no
applied bias are shown in Figure 4 (red, green, and brown
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Figure 4. Nyquist plots at high resistances (top) and zoomed in to low
resistances (bottom) for two-electrode impedance measurements
utilizing TD Pt dark electrodes and I,;7/I" (brown), Co(bpy);>*/**
(green), and Cu(PDTO)**/* (red) redox shuttle solutions and for an
IO Pt dark electrode (blue) with Cu(PDTO)**.

lines). The Nyquist plots were fit to the equivalent circuit in
Figure S1 in the Supporting Information. For all three redox
shuttles, the Nyquist plot contained one primary arc. This arc is
attributed to the charge transfer resistance (Rcr) at the
electrode. (Recall that Ry scales inversely with the rate of
interfacial (electrochemical) electron transfer.) A second arc for
I,7/I" and Co(bpy);**/** is observed at high resistance; this is
due to the solution diffusion, which is fit to a Warburg
element.®® In the case of Cu(PDTO)*/* with TD Pt, the
diffusion element cannot be easily identified due to the
exceptionally large charge-transfer resistance. Using an
asymmetric setup of Figure 3 (i.e, one IO Pt electrode as the
“working electrode” and one TD Pt electrode) with Cu-
(PDTO)*** results in the blue Nyquist plot in Figure 4.

Fits of the Nyquist plots in Figure 4 to the circuit in Figure
S1 in the Supporting Information demonstrated errors of less
than 10% and showed the charge transfer resistance of the
Cu(PDTO)** system (4400 ohms) with TD Pt to be ~1000x
higher than that of I;7/I" (1.5 ohms) and ~100X higher than
that of Co(bpy);**/** (65 ohms). The charge transfer resistance
at the dark electrode is inversely proportional to the rate of
charge transfer; therefore, as the Rep for Cu(PDTO)** is
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~1000X larger than I;”/I7, we can estimate the rate of charge
transfer to also be ~1000X slower (~70X slower than
Co(bpy);**/**). DSCs utilizing Co(bpy);**/** shuttle and TD
Pt counter electrodes have shown diminished fill factor at full
illumination,”" suggesting that the Cu(PDTO)*"/* shuttle in an
identical system will suffer from the same problem much more
seriously.

Clearly, because of the high charge transfer resistance of the
Cu(PDTO)**/* on TD Pt, a different approach was required.
To this end, high area IO Pt counter electrodes were employed.
Utilization of an IO Pt dark electrode in one half of the setup
shown in Figure 3 resulted in a charge transfer resistance of 400
ohms, 10X less than that of devices using all TD Pt electrodes.
IO Pt offers increased counter electrode activity (via increased
surface area) without the added complications of general
material applicability as discussed above. Also, because of the
large apertures in this IO framework, diffusional constraints that
often hamper high area architectures will not be present.*’
Cyclic voltammograms (CV) of the 10 Pt frameworks
compared to CVs of flat ALD Pt electrodes in 2 molar
H,SO, (see Figure S2 in the Supporting Information) reveal a
surface area increase of ~50. The deposited thickness of Pt is
approximately 12 nm (by in situ quartz crystal microbalance),
meaning that only ~5 mg of Pt is required to fully coat a 2 cm
X 2 cm IO with this surface area enhancement.

DSCs were fabricated using both TD Pt and 1O Pt as counter
electrodes with Cu(PDTO)*"/* as the redox shuttle. Photo-
electrochemical measurements were performed, and the
resulting current-voltage curves are shown in Figure S. The
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Figure 5. Current—potential curves for DSCs utilizing Cu(PDTO)**/*

redox shuttle and TD Pt dark electrode (red), IO Pt dark electrode
(blue), and in a three-electrode (as opposed to two electrode) set up
(black). Dashed lines represent the maximum power points of the
individual JV curves.

Jo. and V__ of these devices are essentially identical when
accounting for normal variations between devices. This is
expected for V. as the dark electrode resistance will not be a
factor when current is zero, meaning no correction for
resistance is necessary. In principle, lowering the char%e
resistance at the dark electrode can also influence J..*'
However, as charge transfer at the dark electrode is not the
primary current limiter in this system when the photovoltage is
zero, no improvement in J, is seen when switching to the IO Pt
dark electrode. The current does improve at potentials between
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zero and V. since when both current and voltage have non-
zero values, the resistance at the dark electrode becomes a
factor. This affects the FF of the device and results in the curve
shape seen for the TD Pt dark electrode in Figure S (red).
Because IO Pt dark electrodes lower the resistance of the dark
electrode via increased surface area, there is clear improvement
in fill factor. This increase in fill factor (FF = 0.28 for TD Pt,
0.52 for 10 Pt) leads to an 80% increase in power conversion
efficiency from 1 to 1.8%. This dramatic improvement is
attributed to the IO Pt possessing ~S50 times higher surface
area than than does TD Pt, resulting in IO Pt performing as if it
is a 50X faster catalyst for turning over the Cu(PDTO)**/*
redox shuttle.

A three-electrode measurement (black curve) was performed
to determine the hypothetical best case scenario in terms of
improving the fill factor of the system. In the presence of a
reference electrode, the counter electrode can be held at any
potential necessary to ensure the working electrode is at the
desired potential.*> Therefore, any current flow limitations due
to the performance of the dark electrode in a two-electrode
system (such as a DSC) will be absent, providing a comparison
point for the improvement seen with IO Pt vs. TD Pt dark
electrodes in two-electrode systems. (It should be noted that
the three-electrode measurement was performed under higher
light intensity to obtain comparable short-circuit currents as a
large diffusion resistance due to the distances in the
experimental set up. The potential scale was also adjusted
from Ag/AgCl to that of the redox shuttle used in two-
electrode measurements by adjusting to the Nernstian potential
of the electrolyte solution vs. Ag/AgCl). The three-electrode
results show that room remains for improvement in the fill
factor based on improved dark electrode performance. The
simplest way to achieve this would be through further increase
in the surface area of the dark electrode.

B CONCLUSIONS

By using a redox shuttle having larger charge-transfer
resistances at TD Pt electrodes (dark electrodes) than common
shuttles such as I;/I" and Co(bpy);**/**, the consequences of
kinetically limited shuttle behavior upon DSC fill factors and
overall energy conversion efficiencies can be readily observed. A
new approach to addressing this problem (ie. slow dark-
electrode kinetics and concomitant fill-factor degradation) was
examined. To decrease charge-transfer resistances (increase
charge-transfer rates) at the dark electrode, high area 10
platinum electrodes were fabricated utilizing platinum ALD.
When used in conjunction with Cu(PDTO)*"/* as the shuttle
in otherwise conventional DSCs, the 10 Pt electrodes nearly
doubled the fill factor, and therefore, nearly doubled the
efficiency as well. Because our design principle focuses on
increasing the electron-transfer rate, rather than the rate
constant, the need to discover dark electrode catalysts for
“problematic” shuttles is diminished. However, because this
approach is rate constant independent, it may still be applied to
other catalytic materials with improved rate constants for
electron-transfer but lower than ideal fill-factors with “problem-
atic” shuttles. Thus, applying our approach to a specific catalyst-
shuttle system can lead to improved efficiency across many
varying systems.
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