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ABSTRACT: Water-splitting dye-sensitized photoelectrochemical cells rely on molecular 06 I %
sensitizers to harvest light energy and drive the catalytic reactions necessary to generate hydrogen : Qi* S %
. .. . £05 Hy[T7 } ISRy
and oxygen from water. The desorption of sensitizer molecules from the semiconductor—aqueous ¢ ™ X 7
electrolyte interface is a significant barrier to the practical implementation of these cells. To < 04 %{
0.3

address this problem, we synthesized an oligomeric ruthenium dye ([RuP],) that has dramatically
improved stability as a photosensitizer for TiO, electrodes over the pH range of interest (4—7.8)
for DSPECs. Additionally, the efficiency of photoelectrochemical charge separation is known to 0 50 100 150 200
depend on the rate of cross-surface hole diffusion between dye molecules. The oligomeric dye Time (min)

([RuP],) shows an order of magnitude faster cross-surface hole diffusion than the commonly used

monomeric [Ru(bpy),(4,4-PO;H,),bpy]** (RuP) sensitizer. The enhanced stability of the polymeric dye also enables the use of
intensity-modulated photovoltage spectroscopy to measure the recombination rate of photogenerated electrons and holes as a
function of electrolyte pH.

02 N O NE

B |NTRODUCT|ON Electron Transfer at the WS-DSPEC Photoanode
Oxide | Ru"" *
Over the next several decades, energy requirements for the e Sy
. 4 / 2H,
human population are expected to double as a result of N . )
population and economic growth.”* The storage of renewable (O T AT AT
energy in the form of hydrogen and liquid fuels will be an Recomb, _COZH‘H [
important factor in preventing the rise of atmospheric carbon _‘/ Caotiﬁ/st 2H,0
dioxide emissions. One potential method for renewable — Rultdye
generation of hydrogen is through the solar-driven electro- Oxide
. L. : s _ crs Y vB External Bias [
chemical sphttmg‘ of water. Water-splitting dye-sensitized Anede o e X Catnoae]
photo-electrochemical cells (WS-DSPECs) employ molecular ) >

sensitizers to harvest the energy needed to split water into
hydrogen and oxygen. The basic electron transfer scheme of a

WS-DSPEC is shown in Figure 1. Upon light absorption by a is injected into the conduction band of an oxide semiconductor.

.surface—bound se.nsmzer, ap hotoe?(ated e'lectron is injected Electrons are driven through an external circuit to a cathode, where
into the conduction band of an oxide semiconductor such as they reduce water to hydrogen.

TiO, or SnO,. The photogenerated electrons are transported
through an external circuit to a cathode, where they can be

Figure 1. Simplified electron transfer scheme of a WS-DSPEC. Upon
light absorption by a surface-bound sensitizer, a photoexcited electron

used to reduce water and form hydrogen gas. As electrons are pronounced in DSSCs. In order to generate one oxygen
transported through the semiconductor to the electrode back molecule from water, four oxidizing equivalents (holes) must
contact, hole diffusion occurs along the surface between dye be transferred to the catalyst from the excited dye molecules.
molecules in order to bring oxidizing equivalents to oxygen- Depending on the architecture of the photoanode (porosity,
evolving catalyst molecules or nanoparticles. WS-DSPECs are dye loading, catalyst loading, etc), only dye molecules within a
essentially aqueous dye-sensitized solar cells (DSSCs) in which certain distance of catalytic sites can transfer oxidizing
the anode is coupled to a water oxidation catalyst. However, equivalents to the catalyst before they are lost to recombina-
while DSSCs have been optimized extensively and can reach

power conversion efliciencies above 15%, WS-DSPECs have Received: January 17, 2020

struggled to break 1% eﬂiciency.4 The kinetically demanding Published: January 23, 2020

water oxidation reaction is slow, making electron—hole
recombination the dominant kinetic process, and the aqueous
electrolyte introduces stability issues that are much less
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Figure 2. Structure of the oligomeric sensitizer ([RuP],).
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Scheme 1. Synthesis of Oligomeric [RuP],
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tion. DSSCs can also utilize a broad range of dyes that can be
optimized for light absorption and power generation. In
contrast, WS-DSPECs are run under aqueous conditions,
limiting the choice of dyes to those that have sufficient
oxidizing power to generate oxygen from water and requiring
surface anchoring groups that resist hydrolysis. Previous
studies of WS-DSPECs have primarily utilized a derivative of
tris(2,2’-bipyridine)ruthenium(II) with a pair of phosphonate
anchoring groups at the 4,4’ position of one bipyridine ligand,
[Ru(bpy),(4,4-PO;H,),bpy]*>* (RuP),*~° although some
experiments have also been carried out with porphyrin’ and
perylene diimide® sensitizers. Despite the superior stability of
the phosphonate anchoring group, dye desorption from the
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electrode surface is widely recognized as a factor that
compromises the stability of WS-DSPECs."*”

Much of the literature discusses these cells within the
simplification of one-dimensional electron transfer without the
kinetic complexity of three-dimensional surface electron
exchange rates. Ruthenium centers that are distant from
catalytic sites can contribute oxidizing equivalents to the
catalyst through a cross-surface hole-hopping mechanism
between ruthenium centers. Recent work has identified this
cross-surface hole diffusion as one of the limiting factors in the
catalytic turnover of these cells."”'" In particular, it has been
shown that each catalytic site effectively draws holes from the
dye on the same 20 nm nanoparticle, while most of the dye-

https://dx.doi.org/10.1021/acs.jpcc.0c00493
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coated surface does not contribute to the catalytic cycle." To
improve the surface electroactivity, it is necessary to create
dyes that have higher hole diffusion constants (Figure 2).

Many groups have attempted to exploit the increased
stability of polymers to improve DSSCs'' and WS-DSPECs.
Research groups have attempted deposition of polymeric
dyes'” or polymerized dyes after deposition'>~"> or encased
surface-adsorbed dyes in a polymer overlayer'®'” or a metal
oxide shell.”"*7*° Most of these strategies increase the stability
but involve some kind of detrimental trade off. The hole
diffusion constant has been shown to be largely determined by
the distance between sensitizer molecules. With an oligomeric
dye, the light-absorbing moieties are covalently linked before
deposition and thereby guaranteed to be at a certain distance
from each other on the surface, allowing for holes to be
transferred faster between individual dye complexes. This
should result in an increase in the hole diffusion constant. The
phosphonate anchoring groups increased the stability while
lowering the efficiency of electron injection into TiO,.
Recently, injection efficiency has also been identified as a
significant bottleneck in these cells.””' Many groups have
searched for a water-stable dye that also has a high injection
efficiency. The most promising of these are hydroxamate
anchoring groups.”” Although previous research has demon-
strated that organic dyes can be anchored to TiO, electrodes
by hydroxamate groups,”” so far, there are no reports of
Ru(bpy); analogues.””** The search for a stable dye that has a
high quantum yield for charge injection into TiO, under
aqueous conditions is ongoing. Currently, RuP represents one
of the best balances of injection efficiency and stability.

In this study, we synthesized a phosphonated oligomeric
ruthenium dye ([RuP],) that has dramatically improved
electrode adhesion from pH 4 to pH 7.8. We measured the
long-term stability of the [RuP], sensitizer at higher pH values
that are ordinarily incompatible with WS-DSPECs. We also
determined the apparent hole diffusion constant of the
oligomeric dye. These two dye properties have received recent
attention as key limiting factors in the efliciency of WS-
DSPECs. The stability over a broad range of pH has enabled us
to measure the recombination rate at a higher range of pH for
the first time. In addition, the oligomer attains injection yields
similar to that of the monomeric RuP sensitizer. These results
demonstrate that oligomeric dyes are an effective strategy in
designing high-stability chromophores for WS-DSPECs
(Scheme 1).

B EXPERIMENTAL SECTION

The 4,4'-bis(diethylphosphonate)-2,2’-bipyridine ligand, (4,4-
PO,Et,),bpy, was purchased from Carbosynth and used
without further purification. Bis(2,2-bipyridine)(4,4-diphos-
phonato-2,2-bipyridine)-ruthenium bromide, [Ru(bpy),(4,4-
PO,H,),bpy]** (RuP), was prepared according to the
methods mentioned in the literature.”

Synthesis of the Oligomeric Dye ([RuPl],).
Dichlorotetrakis(dimethyl sulfoxide)ruthenium(11)*° and 1,5-
bis-(4-methyl-2,2-bipyridyl-4-yl)pentane were prepared ac-
cording to the methods mentioned in the literature,””*® and
the latter was purified by recrystallization from hot t-butyl
methyl ketone. A portion of Ru(DMSO),Cl, (0.20 g, 0.40
mmol) and 1,5-bis(4-methyl-2,2-bipyridyl-4-yl)pentane (0.17
g, 0.40 mmol) were combined with S0 mL of chloroform and
refluxed under argon for 1.5 h. The solvent was removed under
reduced pressure to yield dark brown oil. The oil was dissolved
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in a mixture of 10 mL of H,O/15 mL of ethanol. A portion of
(4,4-PO;Et,),bpy (0.10 g, 0.64 mmol) was added, and the
solution was refluxed for 2.5 h. A clear, dark red solution
resulted. The solvent was reduced to about 10 mL under
reduced pressure, and the product was precipitated by addition
of aqueous ammonium hexafluorophosphate. The precipitate
was filtered and washed with H,O and diethyl ether to yield a
dark red powder (0.29 g, 78%).

In the same manner as the monomer dye (RuP), the ethyl
ester groups were hydrolyzed by reacting with excess TMS-
Br.”> As has been done for similar oligomer complexes,” the
degree of polymerization was determined from 'H NMR
experiments by assuming that the end groups contained two
phosphonated-2,2-bipyridine units and the interior Ru?*
centers had one. The degree of polymerization can then be
calculated from the ratio between the average peak areas for
the 1,5-bis(4-methyl-2,2'-bipyridyl-4-yl)pentane units and
phosphonated-2,2’-bipyridine units. The average degree of
polymerization determined by this method was ca. 7
ruthenium centers. MALDI-TOF and ESI mass spectrometry
were run on oligomer samples but chains longer than three
ruthenium units did not result in a detectable signal. The
details and results are given in the Supporting Information. Gel
permeation chromatography (GPC) was run on the ethyl-
ester-protected oligomeric ruthenium polypyridyl product in
chloroform using polystyrene standards. The resulting
chromatogram showed oligomeric chain lengths ranging up
to 35,000. Taking into account the entire sample volume and
oligomers detected by GPC, the overall dispersity (D) was
3.48; however, all constituent peaks comprised a narrow
dispersity (P = 1.00—1.02). Discrete signals corresponding to
dimers and trimers represented 23.4 and 6.5% of the sample,
respectively, whereas a heptamer peak could be observed that
constitutes 41.3% of the sample. Intermediate length oligomers
(10,000 < M, < 20,000) comprise approximately 3.9% of the
sample. The longer chains (M, > 30,000), which comprise the
remaining 24.8% of the sample, are unlikely to penetrate into
the electrode pore network. Taking into account the spread of
oligomers ranging from 2 to 10 units long in the structure, the
sample dispersity is 1.56, similar to what might be expected
from supramolecular polymerization that is likely both
concentration- and solubility-limited. Further discussion of
the GPC data is included in the Supporting Information
section.

Photoanode Preparation. All electrodes were prepared
on 18 Q/cm” fluorine-doped tin oxide-coated glass (FTO-
glass, Hartford Glass Company). A colloidal suspension of
anatase TiO,, prepared as previously described,”” was
deposited onto the FTO-glass via the doctor blade method
to form 1 cm? area. Layers of transparent tape were used to
control the thickness of the suspension that was applied to the
electrodes. The resulting films were sintered at 300 °C for 20
min, 350 °C for 10 min, and 500 °C for 30 min. For one and
two pieces of the tape, the thickness of the films was measured
to be approximately 3 and 6 pm, respectively, by profilometry.

All electrodes were sensitized by soaking in 2 mL of 100 xM
of the sensitizer (RuP or [RuP],) in ethanol overnight at room
temperature in the dark and then rinsed thoroughly with
ethanol and dried under a stream of N,. Following dye
deposition, electrodes were kept in the dark until use.

Insulated silver-plated copper wire was attached to the
electrode using silver paste (DuPont CP4922N-100), and
contacts were protected using white epoxy (Loctite 1C Hysol).

https://dx.doi.org/10.1021/acs.jpcc.0c00493
J. Phys. Chem. C 2020, 124, 3542—3550
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Before sensitization with dye, TiO, film electrodes used in
intensity-modulated photovoltage spectroscopy (IMVS) ex-
periments were treated with TiCl, as described previously.”

Electrochemical Measurements. All photoelectrochem-
ical measurements were carried out using an Autolab
potentiostat (PGSTATI128N) in a three-electrode electro-
chemical cell with a Pt wire as the counter electrode and an
Ag/AgCl (3 M NaCl) electrode as the reference electrode.
Cyclic voltammetry (CV) was conducted on dye-sensitized
TiO,/FTO working electrodes with a platinum wire counter
electrode and a Ag/AgCl reference electrode (BASi, ME-
2079). CV was performed in 0.1 M HCIO, aqueous solutions
at a scan rate of 1 mV/s. The slow scan rate was used to
minimize the peak-to-peak separation, which was typically 100
mV as a result of the series resistance of the TiO, layers.

Photophysical Measurements. Absorption spectra of the
monomer and oligomer were collected in ethanol solutions.
Steady-state emission data were collected at room temperature
on a custom-built fluorimeter. For steady-state experiments,
samples were excited using a light output from a housed 450 W
Xe lamp. Sensitizer solutions were freshly prepared in ethanol
at 100 uM concentration, added to quartz cuvettes, and
bubbled with nitrogen for 20 min. Emission studies conducted
on sensitized electrodes were performed in argon-purged
acetate buffer (pH = 4.8).

Intensity-Modulated Photovoltage Spectroscopy. A
470 nm LED light (LDC470, Metrohm) provided illumina-
tion. The light intensity modulation was realized through an
Autolab LED driver controlled by the potentiostat with the ac
amplitude set to 10% of the dc level. The dc light intensity was
4.1 mW/cm? (470 nm). The applied frequency ranged from
2000 to 1 Hz. The electrolyte was aqueous 0.1 M sodium
acetate/acetic acid (pH 4.8) or 0.1 M sodium phosphate buffer
(pH 5.8 or 6.8). Four electrodes were run at each pH. Each
sample was repeated three times at each intensity, and the
results averaged together.

Cross-Surface Electron Diffusion Constant (D,,).
Following the method of Hanson et al,,"’ D,,, was measured
in 0.1 M HClO,(,q) by applying a potential of 2.0 V versus Ag/
AgCl (3.5 M NaCl) for 5 min and then 0.0 V for an additional
S min. D,,, was calculated by monitoring the change in
absorbance at 450 nm and then analyzing the data according to
eql
D V21/2

AA = 2Iqmax app
a dr'’?

(1)

where AA is the change in absorbance [A,,, — A(t)], Apay iS
the initial absorbance of the fully reduced film, t is the time in
seconds, and d is the thickness of the film (6 um). The film
thickness was acquired from profilometry. D,,, was determined
by fitting the change in absorbance to eq 1 over the linear
portion of the experimental data.

Photostability Measurements. The long-term photo-
stability of the adsorbed sensitizer molecules was evaluated
using a technique developed by Meyer and co-workers.”
Briefly, the electrode was subjected to steady-state irradiation
under open-circuit conditions. The light from a high-power
blue LED (455 nm, fwhm 30 nm, 475 mW/cm? Thorlabs,
Inc., M45SL2) powered by a T-Cube LED driver (Thorlabs,
Inc., LEDD1B) was directed onto the sensitized electrodes
placed at 45° in a standard 10 mm path length cuvette
containing S mL of the solutions of interest. The incident light
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intensity was measured using a thermopile detector (Newport
Corp 1918-C meter and 818P-020-12 detector). The
absorbance of the electrodes was measured to determine the
amount of dye coated every 5 min over the first hour and every
15 min throughout the remainder of the experiment. The
electrodes were rinsed with water between each measurement.

B RESULTS AND DISCUSSION

A phosphonated oligomeric ruthenium tris(bipyridyl) dye
([RuP],) in which the individual Ru(bpy), centers are linked
by a five-carbon aliphatic chain was synthesized and studied as
a sensitizer for TiO, photoanodes. Because a relatively long
saturated hydrocarbon linker separates the Ru(bpy); units, we
should expect them to be electronically isolated and to have
similar electrochemical and spectroscopic properties to the
monomeric sensitizer RuP. Some differences between the
oligomer and monomer could, however, result from the
phosphonate and alkyl substituents that are present on the bpy
units within and at the ends of the oligomer chains. We
confirmed that the properties of the oligomer are similar to
those of RuP using CV and steady-state absorption and
emission spectroscopy.

Electrochemistry. The electrochemical properties of the
oligomer were investigated by CV of the sensitizers adsorbed
onto TiO, electrodes. CV was carried out on sensitizers on
electrodes as these potentials provide the most relevant
estimate of the working conditions of a WS-DSPEC.”* When
these Ru(bpy); derivatives were anchored to the electrodes,
their potentials typically varied by no more than 50 mV.*
Solubility issues with the electrolyte salts prevented us from
carrying out CV on [RuP], in solution. Addition of lithium
perchlorate or tetrabutylammonium hexafluorophosphate
caused agglomeration and precipitation of the oligomer from
solution. The results of CV on sensitized electrodes are shown
in Figure 3 and summarized in Table 1. The quasi-reversible

Cyclic Voltammetry on Sensitized Electrodes
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Figure 3. CV of TiO, films sensitized with monomeric RuP (black)
and oligomeric [RuP], (red) dyes in 0.1 M HCIO, electrolyte vs an
Ag/AgCl reference electrode at a scan rate of 1 mV/s.

Table 1. Estimated Ground- and Excited-State Redox
Properties of RuP and [RuP], on TiO, and ZrO, Electrodes
in Aqueous 0.1 M HCIO,

complex E, /Z(Rum/ N (V) AG, (eV)b Ei"/z(Rum/ 0y (V)<
monomer (RuP) 1.08 1.88¢ —0.80
oligomer ([RuP],) 1.04 1.887 —0.84

“From CV measurements on TiO, versus Ag/AgCl ref. electrode.
“From fitting of the emission spectrum on ZrO,. “Calculated from eq

2. “Literature value for the monomer from the report by Hanson et
30
al.

https://dx.doi.org/10.1021/acs.jpcc.0c00493
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(Ru™™) potential of the oligomer was observed to be E,,, =
1.04 V versus Ag/AgCl (0.197 V vs NHE). It has been shown
that the electron-withdrawing substituent effect of the two
PO;H, groups at the 4,4'-bpy positions results in an
incremental positive shift in E; /Z(Rum/ ) of 0.05 V relative
to unsubstituted Ru(bpy);.>° Conversely, two electron-
donating methyl groups result in an incremental negative
shift of approximately 0.04 V.*° Assuming an average oligomer
chain length of 7 units, the ratio of phosphonated ligands to
alkylated ligands is approximately 4:S. This ratio results in the
substituent effects nearly balancing each other out. The
resulting E, ,(Ru"™") of the oligomer is 1.04 V compared to
the monomer value of E, ,(Ru"™") = 1.08 V.

Steady-State Spectra. The absorption and emission
spectra of the monomer and oligomer in methanol solutions
are shown in Figure 4. The absorbance maxima of both the

Absorbance and Ph of Dyes in
1
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Figure 4. Absorbance (dashed lines) of dyes in methanol and steady-
state luminescence (solid lines) of the monomer (black) and oligomer
(red) on ZrO, powder in aqueous 0.1 M HCIO, solution.

oligomer and monomer in solution are 458 nm. Emission
spectra were collected for the monomer and oligomer
anchored to 5 pm ZrO, particles suspended in aqueous 0.1
M HCIO, and are shown in Figure 4. The conduction band
potential of ZrO, is too negative for either complex to inject an
electron from the excited state,”’ so strong emission can be
observed. The emission maxima for the adsorbed oligomer and
monomer are 654 and 656 nm, respectively. Excited-state
reduction potential (E¥;) can be estimated from E,4(Ru-
(bpy)>*/?*), and the free energy of emission (AG,;) using the
relationship is given in eq 2, where n = 1 and F is Faraday’s
constant.

Ely ® E,(Ru(bpy)****) — AG,/nF @)

Given that the oligomer emission maximum is blue-shifted
by only a few nm, the literature value of AG,, for RuP was used
to estimate the excited-state reduction potential of the
oligomer (Table 1). The excited-state reduction potential
(E*y) of the oligomer was estimated to be —0.84 V, according
to eq 2.°° This is about 40 mV more negative than the
corresponding monomer excited-state potential (E4 = —0.88).
These experiments show that the ground- and excited-state
reduction potentials of the oligomer are slightly more negative
than those of the monomeric dye, reflecting the greater degree
of alkyl substitution of bpy ligands in the oligomer.

Dye Aggregation. Dye aggregation or multilayer adsorp-
tion on the electrode surface is always a concern with dye-
sensitized electrodes, especially with polymeric sensitizers.
Because some of the dye molecules in aggregates are not
directly adsorbed on the oxide surface, the injection yield and,
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therefore, the cell efficiency are lowered.>"** To confirm the

absence of aggregation, steady-state luminescence spectra were
collected from dye samples in solution and adsorbed on TiO,
electrodes. When Ru(bpy); derivatives are covalently anchored
to the semiconducting TiO, electrode, the excited state is
rapidly quenched through electron injection into the
conduction band.** We find (Figure 5) that both the
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Figure 5. Steady-state emission of monomeric RuP (black) and
oligomeric [RuP], (red) sensitizers adsorbed to ZrO, powder and to
TiO, electrodes. The inset shows the dye-TiO, spectra on an
expanded scale.

monomeric and oligomeric sensitizers exhibit similar weak
luminescence when adsorbed to TiO, electrodes, indicating
similar electron injection kinetics. These results imply that the
majority of monomer units in the oligomer chains are adsorbed
directly at the TiO, surface through their phosphonate
anchoring groups.

Pore Penetration. A possible concern with a polymeric
sensitizer is its ability to penetrate into the pore network of a
thick nanocrystalline TiO, photoanode. The pore diameter in
dye cell TiO, films is generally in the order of 20 nm, and
because the monomeric dye has a radius of 1.1 nm,' it can
readily penetrate the pore network to uniformly sensitize the
TiO, surface. Because the average length of the oligomer is 7
monomer units, we can estimate its persistence length to be in
the range of 2—3 nm, which is still much smaller than the
average pore diameter. To confirm that the oligomer dye
penetrated fully into the pore network, electrodes were
sensitized with oligomers and subsequently sensitized with
monomers. The resulting electrodes showed on average less
than 1% increase in absorbance after the second sensitization
step. This result supports the idea that after the oligomer
adsorption step, there is little free area of the electrode
available for the smaller RuP to adsorb. Cross-sectional energy-
dispersive X-ray spectroscopy was also attempted to determine
the distribution of Ru atoms in the electrode film, but the dye
loading was below the instrument’s detection limit.

Photostability in pH 7.8 Phosphate Buffer. Dye-
sensitized electrodes were placed in sodium phosphate buffer
(pH 7.8) and illuminated with constant irradiation under
open-circuit conditions for 4 h. The results are displayed in
Figure 6. As observed in other groups,”’ the MLCT
absorbance of monomer-sensitized electrodes decreased
rapidly as a result of dye desorption. By the end of the 3 h
experiment, the monomer (RuP) had desorbed from the
surface and the absorbance reached the baseline of the
unfunctionalized TiO, layer. Under the same conditions, the
oligomer-sensitized electrodes showed a ~15% drop in
absorbance over the first 30 min and were then stable for
the 3 h duration of the experiment. This result has profound
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Figure 6. Changes in the absorption spectrum vs time of [RuP],
(red) and RuP (black) adsorbed on TiO, electrodes. Electrodes were
held at open circuit in 0.1 M sodium phosphate buffer (pH = 7.8)
with constant irradiation (475 mW/ cmz). Inset A: Absorbance
changes at 450 nm as a function of time. Inset B: Photographs of
electrodes after 3 h.

implications for the incorporation of the oligomer into WS-
PECs. First, the oligomer remains absorbed for significantly
longer than the monomer at pH 4.8, where WS-DSPECs are
studied in order to minimize dye desorption. Second, the
oligomer is persistently adsorbed at higher pH (7.8), where the
highest efficiency cells have been reported®* but where the
monomer desorbs very rapidly. This dramatically broadens the
pH range at which WS-DSPECs can be studied and the types
of experiments that can be done. In particular, it opens up
opportunities to study these cells as a function of pH. We
exploit this property to use transient electrochemical
techniques to investigate the kinetics of cross-surface hole
transfer and charge recombination from TiO, to the oxidized
dye molecules as a function of solution pH.

Cross-Surface Hole Transfer. In WS-DSPECs, charge
transfer diffusion between oxidized and reduced sensitizer
molecules is an important process in connecting the photo-
induced charge transfer and catalytic water oxidation steps.
The apparent charge transfer diffusion coefficient, D, was
measured for TiO, films sensitized with ethanol solutions of
RuP and [RuP],. Spectroelectrochemical absorbance data for a
typical oligomer-sensitized electrode are shown in Figure 7.
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Figure 7. Representative set of spectroelectrochemical absorbance—
time data used to calculate D,,, values for [RuP], (red) and RuP
(black). Fits to eq 1 are shown in the inset.

The inset shows the linear regression. D, for the oligomer
and monomer was found to be 28.1 + 1.6 X 107 and 1.79 +
0.58 X 1071% cm?/s, respectively. The monomer values are in
good agreement with literature values for the monomer
deposited from ethanol." By covalently linking the oligomer
units together, the hole diffusion constant is increased by an
order of magnitude relative to the monomer. It has also been
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shown that an order of magnitude increase in D,,, can be
obtained by depositing the monomer from aqueous 0.1 M
HCIO,."”> However, our group has shown that acidic
depositions negatively affect the overall performance of the
electrodes.”** The oligomer is not soluble in aqueous HCIO,
solutions, so it was not possible to compare the monomer and
oligomer from acidic deposition solutions. Nevertheless, the
oligomer displays significant improvement over the monomer,
while avoiding the complications of acidic deposition solutions.
In the case of the oligomer, it is also possible that hole transfer
within the chains is fast relative to D,,,, which is likely limited
by hole transfer between chains adsorbed on the electrode
surface.

Intensity-Modulated Photovoltage Spectroscopy.
IMVS has been used to measure the recombination kinetics
in DSSCs***” and more recently in WS-DSPECs, where char%e
recombination is typically the dominant kinetic process.””
Dempsey and co-workers™® have used transient absorbance
techniques to study the recombination dynamics of RuP
anchored to TiO, from pH 1-S and saw that the
recombination rate decreased as pH increased. As we have
discussed elsewhere,”” recombination rates measured by
transient absorbance—where high intensity laser excitation is
used—are typically much faster than those measured under
lower fluence. This is a consequence of the bimolecular nature
of the recombination process. Thus it is of interest to compare
the kinetics at different pH values using IMVS, which operates
under conditions closer to solar fluence.

Details of the IMVS experiments are given in the Supporting
Information, and the results are shown in Figures 8 and 9.
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Figure 8. Plots at pH 4.8 of the recombination rate (kjyys) of the
monomer and oligomer as a function of open-circuit photovoltage

(VOC) M

T T
-0.4 -0.3

Voc (V)

-0.6 -0.5 -0.2

Figure 9. Combined plot of the recombination rate (kps) as a
function of open-circuit photovoltage (V,.) for oligomer samples at
various pH ranging from 4.8 to 6.8.
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Nanocrystalline TiO, electrodes were surface passivated by
reaction with TiCl, solution to minimize the surface trap
density’” and were then sensitized with monomeric and
oligomeric dyes. IMVS experiments were performed at an open
circuit in acetate buffer solutions (pH = 4.8) and the dc light
intensity was varied in order to span a range of open-circuit
potentials, V. Figure 8 shows that the recombination rates
increase at more cathodic potentials, which, under open-circuit
conditions, represent electrons in higher energy levels at higher
light intensities. At pH 4.8, the oligomer has a lower
recombination rate than the monomer, possibly because faster
hole diffusion results in a longer electron—hole separation
distance. IMVS data from oligomer-sensitized electrodes were
also obtained in sodium phosphate buffer solutions at pH 5.8
and 6.8. These phosphate buffer solutions were employed to
demonstrate the higher pH that these cells could run at if a
more adhesive sensitizer was employed. Operating WS-
DSPECs in more basic solutions has three different effects,
which are difficult to quantify with dyes that adsorb at higher
pH. Because the water oxidation potential shifts cathodically
with increasing pH, the WS-DSPECs has a larger driving force
for oxidizing water, as demonstrated by Gao et al.** and by
Meyer and coworkers.” At the same time, the TiO, flat-band
potential shifts cathodically with increasing pH, which has two
effects: the driving force for electron transfer quenching of the
sensitizer excited state decreases, lowering the injection
quantum yield, but the negative shift also results in an increase
in the open-circuit photovoltage of the cell.

Interestingly, the recombination rates at the same light
intensity are smaller as pH increases. This is most likely a result
of the decreased electron density which is caused by the
decreased efliciency of electron injection. It is well-known that
the TiO, flat-band potential experiences a cathodic shift as pH
increases. As a result of the raised flat-band potential, the
injection efficiency for dyes will go down as the pH increases.
Despite expecting this trend to continue at a higher pH, there
have been no published recombination rates as a function of
pH up to pH 7.3 because up until now, there were no dyes that
were stable up to this pH.

B CONCLUSIONS

Two major limitations of WS-DSPECs are dye desorption and
slow cross-surface hole diffusion between oxidized and reduced
dye molecules. We have synthesized and characterized an
oligomeric ruthenium dye that has significantly faster hole
diffusion properties and is persistently adsorbed to high-surface
area TiO, electrode films over a broader pH range than the
commonly employed monomeric sensitizer RuP. We provide
evidence that the oligomer penetrates into the electrode pores
and remains adsorbed under constant illumination and
throughout electrochemical experiments such as IMVS.
Additionally, the increased stability at higher pH opens up
opportunities for incorporating different water oxidation
catalysts. IMVS experiments show that the oligomer has a
slightly slower recombination rate than the monomer. More
interestingly, recombination rates could be measured over a
higher pH range for the first time. These measurements show
that recombination rates decrease as the pH is increased. It is
likely that this is a result of the lower electron injection
efficiency at a higher pH. The synthetic method illustrated here
could enable the future creation of hybrid oligomers consisting
of both phosphonate anchors and carboxylate anchoring
groups that could provide a “best of both worlds” solution
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with both superior adsorption to the electrode and a higher
injection efficiency.
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