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ABSTRACT: Water-splitting dye-sensitized photoelectrochemical cells (WS-DSPECs)
use a wide bandgap metal oxide semiconductor functionalized with a light-absorbing
dye and water-oxidation catalyst to harvest light and drive water oxidation, respectively.
We demonstrate here that the rutile polymorph of TiO, (x-TiO,) is a promising anode
material for WS-DSPECs. Recombination between the injected electron and oxidized
sensitizer with r-TiO, is an order of magnitude slower than with anatase TiO, (a-TiO,),
with injection yields approaching 100%. Studies with a reductive quencher demonstrate
that r-TiO, is significantly more efficient than a-TiO,, while exhibiting greater dye
stability. Furthermore, comparison of direct band gap excitation photocurrent
generation for bare and sensitized r-TiO, suggests that the sensitizer functions as a

light harvester and redox mediator.
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fuel is a significant scientific challenge. Water-splitting

dye-sensitized photoelectrochemical cells (WS-
DSPECs) accomplish this task using a mesoporous, nano-
particulate metal oxide film functionalized with 2 light-
absorbing sensitizer and a water-oxidation catalyst.””> Under
illumination, the sensitizer absorbs light and then transfers an
excited electron to the conduction band (CB) of the oxide. The
oxidized sensitizer either transfers a hole to the catalyst or
triggers a series of 1nterm01ecular, cross-surface hole transfers to
oxidize a catalyst.”* At the same time, the injected electrons
diffuse through the metal oxide until reaching a transparent
conducting back contact which is electrically connected to a
dark cathode.

WS-DSPEC efficiencies with the most common oxide
support, anatase TiO, (a-TiO,), are limited by low injection
yields (20 30%) and rapid back-electron recombination from
the CB.° In Sn0O,, the CB is roughly 0.5 V more positive (i.e.,
lower in energy) than the CB of a-TiO,, which leads to
injection yields of ~100%.” Unfortunately, recombination of
the injected electron and oxidized sensitizer is known to be
significantly faster in $n0,*’ While SnO,-core/TiO,-shell
electrodes'”'" show promise as a strategy to retard
recombination from SnO,, the TiO,-shell slows the injection
kinetics and reduces the injection yield.”

The rutile polymorph of TiO, (r-TiO,) is an attractive,
though unexplored, oxide material for use in WS-DSPECs. In
particular, the CB edge in r-TiO, is approximately 0.2 V below
the a-TiO, CB,'” providing an increased driving force for
injection. In addition, the CB in r-TiO, is primarily composed
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of d-orbitals'® and should promote rapid injection kinetics
because there is a high density of states.'* Furthermore, charge
carrier lifetimes in r-TiO, are known to be significantly longer
than in a-TiO,."” Though the electron diffusion coefficient of r-
TiO, is about an order of magnitude lower than that of a-TiO,,
dye-sensitized solar cells prepared from r-TiO, exhibit
photovoltaic performance comparable to that of cells prepared
' While the CB of r-TiO, is too positive to drive
proton reduction and thus requires an external bias or use of a
photocathode, this is the case in all extant WS-DSPECs.
Because of fast recombination and poor injection in a-TiO,, its
Fermi level typically sits positive of the H'/H, under
illumination and requires a bias voltage to produce any
meaningful photocurrent.®

In this Letter, we use a common WS-DSPEC sensitizer
((4,4’-diphosphonato-2,2'-bipyridine)bis(2,2’-bipyridine)-
ruthenium(II) bromide, RuP) to demonstrate that sensitized r-
TiO, exhibits injection yields approaching 100%, while the
recombination kinetics are an order of magnitude slower than
that of sensitized anatase. Furthermore, the eflicient injection
and slow recombination manifests in significantly better
photoelectrochemical performance for r-TiO, in studies with
a reductive scavenger (hydroquinone, H,Q). The use of H,Q
allows us to eliminate dye catalyst interactions that can

from anatase.
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complicate analyses of device performance and demonstrates
the advantages of r-TiO, over a-TiO,'""”

Rutile particles were synthesized using the method of Park et
al'® and prepared as a paste for doctor-blading (see the
Supporting Information). Powder X-ray diffraction shows that
the sintered particles are phase pure r-TiO, (Figure S1), with
no evidence of a-TiO,. An average crystallite size of 13 + 0.6
nm was calculated from the X-ray diffraction pattern using the
Scherrer equation (Figure S2). Transmission electron micros-
copy shows the particles are single crystals and have a rodlike
structure with an average length of 63 + 3 nm and an average
width of 18 &+ 1 nm (Figure S3).

Bare films show a scattering baseline at long wavelengths
(>600 nm) and strong attenuation at wavelengths less than 500
nm (Figure S4). That feature is likely to be a combination of
scattering and direct bandgap excitation as the bandgap of r-
TiO, corresponds to 413 nm. RuP-sensitized films were
prepared by soaking the bare r-TiO, films in a 0.1 mM
solution of RuP in anhydrous ethanol for 22 h. After
sensitization, a new absorption peak can be observed centered
at 460 nm (Figure S4). By subtracting the bare rutile spectrum
from the RuP-sensitized spectrum, we determine a dye loading
of 6.1 + 0.5 X 10~ mol cm™ ym™". Under identical sensitizing
conditions, we determined a loading of 9.4 + 0.8 X 107’
mol cm™? ym™" on a-TiO,.” The a-TiO, particle size in those
films was approximately 20 nm,'® suggesting the difference in
dye loading between a-TiO, and r-TiO, is due to decreased
surface area in r-TiO,. We also assessed the stability of RuP-
sensitized r-TiO, at pH 6 using the method of Hanson et al."’
wherein the absorbance of the sample is monitored as a
function of time under continuous illumination at 470 nm. The
rate constant for desorption (ky,) was measured to be 2.1 (+
0.7) X 1075 s™" (Figure S5). This value is comparable with that
of RuP-sensitized a-TiO, at pH 1 (5 X 107° s™"). Near neutral
pH, RuP rapidly desorbs from a-TiO, unless an overcoat of
AL, O, is applied.”

One of the most significant limits on WS-DSPECs is fast
recombination of injected electrons with the oxidized sensitizer.
We recently estimated that less than 2% of injected electrons
persist to sufficiently lonég time scale (>100 us) to contribute to
water-oxidation activity.”*" To characterize recombination, we
utilized transient-absorption spectroscopy (TAS). Following a
~7 ns laser pulse, injection of photoexcited electrons into the r-
TiO, CB results in a bleach of the strong RuP metal-to-ligand
charge-transfer (MLCT) band centered at ~460 nm (Figure 1,
blue trace).® Recombination can be observed by monitoring the
recovery of the MLCT band on the nano- to millisecond time
scale. For this study, a 532 nm pulse (3.82 mJ cm™) was used
to photoexcite the RuP sensitizer. Figure 1 shows a
representative single-wavelength TAS scan monitored at 460
nm for RuP-sensitized r-TiO,. The laser pulse occurs at t = 0,
resulting in a large initial bleach upon photoinjection. The
injection kinetics cannot be resolved given the ~7 ns
instrument response function of our TA spectrometer. We
also examined bare r-TiO, (Figure 1, black trace), which
exhibited little transient response when probed at 460 nm. As a
point of comparison, we also measured RuP-sensitized a-TiO,
(Figure 1, red trace) with 4 A ALO; deposited over the
sensitized a-TiO, to stabilize the dye at pH 6. We utilized a 4
pum film of a-TiO, to match the dye loading with r-TiO, and
manually adjusted the laser power to match the total number of
injected electrons between a-TiO, and r-TiO,. We observed
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Figure 1. Representative single-wavelength transient-absorbance
trace of a RuP-sensitized 7 um r-TiO, film (blue trace), RuP-
sensitized 4 gm a-TiO, film coated with 4 A Al,O; (red trace), and
bare 7 pym r-TiO, film in 0.1 M KNOj; excited at 532 nm (3.82
mJ cm™? pulse energy, 10 Hz) and monitored at 460 nm using a
460 + 10 nm bandpass filter.

negligible loss of dye from the r-TiO, or the Al,O;-coated a-
TiO, over the course of the TAS experiment.

The single-wavelength traces were fit to a stretched-
exponential equation:

s

AA = AAOexpl—(ﬁ) :| + AA;

’ (1)
where AA, is the change in absorbance at t = 0, 7 the lifetime,
a stretching parameter (0 < § < 1), and AA( a long-time offset.
The f parameter is inversely related to the distribution of rates,
and when f = 1, the stretched-exponential equation becomes a
single-exponential equation.”” We can determine a recombina-

tion rate constant, k.., by taking the reciprocal of (z), which is
defined as

_ zr(i]

p\p )
where I is the gamma function. From the fits of the single-
wavelength traces, we determine a k... of 2.5 + 1.1 X 10* s~ for
r-TiO, and 2.9 + 0.6 X 10* s7! for a-TiO,.

The slower recombination lifetime on r-TiO, has direct
implications for device performance. Except for the sensitizer
molecules immediately adjacent to a catalytic site, holes
generated by electron injection must undergo a series of
intermolecular electron-transfer events to reach the catalyst.
The average distance a hole can travel to reach a catalyst site is
given by the recombination time and the cross-surface hole
diffusion coefficient.’ Slowing the recombination by an order of
magnitude results in a ~S-fold increase in the area around a
catalytic site where a hole can be generated and have a
reasonable chance of encountering a catalytic site. Only holes
that reach a catalyst contribute to photocurrent generation;
therefore, an increase in recombination time should result in an
increase in induced photocurrent.

Beyond fast recombination, low injection yields fundamen-
tally limit the performance of WS-DSPECs using a-TiO,.
Previously, we determined an injection yield of 0.2—0.3 for RuP
on a-TiO, at pH 6.8, meaning that at best 20—30% of
absorbed photons are converted into photocurrent. We
estimated the injection yield for RuP on r-TiO, from the
bleach at t = 0 (see the Supporting Information) and calculated
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an average injection yield of 0.74 + 0.13. This likely represents
a lower limit on the injection yield because we do not account
for reflection or scattering losses of excitation intensity. A
detailed study on the injection kinetics and yields for r-TiO, is
planned.

Photocurrent generation in a WS-DSPEC is the net result of
a series of electron-transfer and transport events (injection,
recombination, dye regeneration, etc.). Poor performance at
any given step can limit the observed photocurrent. Specifically,
slow regeneration of the oxidized dye by the catalyst or
scavenging of CB electrons by the catalyst can play a significant
role in reducing gerformance and are highly dependent on the
specific catalyst."® To assess the potential utility of r-TiO, as a
photoanode material in WS-DSPECs, we utilize H,Q to
eliminate secondary interactions related to the catalyst and
study the performance of sensitized rutile in the limit of rapid
sensitizer regeneration.10 For a representative sample under
one-sun illumination (using an AM1.S filter), we observe a peak
photocurrent of 1.5 mAcm™, which decays to roughly 1
mA cm™? over the course of 15 min (Figure 2, blue line). To
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Figure 2. Chronoamperometry of a RuP-sensitized r-TiO, film (red
and blue traces) and RuP-sensitized a-TiO, (black and green
traces) at 0.1 V vs. Ag/AgCl (sat. NaCl) in a 0.1 M pH 6.8
potassium phosphate buffer with 0.5 M KNO; and 20 mM
hydroquinone added. Illumination from a 300 W Xe lamp fitted
with an AM1.5 filter (blue and black traces) and an AML.5 filter
plus a 420 nm long-pass filter (red and green traces).

eliminate the contribution of direct bandgap excitation, we also
measured the current under the same illumination conditions
with a 420 nm long-pass filter. Addition of the long-pass filter
resulted in a 50% reduction in the generated photocurrent. This
suggests that approximately 500 uA cm™ of photocurrent is
generated through direct band gap excitation. At full AM1.5
illumination, similarly RuP-sensitized, Al,O;-coated a-TiO,
electrodes exhibit an initial spike of ~300 wAcm™ of
photocurrent, which decays to a stable output of ~230
uAcm™? (Figure 2, black trace). Interestingly, when a 420
nm long-pass is added, we see only a slight drop in the stable
current to ~220 yA cm™> (Figure 2, green trace). These results
suggest that even with a fast reductive scavenger the poor
injection yields and fast recombination of sensitized a-TiO,
prevent efficient photocurrent generation under these con-
ditions.

Lapides et al.'” studied RuP-sensitized a-TiO, with H,Q and
observed an initial photocurrent of ~1.5 mA cm™ followed by
a rapid polarization to less than 0.6 mAcm™ in 30 s.
Importantly, their study was conducted at pH 4.7 where
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injection from RuP should be considerably more favorable. As
in this study, a thin overcoat of Al,O; was necessary for stable
photocurrent generation because in the presence of oxygen
RuP rapidly desorbs from a-TiO, at near neutral pH." In
contrast, during both the transient absorption and photo-
electrochemical studies (which are conducted in ambient air),
we observe a minimal loss of dye from RuP-sensitized r-TiO,
after sustained illumination (Figure S4, green line). This
highlights one of the major advantages that r-TiO, offers over
a-TiO,, namely that in the pH range that is necessary to drive
water-spltting, RuP-sensitized r-TiO, is stable without having to
add any additional overlayers.

While H,Q_scavenging is not diffusion limited under these
conditions, it serves to mimic the behavior of a water-oxidation
catalyst that can efficiently regenerate the oxidized sensitizer.
That sensitized a-TiO, generates significantly less photocurrent
than sensitized r-TiO, demonstrates how the improved
injection and recombination kinetics of r-TiO, combine to
enhance device performance. We note that the H,Q currents
observed with r-TiO, should not be taken as the maximum
achievable currents. RuP absorbs strongly only at wavelengths
<500 nm, and we have not maximized light harvesting in that
spectral window (Figure S4).

Surprisingly, when we use H,Q with a bare r-TiO, electrode
under full AM1.5 one-sun illumination, we observe only about
75 uA cm™?, and less than 1 yA cm™> when the 420 nm long-
pass filter is added (Figure S6). The latter result confirms that,
with a 420 nm long-pass filter, the photocurrent we observe
with RuP-sensitized r-TiO, is almost entirely due to the
sensitizer. However, the significant difference in photocurrent
attributed to direct band gap excitation of the sensitized r-TiO,
(500 uA cm™) and the photocurrent generated by the bare r-
TiO, under full illumination suggests that the chromophore
plays an additional role beyond photosensitizer. Only a small
fraction of the S00 uA cm™ difference is likely related to
injection from photoexcited RuP, because RuP exhibits a local
absorption minimum around 400 nm,” while the bandgap of r-
TiO, corresponds to an absorption of about 413 nm, making
absorption by r-TiO, more likely. Furthermore, as we
demonstrated with RuP on the wider bandgap a-TiO,, the
dye contributes little photocurrent at wavelengths shorter than
420 nm. On the basis of this, we suggest that the current
enhancement in the presence of RuP may arise at least in part
because the RuP can act as a redox mediator for holes in the
valence band of r-TiO,. At pH 6.8, the valence band of r-TiO,
lies close to 2.6 V vs NHE. Under direct bandgap excitation, the
hole created in the valence band can readily oxidize RuP
(E,,"R = 133 V vs NHE), moving the hole onto the
surface, thereby creating a charge-separated state. Further work
is needed to fully understand this potential mechanism.

Addressing both low injection and fast recombination rates
are paramount to the development of efficient WS-DSPECs,
and r-TiO, represents a significant step in this direction.
Sensitized r-TiO, exhibits recombination kinetics that are an
order of magnitude slower than that of a-TiO,, while at the
same time the injection yield for RuP into r-TiO, approaches
unity at near neutral pH conditions. Photoelectrochemical
studies with a reductive scavenger, H,Q, demonstrate that in
the limit of rapid dye regeneration r-TiO, significantly
outperforms anatase, while exhibiting enhanced dye stability.
The results with H,Q_ also suggest that RuP may also act as a
redox mediator for holes generated by direct bandgap
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excitation. Taken together, these results demonstrate that r-
TiO, is a very promising photoanode material for WS-DSPECs.
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Experimental Procedures

(4,4’ -diphosphonato-2,2’-bipyridine)bis(2,2’-bipyridine)ruthenium(II) bromide (RuP) was
prepared according to literature procedures.’

1. Preparation of Rutile TiO, films

The films were prepared following a modification of the technique developed by Park et al.”
and McCool et al®> TiCl, (5.48 mL, 0.05 mol) was added to 25 mL of water in a glass bottle to
give a 2 M solution, which was immediately diluted to 100 mL. The bottle was capped and
allowed to stir at room temperature for 5 days, giving a milky white suspension. The solution
was sonicated in an ice bath using an ultrasonic horn for 15 minutes and then allowed to settle
for 3 hours to remove any large aggregates. Following settling, the suspension was centrifuged
at 5500 rpm for 15 minutes to aggregate the particles. After centrifugation, the particles were
washed with ethanol three times by using ultrasonication to resuspend the particles in the
ethanol followed by centrifugation at 5500 rpm for 30 min. Following the third wash, a solution
of 1.45 g of ethyl cellulose and 13.6 g of a-terpineol in 73 mL of ethanol was added, followed by 15
minutes of ultrasonicating to suspend the particles. The ethanol was stripped by rotary
evaporation to give a paste.

Films of r-TiO, were prepared on FTO glass (TEC15, Hartford glass) using Scotch Magic tape
as a spacer for doctor-blading. One layer of tape was found to give a nominal layer thickness
(after sintering) of 3.5 um. Solaronix Ti-Nanoxide T/SP was used for a-TiO, films, with one layer
of tape giving a nominal thickness of 3.5 um. After the initial layer, the films were allowed to
cure at 8o °C for 10 minutes before the second layer was applied. Films were sintered in a box
furnace in air using the following heating profile: 180 °C/hour to 370 °C, hold at 370 °C for 5
minutes, 180 °C/hour to 470 °C, 10 minutes at 470 °C, followed by cooling to room temperature
at 600 °C/hour. For dye-sensitized films, the sintered r-TiO, and a-TiO, films were immersed in
a 0.1 mM solution of RuP in ethanol for 22 hours. Sensitized a-TiO, films were coated with ~4A
of AL, O; as previously described.*

A FEI Osiris was used for TEM analysis of the sintered r-TiO, powder.
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X-ray diffraction data were collected at room temperature using a P-XRD Brunker D8 Focus
Powder X-ray Diffractometer. The XRD spectrum and its associated JCPDS (No. 76-1940) are
presented in Figure S1. The Scherrer equation was used to estimate the particle size of the r-
TiO,:

o KA
pcosb

@

where K is the shape factor (we assume is 0.9)°, 1 is the wavelength of the X-ray source (1.5056
A), B is the full width at half maximum (FWHM) of an isolated XRD peak (in radians), and
6 corresponds to the Bragg angle. It was found that the peak shape was best described by a
Lorentzian function with an offset:

L(26)= 4 —+L,
(20-206,) {gj

where A is the amplitude, 26, is the angle of the reflected beam, I" is the FWHM of the XRD
peak, and L, accounts for any baseline offset in the spectrum. The best fit parameters of the
Lorentzian-like peak are presented in Figure S2.

(2)

2. Transient-Absorption Spectroscopy

Transient-absorption data were collected using an Edinburgh Instruments LPgoo
spectrometer. The samples were pumped at 532 nm an Nd:YAG laser (SpectraPhysics, INDI-10)
utilizing the third harmonic (355 nm) passed through an optical parametric oscillator (OPO,
SpectraPhysics) to generate a 3 mJ, 10 mm diameter, 532 nm pulse. The samples were immersed
in a solution of 0.1 M KNO; for transient-absorption measurements. A pulsed 450 W Xe arc
lamp was filtered with a 420 nm longpass filter and utilized as the probe source. Following the
sample, the probe source was passed through a monochromator to selectively monitor 440 nm
light on a photomultiplier tube.

Injection yields were estimated by monitoring the bleach at t = 0. Briefly, the difference in
the extinction coefficient at 440 nm for Ru(IIl) (4528 M™ cm™) was estimated by holding RuP-
sensitized r-TiO, at 1.5 V vs Ag/AgCl in 0.1 M HCIO, to fully oxidize the film. The absorption at
532 nm was found by subtracting the absorption spectrum of the r-TiO, film prior to
sensitization. Only sensitizers that inject an electron and are oxidized contribute to the change
in absorbance; thus, the bleach at t = o corresponds only to sensitizers that inject into r-TiO.,.
The injection yield is found by dividing the number of oxidized RuP sites by the total number of
photons absorbed at 532 nm.

3. Photoelectrochemical Experiments

Bulk photoelectrolysis experiments were carried out in an H-cell configuration with one
compartment holding the photoanode and a Ag/AgCl reference electrode and the other
compartment holding a Pt mesh counter electrode. The buffer used for photoelectrochemical
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experiments was a pH 6.8 potassium phosphate buffer with 0.5 M KNO; as a supporting
electrolyte and 20 mM hydroquinone added as a reductive scavenger. Illumination was provided
by a 300 W Xe arc lamp fitted with an AMu1.5 filter, and also a 420 nm longpass filter for some
experiments.
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Sample Calculation for Injection Yield

0% photons

sz

Pulselntensity =1.02x1

Abs.,,, =0.051

14 photons
0 2

Absorbed Photons =8.70x1
cm

A& gy = 6300 M em™

AA_, =0.0085

Ru(Ill) formed =0.0085 x ! 1L

6.023x10*
X

14 -2
InjectionYield = M =0.91
8.70x10" cm

The estimated injection yield is first calculated by finding the total number of photons in the
laser pulse, followed by the total number of absorbed photons (determined from the difference
between the scattering baseline of the unsensitized film and the sensitized film). The number of
injected electrons is determined from the change in absorbance at time zero, corresponding to
the formation of Ru(Ill) upon injection. Assuming an extinction coefficient of 6300 M™ cm™
(determined from spectroelectrochemical measurements) the total number of injected electrons
is determined. Finally, the injection yield is found by dividing the number of injected electron

X
6300M 'em™  1000cm™

mol

=8.13x10"em™

determined from the bleach at t=o0 by the number of absorbed photons.
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Figure S1: Powder X-ray diffraction of a sintered rutile TiO, film.
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Figure S2: Isolated XRD peak fit to equation 2.

Figure S3: Transmission electron micrograph of rutile TiO, particle.

S5



0.8
0.7}
1.5 RuP- Sensitized 0.6
05}
@
g 1 8 0.4]
S RuP- Sensitized ®
o Post Photoelectrolysis 'g 0.3}
3 P
< 05} 202
Bare Film <
0.1}
0 " 1 " 1 " 1 M 1 M 1 M 0 5 1
400 450 500 550 600 650 700 400 750 500 550 500
Wavelength (nm) Wavelength (nm)

Figure S4: (Left) UV-visible spectra of bare (blue) and RuP-sensitized (red) rutile TiO, film. (Right) Absorption
difference between bare and RuP-sensitized film showing contribution to absorption of just RuP.
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Figure S5: Change in absorption of RuP-sensitized r-TiO, with time in 0.1 M KNO; illuminated in air by a 470 nm
LED (irradiation of 475 mW cm™). Absorption is relative to the bare r-TiO, film to correct for scattering.
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Figure S6: Chronoamperometry of a bare rutile TiO, film illuminated with a 300 W Xe lamp fitted with an AMu1.5
filter (blue trace) and an AMu.5 filter plus a 420 nm longpass filter (red trace) as well as a RuP-sensitized anatase TiO,
film. Samples are in a pH 6.8 potassium phosphate buffer with 0.5 M KNO, and 20 mM hydroquinone added.
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