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Artificial photosynthesis and the production of solar fuels could be
a key element in a future renewable energy economy providing a
solution to the energy storage problem in solar energy conversion.
We describe a hybrid strategy for solar water splitting based on
a dye sensitized photoelectrosynthesis cell. It uses a derivatized,
core-shell nanostructured photoanode with the core a high sur-
face area conductive metal oxide film—indium tin oxide or anti-
mony tin oxide—coated with a thin outer shell of TiO, formed by
atomic layer deposition. A “chromophore-catalyst assembly” 1,
[(PO3H,).bpy),Ru(4-Mebpy-4-bimpy)Rub(tpy)(OH,)I**, which com-
bines both light absorber and water oxidation catalyst in a single
molecule, was attached to the TiO, shell. Visible photolysis of the
resulting core-shell assembly structure with a Pt cathode resulted
in water splitting into hydrogen and oxygen with an absorbed
photon conversion efficiency of 4.4% at peak photocurrent.

hotosynthesis uses the energy of the sun with water as the

reducing agent to drive the reduction of carbon dioxide to
carbohydrates with oxygen as a coproduct through a remarkably
complex process. At photosystem II, a subsystem imbedded in the
thylakoid membrane where O, is produced, light absorption, energy
migration, electron transfer, proton transfer, and catalysis are all
used in multiple stepwise chemical reactions which are carefully
orchestrated at the molecular level (1, 2).

Photosynthesis solves the problem of energy storage by biomass
production but with low solar efficiencies, typically <1%. In ar-
tificial photosynthesis with solar fuels production, the goal is
similar but the targets are either hydrogen production from water
splitting, Eq. 1, or reduction of carbon dioxide to a carbon-based
fuel, Eq. 2 (3, 4). Different strategies for solar fuels have evolved
(5, 6). In one, direct bandgap excitation of semiconductors creates
electron-hole pairs which are then used to drive separate half-
reactions for water oxidation (2H,O — O, + 4H* + 4e”) and
water/proton reduction 2H" + 2¢™ — H,) (7-9).

2H,0+4hv—0,+2H,, [

2H,0+CO,+6 hv - CH;OH+3/2 O,. [2]

Here, we report a hybrid strategy for solar water splitting, the dye
sensitized photoelectrosynthesis cell (DSPEC). It combines the
electron transport properties of semiconductor nanocrystalline
thin films with molecular-level reactions (10). In this approach,
a chromophore—catalyst molecular assembly acts as both light
absorber and catalyst. It is bound to the surface of a “core-shell,”
nanostructured, transparent conducting oxide film. The core struc-
ture consists of a nanoparticle film of either tin-doped indium
oxide (nanolITO), or antimony-doped tin oxide (nanoATO), de-
posited on a fluoride-doped tin oxide (FTO) glass substrate. The
shell consists of a conformal TiO, nanolayer applied by atomic
layer deposition (ALD). The resulting “photoanode,” where water
oxidation occurs, is connected to a Pt cathode for proton reduc-
tion to complete the water splitting cell.

A diagram for the photoanode in the DSPEC device is shown in
Fig. 1. Itillustrates the interface and the structure of chromophore—
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catalyst assembly 1, [(POsH,),bpy).Ru,(4-Mebpy-4’-bimpy)Ruy(tpy)
(OH,)]** ((PO3H,),bpy is 4,4'-bisphosphonato-2,2'-bipyridine;
4-Mebpy-4'-bimpy is 4-(methylbipyridin-4'-yl)-N-benzimid-N’-
pyridine; tpy is 2,2':6’,2"-terpyridine)). It also illustrates the
dynamic events that occur at the derivatized interface following
light absorption by the surface-bound chromophore.

Synthesis, characterization, and water oxidation catalysis bly
assembly 1 on nanoITO, abbreviated as nanolTO-[Rul-Ruj
OH,]*", have been investigated and the results are described in a
parallel publication (11). The mechanism, established earlier for
single-site molecular catalysts (12, 13), is shown in Scheme 1.
Oxidative activation by stepwise 3¢ 7/2H" oxidation of the catalyst
gives the intermediate nanoITO-[Rul-RulY=0]"* which is re-
active toward water oxidation. It undergoes rate-limiting O-atom
transfer to a water molecule in the surrounding solvent to give the
peroxide intermediate, nanolTO-[Ru!'-Rul"-OOH]**. This inter-
mediate undergoes further oxidation and loss of O, and reenters
the catalytic cycle. In Scheme 1, “RDS” denotes the rate-deter-
mining step.

Asillustrated in Fig. 1, on oxide semiconductor surfaces, metal-
to-ligand charge transfer (MLCT) excitation of the chromophore
in 1 results in excited state formation and electron injection into
the conduction band of the semiconductor, Eq. 3. The absorption
spectrum of the surface-bound assembly is shown in Fig. S1. It is
dominated in the visible region by an absorption at A,,x = 450 nm
with & ~ 19,000 M™".cm™ (pH dependent) arising from overlapping
MLCT absorptions at the chromophore and, to a lesser degree, at
the catalyst.

Significance

Solar water splitting into H, and O, with visible light has been
achieved by a molecular assembly. The dye sensitized photo-
electrosynthesis cell configuration combined with core-shell
structures with a thin layer of TiO, on transparent, nanostruc-
tured transparent conducting oxides (TCO), with the outer TiO,
shell formed by atomic layer deposition. In this configuration,
excitation and injection occur rapidly and efficiently with the
injected electrons collected by the nanostructured TCO on the
nanosecond timescale where they are collected by the planar
conductive electrode and transmitted to the cathode for H,
production. This allows multiple oxidative equivalents to
accumulate at a remote catalyst where water oxidation catal-
ysis occurs.
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nanolTO - [Ru} -Ru; OH] ;’WnanoITo-[Ru;‘-Ru;“-OHz]”, [1.1]
nanolTO - [Ru“ -Ru;"-OH ] i>nanoITO-[RuLI-Ru:)V=Or+, [1.2]
nanolTO -[Ru"-Rul =0]"" —<— nanolTO-[Ru" Rul¥=0[ ", (1.3]
nanolTO - [Ru}' Ru{f—o] +2H,0—"2— nanolTO-|Ru-Ru;" OOH] +H,O', [1.4]
nanolTO-[Ru} -Ru' -OOH} ——H26 0 panol TO-|Ru!! -Ru:,"-OHzr‘ +0,.  [15]

Scheme 1.

Nanosecond transient absorption measurements on 1 and the
model chromophore, [Ru(4,4’-(POsH,bpy)(bpy).]** (RuP) in the
core-shell nanoITO/TiO, structure depicted in Fig. 2, in 0.1 M
HCIO, with excitation at 425 nm and monitoring at 450 nm, show
that injection, Eq. 3, occurs within 20 ns after the laser pulse. Re-
covery of the bleach at 450 nm following the laser flash by back
electron transfer, Eq. 4, occurs with complex kinetics (Table 1) as
observed previously for related surface-bound complexes on TiO,
(14, 15), but on a noticeably longer average timescale for 1 compared
with the model RuP, consistent with hole transfer to the catalyst.

nanolTO/TiO,-[Rul-Rull-OH,] ** -2
nanolTO/TiO,- [RuHx-Ru OHz] - 3]
nanolTO/TiO, (e )-[RuHI-RuH-OHz} SN

nanolTO/TiOx(e”)-[Ru}-Ruy'-OH,| 5+7

_—

nanolTO/TiO, (¢”)-[Rul-Ru™-OH,]**
nanolTO/TiO,- [Rul-Rull-OH,] *". [4]

The reaction sequence in Egs. 3 and 4, the mechanism of water
oxidation by the assembly in Scheme 1, and the microscopic
events illustrated in Fig. 1 reveal the underlying challenges to
efficient DSPEC water splitting: 1) Three single-photon, single-
electron excitation events are required for a single oxidative
activation cycle to reach the key precursor intermediate, [Ruj'-
RuY=0OP". 2) Under ambient sunhght in the nanostructured
films, the rate of solar insolation is 1-2 s, which limits the rate
of water oxidation to 0.25-0.5 s~

per O, given the stoichiometry

=

nanolTO

TiO

FTO

Fig. 1. lllustrating interface binding, assembly structure, and a kinetic scheme
following MLCT excitation of the chromophore in the assembly [((POsH,).bpy),
Rua(4—Mebpy—4’—bimpy)Rub(tpy)(OHz)]4+ (1) on core-shell nanolTO/TiO,. Ex-
citation of the chromophore is followed by electron injection, electron
migration through the core-shell structure, and intraassembly electron
transfer oxidation of the catalyst.

Alibabaei et al.

Mechanism of electrocatalytic water oxidation by 1in 0.1 M HCIO4 (11).

of the reaction (16, 17). With back electron transfer occurring on
a timescale of ps to ms, and three injection—oxidation cycles re-
quired to activate the catalyst, its reactive form is present in trace
amounts under ambient solar illumination and efficiencies for water
splitting are negligible. Photolysis of assembly 1 on mesoscopic thin
films of TiO, results in negligible photocurrents above background.

There are several competing processes at the photoanode that
dictate cell performance toward water splitting following in-
jection. One is back electron transfer. Another is the rate of
transport of injected electrons to the underlying FTO collector
electrode. For a micrometers-thick TiO, mesoscopic film typically
used in such applications, transport of the injected electrons
occurs on the ms timescale (15, 18). Achieving high DSPEC ef-
ficiencies requires either decreasing the rate of back electron
transfer to the assembly or the electron transit time through the
nanostructured film to the FTO electrode.

We report here a core-shell approach based on the latter. It
overcomes unfavorable interfacial electron transfer kinetics by
greatly decreasing the dimension of the TiO, layer while pre-
serving light absorption. In this approach, a thin layer of TiO; is
formed by ALD on the outside of an optically transparent
nanolTO or nanoATO (generically nanoTCO) substrate. The
latter are transparent conducting oxide (TCO) materials whose
preparations and properties are described elsewhere (19).

Fig. 3 shows a transmission electron micrograph (TEM) of a core—
shell structure consisting of a 3.6-nm layer of TiO, on a 3.2-um-thick
nanolTO film with individual ITO nanoparticles 40-50 nm in di-
ameter. In this and experiments described below, the core—shell
nanolTO/TiO; structure was prepared by 60 ALD cycles at 0.06 nm
per cycle to give the outer 3.6-nm shell. In these thin TiO, shells,
rapid electron injection and slow electron transport continue to oc-
cur. However, at these dimensions, the transit time through the
semiconductor to the conductive nanoTCO core is greatly decreased
with injected electrons reaching the nanolITO core. Electrons
injected into the outer TiO, layer are transported rapidly to the
FTO collector electrode for transmission through the external
circuit to the cathode for H, production. Stepwise excitation—
injection cycles build up the multiple oxidative equivalents at the
catalyst at the photoanode for oxidation of water to O,.

The photo-driven equivalent of Scheme 1 is shown in Scheme 2.
Under the conditions of the photolysis experiments—pH 4.6, 20
mM acetate/acetic acid buffer, 0.5 M LiClOs-oxidation of
—Rull-OH3" to —Ru'-OH3*, with pK, ; = 4.4, is followed by loss
of a proton to give RuIII OH>* (11).

H, Evolution and Photocurrent Measurements. Fig. 4 shows the
results of short-term, current-density—time measurements at the
photoanode of a photoelectrochemical cell (PEC) in pH 4.6, 0.5 M
LiClOy, 20 mM acetate/acetic acid buffer with 445-nm photolysis.
The cell consisted of a FTO|nanoITO/TiO,- [Rull-Rul'-OH,]**
core-shell photoanode and Pt wire as cathode (SI Text). As found
in previous studies (20, 21), the photocurrent was maximized with
an applied bias of 0.20 V vs. normal hydrogen electrode (NHE) to
match the potential for hydrogen evolution at the cathode.
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Fig. 2. Kinetics of absorbance changes probed at 450 nm following 3.2-mJ,
425-nm pulsed laser excitation for RuP- and 1-derivatized FTO|nanolTO/TiO,
electrodes immersed in argon-degassed, aqueous pH 4.6 solutions with 0.5
M LiClO4 and 20 mM acetate/acetic acid buffer at 22 + 1 °C. The first 10 ps
displayed here were collected in a separate experiment from the longer
timescale (i.e., out to 400 ps) data for improved data quality. Both data sets
are presented together here (dark gray, RuP; black, 1) with the fits shown in
red and blue, respectively.

Integrated light intensities under the conditions of the experiment
ranged from <10% to >90% of ambient sunlight at 100 mW/cm?.
Negligible photocurrents were observed under the same con-
ditions for the assembly on TiO,.

Fig. S2 shows the current-time behavior of the photoanode
over a photolysis period of 30 min with 445-nm (FWHM ~20 nm)
irradiation. In this experiment, evolution of H, at the cathode was
measured as described in SI Text. Over the course of the experi-
ment, the current decreased from 175 to 20 pA. Based on the light
absorbed by the assembly at the excitation wavelength, the
absorbed photon conversion efficiency was 4.4% calculated at
peak photocurrent. The estimated Faradaic efficiency for H,
production was ~86%. The decrease in photocurrent with time is
currently under investigation and appears to arise from an in-
stability toward ligand substitution in the Ru(III) form of the
chromophore in the assembly, TiO,-[Ru,™-]**. Note the change
in absorption spectrum before and after photolysis in Fig. S3.

0, Measurements. A modified version of the rotating ring-disk
electrode (RRDE) technique was used to measure O,. Murray and
coworkers have applied RRDE to the investigation of oxidation
electrocatalysis by iridium dioxide nanoparticles (22, 23). The
RRDE technique was used to establish rates and stoichiometries of
water oxidation by nanoITO—[Ru;I-Ru{,I-OHg]“; note Scheme 1
(11). In the RRDE experiments, a nanoparticle film of nanoITO
was deposited on the glassy carbon disk of the RRDE electrode
assembly by drop casting. In this experiment, oxygen generated at
the disk during oxidative scans is detected at the ring by reduction
of oxygen to water.

For the photo-RRDE experiment, we replaced the commer-
cially available glassy carbon disk electrode with a modified tita-
nium disk. Electrode preparation is reported in Materials and
Methods and is illustrated in Fig. 5. After depositing a nanoTCO
(ITO or ATO) layer onto the Ti disk, a 3.6-nm TiO, overlayer was
deposited by ALD resulting in a ranoTCO(core)-TiO,(shell)
nanostructure. ALD produced a uniform shell of TiO, on the
nanoTCO core; note the TEM image in Fig. 3. Fig. S4 shows
cyclic voltammograms for 1-, RuP-, and underivatized core—shell
nanolTO/TiO; electrodes at pH 4.6 with added 20 mM acetate/

20010 | www.pnas.org/cgi/doi/10.1073/pnas.1319628110

Table 1. Best-fit parameters to the triexponential decay
function shown below obtained from transient absorption
kinetic measurements with 450-nm monitoring at 22 + 1 °C with
3.2-mJ, 425-nm excitation for RuP- and 1-derivatized
FTO|nanolTO/TiO, electrodes immersed in aqueous pH 4.6
solutions with 0.5 M LiClO, and 20 mM acetate/acetic acid buffer

Complex A, T Ay T As T3 <>
10 ps
RuP 0.13 75ns 0.15 1.4 ps 0.71 36 ps 36 ps
1 046 30ns 0.17 546ns 0.38 88 pus 88 ps
400 ps
RuP 0.28 4 ps 0.36 35 ps 036 248 ps  219ps
1 043 05ps 0.16 46 ps 041 812ps  795ps

The first 10 ps and first 400 us were fit separately to independent triex-
ponential functions: AA = A;-exp(—t/tq) + Ay-exp(—t/ty) + Az-exp(—t/t3) with
<> = (A (1)) + Ap(12)” + Az (t3))(AT; + Ayt + Agts).

acetic acid buffer in 0.5 M LiClO, as electrolyte. RuP is the
monomeric model [Ru(4,4'-(PO3H,bpy)(bpy).]**.

The results of a photo-RRDE experiment on a core-shell
FTO|nanoATO/TiO,-1 electrode are shown in Fig. 6. As noted
above, the current at the disk arises from the 4e™ oxidation of
water (2 H,O - O, + 4 H"+ 4 ¢7) and the current in the Pt ring
from reduction of O, to H,O after it is formed, O, + 4 H + 4 e~
— 2 H,0. When the RRDE assembly is rotating (500 rpm), the
appearance of current at the ring demonstrates O, production at
the disk (Fig. 6). Although not yet quantitative, these experiments
do reliably and reproducibly demonstrate the production of O, at
the photoanode in tandem with H, production at the cathode (24).

Discussion

The observations made here, and the use of the core-shell
nanoTCO/TiO, configuration, provide the last piece of a puzzle
about how to exploit chromophore—catalyst assemblies in DSPEC
applications. The use of molecular assemblies is appealing be-
cause systematic synthetic changes and a modular approach can
be used to obtain desirable properties by rapid iteration (25). The

Fig. 3. TEM depicting the core-shell nanostructure made by 60 ALD cycles
of TiO, deposited onto a nanolTO film on FTO glass.

Alibabaei et al.
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Scheme 2. DSPEC water splitting with 1 on FTO|(core-shell)nanolTO/TiO, in pH 4.6, 20 mM acetate/acetic acid buffer, 0.5 M LiClO,.

final output of the DSPEC is dictated by local interfacial dynamics
with a core—shell advantage arising from the rapid transit of
injected electrons through the thin TiO, shell to the nanoTCO
core for transfer to the cathode.

Initial per photon absorbed quantum efficiencies are 4-5% but
with considerable latitude for improvement based on changes in
the assembly and solution conditions. The local microscopic dy-
namics that dictate performance—injection, back electron transfer,
competitive light absorption by the catalyst as Ru(II), rate of water
oxidation—are all subject to synthetic modification. At low light
levels, the cell dynamics are dictated by light absorption (Fig. 4), with
evidence for rate-limiting water oxidation as the incident intensity is
increased. Long-term instability of the assembly is being addressed

250
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Fig. 4. Current-density-time curves for photoelectrochemical experiments
performed at 22 + 1 °C using assembly 1 on a 3.6-nm TiO; shell formed by
ALD on nanolTO-coated FTO electrodes immersed in pH 4.6, 20 mM acetate/
acetic acid buffer (0.5 M in LiClOy4) as a function of 445-nm light intensity: 91
mW (red), 58 mW (black), 7.8 mW (blue). Experiments were performed in the
presence of air with 0.2 V vs. NHE applied voltage bias. Counter electrode, Pt
wire; reference electrode, Ag/AgCl (3 M NaCl; 0.207 V vs. NHE).

Alibabaei et al.

by modifying reaction conditions, the nature of the chromophore,
and stabilizing surface binding. The catalyst is stable toward water
oxidation for extended periods under the conditions of the experi-
ments as shown in the earlier electrochemical study (11).

Previous reports have appeared describing photocurrents and
water oxidation by various combinations of chromophores and
catalysts on TiO, (26-31), most notably by Mallouk and coworkers
(32), but typically with small photocurrents, low efficiencies, and
limited stabilities. The core—shell molecular assembly approach
described here offers a general platform for using chromophore—
catalyst assemblies and it should open the door to a host of DSPEC
applications.

Conclusions

We report here a nanoTCO-core-ALD-shell-chromophore—catalyst
assembly for photoelectrochemical water splitting. This could pro-
vide a general platform for a variety of applications in solar fuels,
green chemistry, and sensing.

Materials and Methods

Fabrication of nanoTCO|FTO Substrates. A 3-g sample of nanolTO (Lihochem,
Inc.) or nanoATO (Sigma-Aldrich Co.) powder was added to a mixture of
acetic acid (3 g) and ethanol (10 mL) giving a 5-M solution/suspension (22
wt %). After brief manual shaking, this mixture was sonicated for 20 min.
The colloidal suspension was further sonicated with a Branson ultrasonic
horn outfitted with a flat microtip (70% power, 50% duty cycle; 5 min). FTO
glass substrates, 4 cm x 2.2 cm, were prepared and cleaned by sonication in
ethanol (EtOH) for 20 min followed by acetone for 20 min. Kapton tape was
applied to one edge to maintain a defined area (1 cm x 2.5 cm). The
nanoTCO colloidal suspension was coated on FTO glass substrates by a spin-
coater (600 rpm, 10-s hold). nanolTO slides were annealed under air and
then under 5% H, with a method described previously (19). nanoATO slides
were annealed just under air for 1 h at 500 °C. Annealed films were mea-
sured to be 3.2 + 0.5 pm thick by surface profilometry. Once cooled to room
temperature, nanoTCO electrodes were derivatized by overnight (~16 h)
immersion into 0.1 M HNO; solutions containing ~107%-10"3 M Ru complex
(RuP or 1).

Preparation of Ti|nanoTCO/TiO, Disk Electrodes. Titanium rod (commercial
grade 2, McMaster-Carr Inc., model 89145K13) was machined into 4-mm-
thick, 5-mm-diameter cylinders. After cleaning by sonication in EtOH for
20 min followed by acetone for 20 min, the nanoTCO solution-suspension
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described above was drop cast onto the flat surface of Ti. The solvent mix-
ture was allowed to evaporate and the modified electrode was annealed
under the same conditions as described above. After annealing, the electrodes
were subjected to 60 ALD cycles TiO, to create the core-shell nanostructures;
Fig. S5. The resulting core-shell|Ti electrodes were further derivatized by
overnight (~16 h) immersion into 0.1 M HNOs solutions containing ~10-103M
Ru complex (RuP or 1). After dye loading, the modified electrodes were
assembled as the disk of the Pt ring-disk electrode assembly (Pine Instru-
ments Inc., model AFE6GRIPT).

RRDE. RRDE experiments were performed with a Pine Instruments bipo-
tentiostat (model AFCBP1) and rotator (model AFMSRCE). The working elec-
trode, namely the disk, was the previously described Ti|nanoTCO/TiO, metal
cylinder. The reference electrode, a standard Ag/AgCl electrode filled with 4 M
KCI (Pine Instruments, model RREF0021, 0.199 V vs. NHE), was inserted into
a double-junction reference port consisting of an electrolyte-filled, Vycor-tip-
ped glass tube immersed in the primary electrolyte bath. The double junction
was used to avoid chloride contamination of the primary electrolyte. The
counter electrode, a platinum wire coil, was placed into an isolated glass tube
with fine glass frit separator (Pine Instruments, model AFCTR5). The center of
the exposed face of the working disk electrode was illuminated via the light
output of a diode-pumped solid-state (DPSS) laser (Laserglow Inc., model LRS-
0473-PFM-00100-05, 3.3 mW, 473 nm, 2-mm beam diameter). The laser was
cycled on—off by electronic transistor-transistor logic (TTL) triggering from
a pulse generator (Stanford Research Systems Inc., model DG535). Laser output
power was determined using a Coherent FieldMax II-TOP power meter and
Coherent LM-2 VIS power head.

All RRDE experiments were performed at 22 + 1 °C by immersing the RRDE
electrode assembly in aqueous solutions at pH 4.6 (20 mM acetate-acetic
acid buffer, 0.5 M LiClO,) deaerated by bubbling with nitrogen gas for 20
min before experiments with the headspace continuously purged with ni-
trogen gas during experiments. The rotation rate of the RRDE electrode
assembly was 500 rpm. Linear sweep voltammetry experiments in oxygen-
saturated solutions were performed by using the platinum ring as the
working electrode.

Nanosecond Transient Absorption Spectroscopy. Transient absorption mea-
surements used a commercially available laser flash photolysis apparatus
(Edinburgh Instruments, Inc., model LP920) with laser excitation (425 nm,
3.2 mJ, 8-mm diameter, 5-7-ns FWHM) provided by a pulsed neodymium-
doped yttrium aluminum garnet (Spectra-Physics, Inc., model Quanta-Ray LAB-
170-10)/optical parametric oscillator (VersaScan-MB) laser combination. The
repetition rate of the laser was matched to the rate at which the probe source
was pulsed (i.e., intensified 50-fold compared with nonpulsed output), typ-
ically 1 Hz, although the laser flashlamps were fired at 10 Hz. Timing of the
experiment was PC controlled via Edinburgh software (L900). The white light
output of the LP920 probe source, a 450-W Xe lamp, was passed through
a 40-nm long-pass color filter before passing through the sample. The LP920
was equipped with a multigrating detection monochromator outfitted
with a Hamamatsu R928 photomultiplier tube (PMT) in a noncooled housing
and a gated CCD (Princeton Instruments, PI-MAX3). The detector was soft-
ware selectable with the PMT for monitoring transient absorption kinetics at

500 rpm g‘;

RRDE assembly

Pt

Ti disk
nanoTCO

Fig. 5. lllustrating the photo-RRDE experiment with a Ti disk and nanoTCO/
TiO, core—shell structure derivatized with -[Rul-Ruf-OH,]*" (1).
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Fig. 6. Current density response of the photo-RRDE disk and Pt ring elec-
trodes at pH 4.6, 20 mM acetate/acetic acid buffer (0.5 M LiClO,) with as-
sembly 1 on the surface of a 3.6-nm TiO, shell deposited by ALD onto
a nanoATO-coated Ti disk electrode. The rotation rate of the RRDE electrode
assembly was 500 rpm. The applied voltage at the disk was held at 1 V while
the potential at the platinum ring electrode was held at —0.35 V for O,
detection (V vs. Ag/AgCl 4 M KCl reference, 0.199 V vs. NHE); note ref. 24.
Illumination was provided by the continuous output of a 473-nm DPSS laser
(3.3 mW, LaserGlow model LRS-0473-PFM-00100-03). Light was cycled on or
off through electronic TTL triggering of the laser.

a single wavelength (10-ns FWHM instrument response function, reliable
data out to 400 ps, 300-900 nm) and the gated CCD for transient spectra
covering the entire visible region (400-850 nm) at a given time after exci-
tation with a typical gatewidth of 10 ns. For PMT measurements, spectral
bandwidth was typically <5 nm with color filters placed after the sample but
before the detection monochromator to eliminate laser scatter. Single-
wavelength kinetic data were collected by averaging 10-100 sequences where
one sequence refers to collection of laser-only data followed by pump—probe
data. For timescales >10 ps, the probe-only data were also collected within the
sequence because the strategy of using the linear portion before excitation to
extrapolate the light intensity in the absence of the laser pulse was no longer
valid due to a nonlinear temporal output of the pulsed probe source when
viewed on longer timescales. Kinetic data were analyzed by using SigmaPlot
(Systat, Inc.), Origin (OriginLab, Inc.), or L900 (Edinburgh, Inc.) software. Data
were collected at room temperature (22 + 1 °Q).

Sample Preparation. Transient absorption experiments were performed on
samples prepared in the following manner. Derivatized FTO|nanoTCO/TiO,
electrodes (overall FTO slide size: 1.1 cm x 4.4 cm x 2.2 mm; the nanoTCO/
TiO, film covered a 1.1 cm x 1 cm area positioned at the lower end of the
face of the slide) were inserted diagonally into a 1-cm path length cuvette
that had been modified to incorporate a #15 O-ring joint at the top of the
cuvette. Four mL of pH 4.6 (20 mM acetate buffer, 0.5 M LiClO,) solution
were then added to the cuvette such that the derivatized portion of the FTO
slide was completely immersed. The cuvette was sealed by attaching

Alibabaei et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319628110/-/DCSupplemental/pnas.201319628SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1319628110

L T

/

1\

BN AS  PNAS D)

a separate Pyrex piece, via a mating #15 O-ring joint, modified with a side-
arm and a Kontes vacuum-rated Teflon valve at the top. An argon (industrial
grade, National Welders) degassing station consisting of a homebuilt glass
manifold and inline oxygen scrubber, OxiClear model DGP250-R1, was used
to bubble oxygen-free, argon gas through the solution via small Teflon
tubing inserted through the sidearm for at least 45 min just before laser
experiments to minimize effects due to the presence of oxygen. UV-visible
absorption of samples was monitored before and after laser experiments to
track assembly desorption—decomposition.
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