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In photosynthesis, solar energy is used to produce solar fuels in the form of new chemical bonds. A critical
step to mimic photosystem Il (PS 11), a key protein in nature's photosynthesis, for artificial photosynthesis is
designing devices for efficient light-driven water oxidation. Here, we describe a single molecular assembly

electrode that duplicates the key components of PSII. It consists of a polypyridyl light absorber, chemically
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core/shell electrode. The synthetic device mimics PSII in achieving sustained, light-driven water oxidation
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Introduction

A central goal in artificial photosynthesis is storing solar energy
from sunlight in chemical bonds." Fujishima and Honda first
demonstrated that direct band gap excitation of the semi-
conductor, TiO,, led to water photolysis and a pathway for solar
energy conversion based on water splitting (2H,0 — O, + 2H,).°
The use of semiconductor electrodes has continued to evolve
with progress made in improving light absorption, charge
separation, charge transport, and catalysis rates at semi-
conductor surfaces.”™ The latter includes the development of
dye-sensitized photoelectrosynthesis cells (DSPECs) that inte-
grate separate semiconductor electrodes with molecular
complexes for light absorption and catalysis."*>* With this
approach, each component in a DSPEC can be investigated
separately, finely tuned to maximize performance, and then
integrated with a semiconductor(s) in an appropriate surface
architecture.

DSPEC cells typically utilize chromophores and catalysts that
readily attach to oxide surfaces, have high light absorption and

“Engineering Laboratory of Advanced Energy Materials, Ningbo Institute of Industrial
Technology, Chinese Academy of Sciences, Ningbo, Zhejiang 315201, China. E-mail:
wangdegao@nimte.ac.cn

*Qianwan Institute of CNITECH, Zhongchuangyi Road, Hangzhou Bay District,
Ningbo, Zhejiang, 315336, China

‘Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill,
NC 27599, USA

“Department of Chemistry, Emory University, Atlanta, GA 30322, USA

‘Chemistry Division, Brookhaven National Laboratory, Upton, New York 11973, USA

/State Key Laboratory of Fine Chemicals, Dalian University of Technology, Dalian

116024, China
f Electronic supplementary information (ESI) available: Further details of the
experiments. See DOI: 10.1039/d1s5c03896f

© 2021 The Author(s). Published by the Royal Society of Chemistry

catalysis in artificial photosynthetic devices.

strong oxidizing potentials for driving water oxidation at
molecular catalysts.'***?¢ Although significant progress has
been made in this area, especially with the development of
ultra-fast catalysts by Sun and co-workers, stabilization of
DSPEC devices may present the most significant current
bottleneck in practical applications. In Nature, the photosyn-
thetic reaction center evolved over millions of years with water
oxidation occurring in the photosystem II (PSII) protein. This
protein is responsible for light-driven water oxidation (2H,O —
O, + 4H" + 4e7) in nature."¥-** Mimicking the natural system is
an inspiration for chemists but given, its high molecular weight
and structural complexity, has presented major chal-
lenges.”>*'*3 PSII is a complex molecular assembly, but its basic
components are a spatially extended, light-absorbing chloro-
phyll array, a P680 chlorophyll acceptor, a tyrosine mediator,
and an oxygen-evolving catalyst (OEC), as illustrated in Scheme
1.34—40

The simplicity of the photo-
electrochemical approach described here is notable for
achieving many of the key components of PSII. A chromophore,
bound to a semiconductor surface, is excited to create a molec-
ular excited state. The excited state then undergoes electron
transfer to a SnO,/TiO, semiconductor electrode, with an
internal core/shell structure that facilitates electron transfer to
a photocathode for water reduction.**** The oxidative equiva-
lents from the chromophore undergo intra-assembly electron
transfer to a water oxidation catalyst either directly or via
a mediator where water oxidation finally occurs. Because of
their relatively high visible absorptivity, and high stabilities in
aqueous solutions, polypyridyl Ru(ir) complexes have been used
as the light-absorbing chromophores (Chrom) in the prepara-
tion of these types of assemblies where they are co-loaded with,
or chemically linked to catalysts (Cat) for water oxidation.

relative molecular
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Scheme 1 (Top) Structure and direction of electron flow in the dye sensitized photoelectrosynthesis cell (DSPEC), FTO\SnOleiOZ\—Ru”Pﬁ'-
PA)(Cat)?*. The structure omits the external, stabilizing polymer, 4,5-difluoro-2,2-bis(trifluoromethyl)1,3-dioxole (AF). In the final assembly, Cat is
a derivative of a Ru(i)-2,2’-bipyridine-6,6-dicarboxylate based catalyst for water oxidation and TPA is a derivative of tri-phenyl amine. (Bottom)
Illustrating the related components in PSII with arrows indicating the direction of light-driven electron transfer following excitation of the external

chromophore.

The reaction sequence for water oxidation is illustrated in
eqn (1)-(3). It is based on a chromophore-catalyst assembly
formed on a SnO,/TiO, core/shell electrode. In the reaction
sequence for water oxidation, the surface-bound chromophore
is excited and undergoes electron transfer to TiO, followed by
electron transfer to an inner SnO, layer driven by the lower
conduction band of SnO, compared to TiO,. Electrons removed
from SnO, at the back contact produce the photocurrent that is
transferred to an external cathode for proton or CO,
reduction.**®

SnO,/TiO,|Chrom,Cat + v —
SnO,/TiO5(e™)|Chrom™,Cat, excitation and injection (1)

SnO,/TiO5(e”)|Chrom™,Cat —
SnO,(e”)/TiO,|Chrom,Cat”, intra-film electron transfer (2)

SnO,(e”)/TiO,|Chrom,Cat”™ — e~ —
SnO,/TiO,|Chrom,Cat*, photocurrent (3)

In PSII, a sequence of multi-step electron transfers controls
the kinetics and balances the oxidation-reduction reactions.*
The four underlying redox reactions leading to water oxidation
all occur on the millisecond timescale.**** In comparing the
surface activation cycle in eqn (1)-(3) with PSII, a missing
component in many artificial photosynthesis devices is the
addition of a mediator that mimics the tyrosine-histidine redox
couple in PSIL.>** In the analogous reactions in eqn (4)-(6) for

14442 | Chem. Sci, 2021, 12, 14441-14450

the DSPEC phoroanode an additional redox couple (Donor)
added to the DSPEC plays a key role mediating electron transfer
between the oxidized chromophore and catalyst which mimicks
the role of tyrosine as an electron transfer mediator in PSII.*>**

SnO,/TiO,|Chrom,Donor,Cat + v —
SnO,/TiO,(e~)|Chrom,Donor™,Cat (4)

Sn0,/TiO5(e™)|Chrom,Donor*,Cat —
SnO,(e”)/Ti0,|Chrom,Donor,Cat* (5)

SnO,(e”)/TiO,|Chrom,Donor,Cat™ — e~ —
SnO,/Ti0,|Chrom,Donor,Cat” (6)

In PSII, tyrosine inhibits back electron transfer from the
oxidized catalyst and stabilizes the assembly by storing tran-
sient oxidative equivalents near the catalyst. In addition the
proton-coupled electron transfer (PCET) reaction at the tyro-
sine-histidine which influences the oxidizing power of the
redox couple, also plays a role in the dynamics of charge sepa-
ration and alters the hydrogen bonding environment near the
active site of the catalyst.>® Nevertheless, in the model here the
primary focus is the role as a one-electron transfer mediator. In
filling this role in the molecular model, the redox potential for
a mediating couple should fall between the ground-state
potential for the chromophore and the redox couple(s) of cata-
lyst associated with the rate-limiting step in water oxidation
catalysis. Intervention of the mediator, therefore, may occur in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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any or all of the four photoactivation steps typically associated
with the 4e™ oxidation of water. It is also desired that the
different redox states of the mediator be optically transparent in
the visible and have good stability in both redox states in
aqueous solutions. Triphenylamine (TPA) was chosen here
because it meets many of these desired properties.

In mimicking PSII, we describe here a chemical approach
based on the reactions in eqn (4)-(6). It utilizes a semi-
conductor-surface assembly that mimics PSII by adding an
electron transfer mimic for tyrosine to complete the PSII model.
In the final electrode, an external ~5 nm thick TiO, shell was
used as an external layer on an internal SnO, core on a fluorine-
doped tin oxide (FTO) electrode. A derivative of the polypyridyl
Ru(n) complex, [Ru(bpy);]**, with bpy = 2,2-bipyridine, was
used as the light absorber with a triphenylamine derivative as
the electron transfer donor and mediator.>”*® The catalyst for
water oxidation was a derivative of the Ru(u)-2,2’-bipyridine-6,6-
dicarboxylate based, Ru(bda)(py), (py, pyridine), first described
by Sun and co-workers, and, as mentioned above, notable for
their rapid rates of oxygen evolution.*** The final assembly was
stabilized by adding a 1-2 nm overlayer of the fluorinated
DuPont AF polymer, 4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-
dioxole, which creates an external hydrophobic environment
with the structure shown in Fig. S1.1%

As shown in Scheme 1, in the final electrode assembly,
FTO|SnO,/Ti0,|-Ru"P(TPA)(Cat)**|AF, the key elements of PSII
are included in a working photoelectrode for water oxidation. In
a 0.1 M phosphonate buffer solution at pH 7 in 0.4 M NaClOy,,
with an applied bias of 0.6 V vs. NHE, the electrode produced O,
with an efficiency of 83% and an IPCE value of 10.9% at its
absorption maximum of 460 nm.

Results and discussion

Film characterization

Mesoporous films of nanoITO, TiO,, ZrO, and SnO,/TiO,, for
spectral and electrochemical measurements, were prepared by
known literature procedures.*®® In brief, a TiO, paste, prepared
by using a known literature procedure, was deposited on FTO
glass with a sheet resistance of 15 Q sq~* by using a doctor
blading method on a layer of Scotch tape. Following a heat
treatment, films of 4 micron and 20 nm TiO, nanoparticle films
were produced.®® Four micron, 20 nm particle ITO films utilized
the same procedure but with different paste compositions, as
reported in the literature.®”-*® A nanoSnO, paste, and films with
core-shell SnO,/TiO, (4 micron, 20 nm) structures, were coated
with ~4.5 nm TiO, layers by using atomic layer deposition,
Fig. S2 and S3.17°™

Absorption spectra

Formation of assemblies on oxide surfaces was monitored by
UV-visible measurements in air. Results are shown in Fig. 1 for
films of FTO|TiO,|-TPA, FTO|TiO,|-Ru"P(Cat)>*, FTO|TiO,|-
Ru"P(TPA)(Cat)**, and the electrode substrate, FTO|TiO,. The
absorption spectrum for FTO|TiO,|-Ru™P>* includes the ex-
pected metal-to-ligand charge-transfer (MLCT) absorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Absorption spectra for FTO\TiOz\—Ru”P(Cat)2+, before (black),
and after addition of TPA to give FTO|TiO,|-Ru"P(TPA)(Cat)?*. Spectra
of the related electrodes, FTO|TIO, (gray) and FTOI|TiO,|-TPA, after
TPA deposition (blue) are also shown. The spectra were obtained at
room temperature in air.

maximum at 460 nm, Fig. S4.13>7® Addition of the catalyst to
give the assembly, FTO|TiO,|-Ru""P(Cat)*", results in additional
features in the spectrum from the catalyst.’®*

The extent of surface loading, I, was determined by
absorption measurements with, I' = A/(¢ x 1000), and A the
absorbance at the wavelength of interest, ¢ is the molar
extinction coefficient, and I' is the surface coverage in mol
ecm 2. Following the surface loading procedures described in
the Experimental, surface loading of the molecular was, I' =5 x
10~% mol cm 2, based on measurements at 460 nm of chro-
mophore with (460 nm) = 1.60 x 10* M~' cm ' and catalyst
absorptivity at 460 nm of 0.55 x 10 M™' cm™'.3%3% The
loading level was comparable to surface loading levels for fully
loaded surfaces of TiO,|-Ru™P?*.”%”” As expected, addition of
the TPA electron transfer donor to the assembly to give,
FTO|TiO,|-Ru"P(TPA)(Cat)**, resulted in no significant change
in the visible spectrum but with evidence for the added donor in
the UV, Fig. 1.7

Electrochemistry

Aqueous solution cyclic voltammograms were obtained for the
derivatized electrodes at pH 7.0 in 0.1 M phosphonate buffers,
in 0.4 M in NaClO, on fully loaded planar FTO glass electrodes
using a Ag/AgCl (3 M NaCl) as the reference electrode, Fig. S5-
S7.7 For the electrode FTO|-Ru""P**, a reversible wave appeared
for the Ru(mi/i) couple at E;»,(Ru™™) = 1.35 V vs. NHE at a scan
rate of 50 mV s~ *. For FTO|-TPA, the TPA/TPA"" couple appeared
at 1.08 V vs. NHE.

For the catalyst couples in the assembly, FTO|-Ru"P(Cat)**,
voltammograms at pH 7 are pH dependent, as they are for
model complex Ru(bda)(py),. Oxidation from Ru(u) to Ru(u)
occurs with proton loss at a bound aquo ligand to give Ru™-
OH>" (Cat') at E;;, = 0.7 V; further oxidation to Ru™V=O0H>"
(Cat”) then occurs at 0.9 V.**”® These oxidations are followed by
a pH-dependent oxidation of Ru(v) to Ru(v) at ~1.0 V to form
Ru = O (Cat”).” The latter triggers water oxidation giving O,

Chem. Sci., 2021, 12, 14441-14450 | 14443
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with regeneration of the catalyst.®*”® Water oxidation occurs
through an unstable, peroxo-bridged intermediate which
decomposes and releases O,.°%%%"

X-ray photoelectron spectroscopy (XPS)

To further confirm the characterization of the final assembly on
metal oxide surfaces, X-ray photoelectron spectroscopy (XPS)
was used to investigate interfacial elemental compositions for
the surface-based structures. Based on the data shown in
Fig. 8,1 the Ru/P ratio was 0.55 in FTO|SnO,/TiO,|-Ru"P(Cat)**
and 0.32 in FTO|SnO,/TiO,|-Ru"P(TPA)(Cat)>*. Both were
consistent with the proposed compositions of the final
assemblies.

Photostability

The photo-stabilities of the assemblies, with the added 10-20 A
Dupont (AF) polymer overlayer, were evaluated by procedures
described earlier.®** Derivatized electrodes were exposed to
constant irradiation at 455 nm (fwhm ~ 30 nm, 475 mW cm ™ ?)
in aqueous 0.1 M phosphonate at pH 7 solutions, 0.4 M in
NaClO,. Absorption spectra (360-800 nm) were obtained every
15 min over 16 h periods of irradiation; results are shown in
Fig. S9 and S10.f They demonstrate a significant enhancement
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in surface stability for the assemblies with the added aniline
donor. As shown in Fig. 24, following a 16 h irradiation period,
the surface coverage of the chromophore FTO|TiO,|-Ru"P**|AF
had decreased to nearly zero but the decrease was only 50% for
FTO|TiO,|-Ru""P(TPA)**|AF (Fig. 2A).

Addition of the TPA donor stabilizes the excited state at pH 7.
Earlier results on the transient FTO|TiO,(e)|-Ru™P**, showed
that it was unstable toward long term hydrolysis of the bipyr-
idine ligands on Ru(m) based chromophore.””*>* With the
added triphenylamine derivative, excitation and quenching give
FTO|TiO,(e)|-Ru™P(TPA)**|AF. The Ilatter is followed by
transfer of the oxidative equivalent to the triphenylamine
derivative to give |-Ru™P>*(TPA*")**|AF, with the latter stabi-
lizing the transient excited state.

Water oxidation

Core-shell SnO,/TiO, electrodes, with 1-2 nm overlayers of the
external polymer film AF, as described above, were used as
photoanodes in photoelectrochemical water splitting cells. The
photocurrent response with and without the added TPA elec-
tron donor was comparable for FTO|SnO,/TiO,|-Ru"P(Cat)**|AF
and FTO|SnO,/TiO,|-Ru"P(TPA)(Cat)**|AF. Water oxidation was

investigated by using a standard three-electrode

T b T T 3 T I T 2 T
B 1o ——FTOISnO,/TiO,|-Ru'P(Cat)'|AF
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Fig. 2 (A) Variations in surface coverage with time for the electrodes, FTO|TiO,|—Ru"P?*|AF and FTO|TiO,|—Ru"P(TPA)?*|AF with 455 nm, 475
mW cm~2 photolysis over 16 h periods in aqueous, pH 7, 0.1 M phosphonate buffers in 0.4 M NaClO,. Loss from the surface was monitored by
following absorbance changes at 450 nm for the chromophore with corrections for light scattering by TiO,. (B) Current density—time (j—t) traces
over 150 s dark-light cycles for water oxidation by FTO|SnO,/TiO,|—Ru"P(Cat)?*|AF (black) and FTO|SnO,/TiO,|—Ru"P(TPA)(Cat)?*|AF (red) at an
applied bias of 0.6 V vs. NHE in 0.1 M phosphonate buffers in 0.4 M NaClO,4 at pH 7.0. (C) A 3 h photoelectrochemical water oxidation cycle for
FTO|SnO,/TiO,|-Ru"P(TPA)(Cat)?*|AF illuminated under the same conditions as in (b) compared to an electrode without the TPA donor. (D) IPCE
(Incident Photon-to-Electron Conversion Efficiency) results for FTO|SnO,/TiO,|—Ru"P(TPA)(Cat)?*|AF, at an applied bias of 0.6 V at pH 7.0 in
a 0.1 M phosphate buffer. A 400 nm cut-off filter was used to mimic the conditions used in the current—time experiments.
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photoelectrochemical cell with 1 sun illumination (100 mW
cm™?, 400 nm cut off filter) in 0.1 M phosphonate buffers in
0.4 M NaClO, at pH 7.0. The working electrodes were integrated
with a platinum wire counter electrode and a Ag/AgCl (3 M
NaCl) reference electrode.

As shown by the data in Fig. 2B, a comparison of photocurrents
for FTO|SnO,/TiO,|-Ru"P(TPA)(Cat)**|AF and |-Ru"P(Cat)**|AF,
at early times, shows that initial photocurrents were higher for the
donor-free electrode but that they decreased by a factor of ~2 over
a period of minutes. With the donor-containing photoelectrode,
the photocurrent increased slightly over the initial stages in the
water oxidation cycle and reached a maximum at 0.58 mA cm™ >,
From the data in Fig. 2C, comparison of long-term photocurrents
with and without the added electron transfer donor, is notable. It
points toward an important role for the added electron transfer
donor to impart an element of stability to the assembly on the
electrode surface.

The stabilities of the photoanodes and their ability to
produce O, for extended periods was explored by using
a collector-generator, dual working electrode.®””*° For FTO|SnO,/
TiO,|-Ru"P(TPA)(Cat)**|AF, O, appeared as a product with
a 83% efficiency over an electrolysis period of 3 h, Fig. S11.F After
3 h of continuous illumination, the assembly had a photocurrent
density of 0.12 + 0.02 mA cm ™, Fig. 2. As a control, the electrode
FTO|Sn0,/TiO,|-Ru"P(Cat)**|AF had a photocurrent density of
85 uA cm ™2 and an O, production efficiency of 75% for 1 hour
measurements under the conditions described above. A slight
photocurrent density increase was noted at the beginning of the
test due to local ionic equilibration.

Incident photon-to-current efficiency (IPCE) measurements,
as a function of excitation wavelength, for FTO|SnO,/TiO,|-
Ru"P(TPA)(Cat)**|AF, at an applied bias of 0.6 V vs. NHE, are
shown in Fig. 2D. The IPCE profiles overlap with the MLCT
absorption profile for the chromophore, consistent with solar
conversion initiated by light absorption by the chromophore.
Based on the data in Fig. 2D, the IPCE value for FTO|SnO,/
TiO,|-Ru"P(TPA)(Cat)**|AF was 10.9% at the absorption
maximum for the assembly at 460 nm.

Photo-physics

Transient absorption measurements were used to understand
the events occurring after MLCT excitation of the assemblies:
FTO|SnO,/TiO,|-Ru"P**|(AF),  FTO|SnO,/TiO,|-Ru™P(TPA)*"
|(AF), and FTO|SnO,/TiO,|-Ru"P(Cat)**|(AF), and of the
complete assembly, FTO|SnO,/TiO,|-Ru"P(TPA)(Cat)**|(AF). As
noted below, in analyzing the data, the majority of microscopic
events following -Ru"P?" excitation occur on the sub-
microsecond timescale. Based on previous studies on
-Ru"P**, and of assemblies on SnO,/TiO, core-shell electrodes,
at the ~4-5 nm thickness of the outer TiO, shell used in the
core-shell experiments, the excited electron is largely trapped in
the initial TiO, layer on the sub-microsecond timescale.”***
Transient excitation of FTO|SnO,/TiO,|-Ru"P**|(AF) at
400 nm occurs with the instantaneous bleach of the metal-to-
ligand charge transfer absorption for the Ru(u) chromophore
at 470 nm to give the excited state, -Ru""P>**. On the inert oxide

© 2021 The Author(s). Published by the Royal Society of Chemistry
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matrix ZrO,, free of surface quenching events, the lifetime of the
excited state, was ~55 ns, Fig. S12 and Table S1}. On FTO|SnO,/
TiO,|-Ru""P**|(AF), the excited state undergoes rapid electron
injection into the oxide film, followed by back electron transfer,
FTO|SnO,/TiO,(e~)|-Ru™P**|(AF) - FTO|SnO,/TiO,|-
Ru"P**|(AF). As found in earlier studies on related surfaces, the
kinetics for both electron injection and back electron transfer
were biphasic, see below.”**

Following excitation, TiO,(e ) has an intra-band absorption
in the mid infrared. Observations in this spectral region were
carried out by transient visible pump/mid-IR probe experiments
on CaF,|Sn0,/Ti0,|-Ru"P**|(AF), Fig. $13.1°*° Quantitative
analysis of the kinetics data, probed at 5 um, gave a time
constant of 124 fs for electron injection and 56 ps for decay due
to recombination and trapping. As noted in earlier transient
studies in the visible, recombination can be monitored by
following the recovery of the ground state bleach.***® Transient
studies showed that 30% of the bleach recovery occurred with
a 56 ps time constant, consistent with the IR decay data (Fig.-
S13Ct). The remaining decay component that was observed
arises from back electron transfer to the oxidized chromophore,
|[-Ru™P**, on the nanosecond to microsecond timescales,
Fig. 3E and S14.f Analysis of the data, based on a KWW analysis,
gave a lifetime of, 1 = 188 + 5 ps.
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Fig. 3 Transient absorption spectra for the assemblies, (A) FTO|SnO,/
TiO,|-Ru"P?*|(AF), (B) FTO|SnO,/TiO,|—Ru"P(TPA)?*|(AF),  (C)
FTO|SNO,/TiO,|—Ru"P(Cat)?*|(AF), and (D) FTO|SnO,/TiO,|-Ru"P(T-
PA)(Cat)**|(AF). Kinetics were evaluated at 470 nm at the ground state
bleaches, note (E), and at 680 nm, in (F), for absorption by the TPA
radical. The samples were excited at 400 nm with pulse energies of
100-300 pd cm~2in air.
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The donor-containing assembly, FTO|SnO,/TiO,|-Ru™P(T-
PA)*'|AF, was investigated to explore the kinetics of electron
transfer from the oxidized sensitizer to TPA. Ultrafast excitation
of FTO|-Ru"P(TPA)**|(AF) results in electron transfer from the
sensitizer to the electrode. Excitation is followed by intra-
assembly electron transfer to the TPA donor to give FTO|SnO,/
TiO,(e)|-Ru™P(TPA*")**|(AF). The appearance of TPA™ as an
intermediate was shown by the appearance of a transient
absorption feature with a maximum at ~680 nm, Fig. 3B.>” The
sequence of events following excitation is summarized in eqn
(7)~(9). As noted below, the final back electron transfer in eqn
(9) is sufficiently slow, that it follows after internal electron
transfer equilibration in the core/shell.

FTO|SnO,/TiO,|-Ru""P(TPA)** *|(AF) —
FTO|SnO,/TiO5(e )|-Ru™P(TPA)**|(AF) (7)

FTO|SnO,/TiO,(e " )|-Ru™P(TPA)**|(AF) —
FTO|SnO,/TiO5(e )|-Ru"P(TPA*")**|(AF) (8)

FTO|SnO,/TiO,(e")|-Ru"P(TPA™")**|(AF) —
FTO|SnO,(e " )ITiO,)|-Ru"P(TPA*")**|(AF) —
FTO|SnO,/TiO,|-Ru"P(TPA)**|(AF) (9)

In comparing transient results, the appearance of the ground
state bleach in FTO|SnO,/TiO,|-Ru™P(TPA)**|AF, Fig. 3E, is
decreased in magnitude compared to FTO|SnO,/TiO,|-
Ru"P”*|(AF). The decrease is due to hole transfer in the aniline-
containing assembly from the oxidized chromophore to the
aniline donor. Based on an analysis of the data in Fig. S15,1
oxidation of the initial transient, FTO|SnO,/TiO,(e”)|-
Ru™P(TPA)*" to FTO|SnO,/TiO,(e”)|-Ru"P(TPA*")**, eqn (8),
occurs with a lifetime of ~830 ps. Back electron transfer from
the electrode to the external aniline cation to give the ground
state, eqn (9), occurs following internal electron equilibration of
the core-shell with a lifetime of ~17 ps, Fig. S15C.7

Given the spectral properties of the catalyst, in the catalyst-
containing  assembly,  FTO|SnO,/TiO,|-Ru"P(Cat)**|(AF),
there were no spectral probes for the direct observation
of hole transfer from the excited state to the catalyst,
FTO|-Ru™P(Cat)**|(AF) — FTO|-Ru"P(Cat')**|(AF). However,
the ground state bleach recoveries in Fig. 3B, C, E and S16} are
more rapid than in FTO|SnO,/TiO,(e)|-Ru"™P|**(AF). The latter
is consistent with hole transfer to the catalyst and the reaction
sequence in eqn (10)-(12). Analysis of the kinetics in Fig. S16B,}
assuming return of the added electron from hole transfer to the
catalyst, gave a lifetime of ~28 ps. The lifetime for back electron
transfer to the oxidized catalyst, following internal equilibration
of the core/shell, eqn (12), was ~64 ps, Fig. S16A.T

FTO|SnO,/TiO,|-Ru"'P*(Cat)**|(AF) —

FTO|SnO,/TiO,(e”)|-Ru™P(Cat)**|(AF) (10)
FTO|SnO,/TiO,(e")|-Ru™P(Cat)** |(AF) —
FTO|SnO,/TiO5(e")|-Ru"P(Cat)**|(AF) (11)
FTO|SnO,/TiO,(e )| -Ru""P(Cat')**|(AF) —
FTO|SnO,/TiO,|-Ru"'P(Cat)**|(AF) (12)

14446 | Chem. Sci, 2021, 12, 14441-14450

View Article Online

Edge Article

In the complete assembly, FTO|SnO,/TiO,|-Ru"P(TPA)(-
Cat)**|(AF), transient data were used to investigate hole transfer
between TPA™ and the catalyst, eqn (14), by the excitation-
reaction sequence in eqn (13)-(15). In evaluating the dynamics
for intra-assembly electron transfer, FTO|SnO,/TiO,(e”)|-
Ru™P(TPA)(Cat)**| - FTO|SnO,/Ti02(e )|~
Ru"P(TPA*")(Cat)**|, eqn (14), decay of the TPA*"" at 680 nm,
Fig. S17t1 and 3F, occurs by a more rapid, ground state bleach
recovery, Fig. 3E. Based on the data, an estimate for the time-
scale for hole transfer from the catalyst to TPA of ~3.6 ns was
obtained by analysis of the TPA radical kinetics. The data are
shown in Fig. S17.+

FTO|SnO,/TiO,(e")|-Ru™P(TPA)(Cat)**|(AF) —

FTO|SnO,/TiO(e—)|-Ru"P(TPA*")(Cat)**|(AF) (13)
FTO|SnO,/TiO5(e")|-Ru"P(TPA™")(Cat)**|(AF) —
FTO|SnO,/TiOx(e")|-Ru""P(TPA)(Cat')**|(AF) (14)

FTO|SnO,/TiO,(e )| -Ru""P(TPA)(Cat')**|(AF) —
FTO|SnO,/TiO,|-Ru""P(TPA)(Cat)**|(AF) (15)

The kinetics data summarized here were limited to the first
stage in the overall cycle for water oxidation assuming the
reactions in eqn (13)-(15). Timescales and rate constants for
the individual steps, as observed for the individual assemblies
by TA measurements, are summarized in Scheme 2 and Table
S3.1 The exact role of the mediator, which may play a larger
role in the 2™, 3™ or 4™ photoactivation steps of the catalyst,
are difficult to ascertain from the current experiments. The
initial one-electron oxidation of the catalyst from Ru(u) to
Ru(m) is likely not a significant contributor to the device
performance and can be readily achieved by the chromophore
alone in the 1°" photoactivation step based on the current
kinetic measurements. The TPA mediator likely plays a greater
role in either activating the catalyst or storing oxidative
equivalents in later stages of the water oxidation catalytic cycle
not probed here.

e Ru’

085V

SnO/TiO))

Conduction Band

Catalyst activation for
water oxidation

TPA™/TPA

1.08 V

— 2
135V

Scheme 2 Redox potential diagram based on kinetic studies of the
component assemblies and of the final assembly, FTO|SnO,/TiO,|-
Ru"P(TPA)(Cat)?*|(AF) vs. NHE, for the first step in the water oxidation
cycle. The range of potentials for the three electrons transfer activation
of the catalyst is also shown.
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Discussion

A DSPEC was prepared and characterized with an integrated
semiconductor-molecular assembly that mimicked PSII's
ability to use visible light to drive water oxidation to O,. The core
of the assembly utilized a derivatized polypyridyl complex of
Ru(u) which served as both the light absorber and as a scaffold
for the assembly of multifunctional units for water oxidation.

Flash photolysis experiments on component assemblies, and
on the final assembly, |SnO,/TiO,|-Ru"P(TPA)(Cat)**, gave
significant insights into the microscopic details that occur
following MLCT excitation of the -Ru™P** chromophore. Exci-
tation of the assembly was the first step in its overall activation
toward water oxidation. The results of flash photolysis experi-
ments revealed a high level of electron transfer reversibility
following the initial 1e~ oxidation of the -Ru™P** chromophore
with no evidence for decomposition of the assembly after
repeated transient cycles. Decomposition of the assembly, over
extended cycles, occurs following 3-electron oxidation of the
catalyst with decomposition occurring in competition with the
evolution of O,.%”

An energy level diagram for the first step in the water oxida-
tion cycle by the final assembly is shown in Scheme 2. The
diagram includes estimates for the individual kinetic steps based
on the results of lifetime measurements on the model complexes
as discussed above. It also shows the range of redox potentials
required for activation of the assembly to its activated 3e™ form.
Based on the scheme, excitation of the ~-Ru™P>* chromophore is
followed by excited state injection into the SnO,/TiO, core/shell
electrode with the core/shell inhibiting back electron transfer
to the oxidized chromophore on the surface.”® Following excita-
tion and injection, electron transfer occurs through the core/shell
electrode to the cathode where H, is formed.

Following the initial excitation step, injection and formation
of |-Ru™P(TPA)(Cat)**|AF occurs within the assembly, followed
by oxidation of the triphenylamine, gives, |-Ru"P(TPA*")(-
Cat)**|(AF). In the first stage of the water oxidation cycle, the
latter undergoes internal electron transfer and loss of a proton
to give the singly oxidized, Ru™-OH>" form of the catalyst, Cat’,
in |-Ru"P(TPA)(Cat')**|(AF). The latter is the first intermediate
in the overall oxidation of water to O,.

As noted in the Introduction, tyrosine, and its accompanying
base, play important roles in PSII as redox mediators between
the chromophore and catalyst. A similar redox mediator
role may also be played by the triphenylamine cation in
|[-Ru"P(TPA*")(Cat)**|(AF). Based on the known mechanistic
chemistry of the catalyst in water oxidation in solution, we
assumed the catalyst experienced a parallel process on surface.
Once oxidized, it undergoes further oxidation through two
additional cycles to reach Ru(v).**”° Based on previous literature
results, in the overall cycle, oxidation to Ru(v) is followed by
coordination expansion and O---O bond formation through
a transient peroxide intermediate. The latter undergoes further
oxidation and loss of O,.3%59%

For the catalyst in the assembly, 2e™ oxidation and proton loss
give the intermediate, |-Ru"P(TPA)(Cat”)*"|(AF), with the catalyst

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxidized to Ru™(0)**. An additional oxidative equivalent is
required to give the active form of the catalyst. In the three-electron
oxidized form of the assembly, |-Ru"P(TPA*")(Cat’)**|(AF), the
driving force required to reach the activated three electron
oxidized form of the catalyst by TPA radical cation is only ~0.1 V.
Once reached, the active form proceeds through the series of steps
required for O---O bond formation and water oxidation.

In the overall reaction sequence, the triphenylamine donor
redox couple is a kinetically accessible kinetic intermediate. It,
and the role that it plays, also provides insight into the role of the
tyrosine-histidine acid-base pair in PSII. Intervention of
the latter would explain the value of a separate step in which the
redox equivalent for the final activation step is stored in the
tyrosine-histidine acid-base pair with |-Ru"P(TPA*")(Cat")**|(AF)
as an analog. In the final step in the activation of the catalyst, as
for tyrosine in PSII, the assembly is converted into an active form
that provides access to a reactive form of the catalyst.

Conclusions

The results described here describe a procedure for the prepa-
ration of a surface assembly that mimics the ability of PSII for
using visible light for water oxidation to O, with an electron
transfer mediator. Although relatively simple compared to PSII,
the assembly includes all of the key functional elements of PSII,
including light absorption, electron transfer activation, catal-
ysis, mediation, and the light-induced formation of O,. Notable
in the results, as revealed by flash photolysis measurements,
was the extensive series of electron transfer steps that occur in
the light absorption cycle by the molecular chromophore and
the creation and storage of redox equivalents in an attached
catalyst for water oxidation.
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