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regenerative photovoltaic dye cells toward this goal. In this article, we review the current development
of both dye-sensitized photoanodes and photocathodes for water splitting. A detailed discussion of the
individual components of photoanodes and photocathodes - semiconductors, sensitizers, and catalysts —
is presented. We review experiments on the electron transfer kinetics that control the efficiency of water
Photoelectrochemical cell splitting, and highlight recent research on electrode architectures that can improve both the efficiency
Solar fuels and stability of water-splitting dye cells.
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. 1970s at an average rate of about 15% per year [1]. As inexpensive
Introduction photovoltaics achieve grid parity in more and more of the devel-
. . . . oped world, they will bring about sweeping changes in the way

~ Solarenergy conversion has the potential to provideapractically  ojoctricity is produced, distributed, and used. At present, electric-
limitless source of renewable and clean energy. Althgugll' in past ity production accounts for about 39% of primary energy use in the
decades solar power could not compete on a cost basis with elec-  ypiteq states, which is mostly derived from fossil fuel resources.
tricity generation from fossil fuel, nuclear, or hydroelectric sources, The remaining 61% of the U.S. energy economy, which is domi-
the cost of photovoltaic modules has steadily dropped since the 34 by the transportation and industrial sectors, relies heavily on
fossil fuels. All together the combustion of fossil fuels accounts for

about 80% of the world’s energy economy [2]. Better energy storage
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Fig. 1. Solar fuel production by (a) semiconductor photoelectrochemistry, e.g., in the Fujishima-Honda cell [16], (b) photocatalysis, e.g., at a Rh-catalyzed Ga;_,ZnyN;_,Ox
particle (adapted with permission from Ref. [17], Copyright 2006 John Wiley & Sons, Inc.), and (c) artificial photosynthesis in a sensitizer-donor (D)-acceptor (A) system [18].

with us for some time for transportation, heating, manufacturing,
and many other uses.

The electrolysis of water to produce hydrogen is a mature tech-
nology, and hydrogen derived from photovoltaic power can be
used directly or combined catalytically with CO, to make high
energy density liquid fuels. While the energy efficiency of elec-
trolyzers is high, their capital cost limits the commercial viability
of power-to-gas technologies [5]. Additionally, cost targets for
solar fuels are much more challenging than they are for solar
electricity. Solar electricity can compete with power generation
from fossil fuels because the latter process is inherently ineffi-
cient due to Carnot cycle losses. However, fuel derived from solar
energy must compete directly with the heating value of fossil fuel,
meaning that cost parity of commodity fuels with hydrogen from
photovoltaic-electrolyzer systems would require a substantial low-
ering of electrolyzer cost.

An alternative pathway to solar fuels involves the direct pro-
duction of fuel through photocatalysis or photoelectrochemistry
(see Fig. 1). Although none of these schemes are yet technologically
viable, they could potentially offer a low-cost alternative to a stand-
alone electrolyzer by coupling catalytic fuel generation directly to
the light absorber. In these systems, light is absorbed by a molecule
or semiconductor, electrons and holes are separated over short
distances - typically nanometers to microns — and chemical reac-
tions occur at solid-liquid or solid-vapor interfaces. Most typically,
the reaction of interest is water splitting, but there has also been
growing interest in the photochemical splitting of CO, to carbon-
containing fuels and oxygen [6-11], the light-driven reverse water
gas shift reaction (CO, +H, =CO+H,0) [12,13], and the reaction of
nitrogen with water to produce ammonia and oxygen [14,15].

In principle, the three kinds of solar fuel systems shown in Fig. 1
are all subject to the same thermodynamic limit of ~33% efficiency
[19,20], and better utilization of the solar spectrum can be achieved
if two light absorbers are arranged in series (as they are in natural
photosynthesis) to drive the energetically demanding water split-
ting reaction [21,22]. In practice, some energy must be given up for
catalytic hydrogen and oxygen evolution to proceed at useful rates,
and some energy is lost to series resistance. If these combined losses
(along with membrane polarization losses [23,24]) do not exceed
about 1.0V, then power conversion efficiencies of 10-15% can in
principle be achieved [21], and in fact have been demonstrated
in model systems [25-28]. A recent techno-economic analysis of
photocatalytic and photoelectrochemical solar fuel systems sug-
gests that they can be economically viable at power conversion
efficiencies above about 10% [29]. It is important to recognize

from these analyses however that solar fuel performance targets
can be met only if the quantum efficiency (the fraction of pho-
tons that produce current or a chemical reaction) is close to unity.
Although much progress has been made toward achieving this goal
in photovoltaic-electrolyzer systems, most semiconductor-based
photoelectrochemical systems (Fig. 1a) are poorly matched to the
solar spectrum or are unstable in water, and photocatalysts (Fig. 1b)
typically have low quantum yields because of uncontrolled charge
recombination. Recent reviews describe these challenges and the
extensive work that has been done to address them [30,31]. Here
we focus instead on fledgling molecule-based water-splitting sys-
tems (Fig. 1c). Although they are at a primitive stage of development
technologically, in principle molecule-based (or artificial photo-
synthetic) systems offer flexibility in the design of molecular light
absorbers to cover the full solar spectrum, and they can take advan-
tage of the high quantum yield of light-driven charge separation
that has already been achieved at dye-semiconductor interfaces.

Dye sensitized solar cells: regenerative and photosynthetic

Because molecular water splitting cells are currently based
on the architecture of the dye-sensitized solar cell (DSSC), it is
important to review the basic operating principles of the lat-
ter. The DSSC (also known as the Gratzel cell) is a regenerative
photoelectrochemical cell, i.e., a liquid-junction cell in which the
anode and cathode reactions are the reverse of each other. The
DSSC utilizes high surface area electrodes - typically ~10 pm-thick
films of anatase TiO, nanoparticles — to adsorb a monolayer of
dye, which sufficiently harvests most of the incident light. Early
designs of DSSCs used aqueous electrolytes [32], but a breakthrough
came in 1991 when O’Regan and Gratzel introduced non-aqueous
iodide-based dye cells [33]. Subsequent optimization of dyes, light
scattering layers, electrode blocking layers, and the redox couple in
non-aqueous DSSCs have resulted in quantum efficiencies close to
unity over much of the visible spectrum and champion cell solar-
to-electric power conversion efficiencies as high as 14.1% [34].

The DSSC is compared to an early design of the water-splitting
dye cell in Fig. 2. In the water-splitting version, an aqueous elec-
trolyte is used, and a catalyst for the oxygen evolution reaction
(OER) - either a catalytic nanoparticle or a molecular catalyst
that is bound to or co-adsorbed with the sensitizer — replaces the
iodide/triiodide redox shuttle in the DSSC. Oxygen is evolved at
the dye-sensitized photoanode and water is reduced to hydrogen
at a dark catalytic cathode. Because the photoinjected electrons in
the anatase film are not sufficiently reducing to generate hydrogen
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Fig. 2. The architecture of regenerative (left) and water-splitting (right) DSSCs. The regenerative DSSC is fabricated as a sandwich cell with a short (~100 wm) electrolyte
path between the photoanode and dark cathode. In the water-splitting cell, the anode and cathode are typically separated by a membrane or frit (not shown) in order to
enable separation of photogenerated oxygen and hydrogen. Adapted with permission from Ref. [35]. Copyright 2009 American Chemical Society.

from water, a minimum cathodic bias of 200-300 mV is needed,
as in the original Fujishima-Honda cell [16] and other water split-
ting cells based on visible light-absorbing anode materials such as
Fe,03, WO3, and BiVO,4 [36-40]. Thus the water splitting dye cell
can be thought of as a hybrid of the Fujishima-Honda cell and the
Grdtzel cell.

The relevant electrochemical potential diagrams for these three
kinds of solar cells are shown schematically in Fig. 3. In the
Fujishima-Honda cell and related cells based on wide bandgap
oxide semiconductor electrodes, light absorption creates strongly
oxidizing valence-band holes that rapidly oxidize water. The inter-
nal quantum yield for water oxidation can be high, especially at
high bias where electrons and holes are efficiently separated, but
utilization of the solar spectrum is poor. In the DSSC, the quan-
tum yield is also high, a consequence of sub-picosecond electron
injection from the photoexcited dye into the TiO, conduction band,
followed by reduction of the oxidized dye by iodide on the nanosec-
ond timescale. Dye reduction by iodide is orders of magnitude faster
than back electron transfer from TiO, to the oxidized dye, and
because back electron transfer to I3~ is also slow [41], the forward
electron transfer pathways dominate over the reverse pathways.
In contrast, in the water-splitting DSSC, catalytic water oxidation
is typically slow (millisecond timescale) because of the weak driv-
ing force for the reaction. While the millisecond turnover rates of
the best water oxidation catalysts are adequate to sustain water
electrolysis at 1 sun irradiance (j ~ 20 mA/cm?), they are too slow
to compete effectively with back electron transfer on the 100s of
microseconds timescale (Fig. 3¢). Low quantum yields for water
splitting - typically 1-2% - are a consequence of the fast kinet-
ics of charge recombination, which competes effectively with the
catalytic oxidation of water. Since the introduction of the water
splitting dye cell in 2009, much of the effort in re-design of the pho-
toanode has focused on improving the quantum yield by slowing
down back electron transfer and/or accelerating the water oxida-
tion process.

Dye-sensitized photoanodes for water-splitting cells
Electron and proton transfer at dye-sensitized photoanodes

Because of its importance in aqueous electrochemical systems,
the catalytic four-electron oxidation of water to oxygen has been
well studied and many different OER catalysts have been devel-
oped. Following the initial demonstration of visible-light water
splitting in a DSSC (using colloidal IrOx-nH,0 covalently bound
to the sensitizer molecule, Fig. 2) [35], a number of groups have
tested different colloidal and molecular water oxidation catalysts
in similar electrode architectures. The results are summarized in
Table 1.

These experiments revealed interesting similarities in the elec-
trochemical behavior of photoanodes - fabricated from different
dyes and catalysts - that were initially difficult torationalize (Fig. 6).
When the photoanodes were abruptly irradiated with simulated
sunlight, the initial photocurrent densities were in the range of
15-200 wA/cm?, but they decayed over a timescale of tens of
seconds to a fraction of their initial value. Interestingly, dye decom-
position or desorption could be ruled out as the principal source of
photocurrent decay because most of the initial photocurrent could
be recovered after switching the light off for a few seconds.

Generator-collector experiments showed that despite the tran-
sient nature of the photocurrent, the Faradaic efficiency of oxygen
evolution was close to unity [48,52]. Electrodes that were tested
in a regenerative DSSC architecture (i.e., in non-aqueous iodide
solutions) gave an order of magnitude higher current density and
showed minimal photocurrent decay [47].

The kinetic origin of the low quantum yield and transient
nature of the photocurrent in water-splitting dye cells was clarified
through a series of spectroelectrochemical and transient spec-
troscopy experiments [52,73-75]. The detailed kinetic framework
was adapted from earlier studies of the DSSC [76], and is illustrated
schematically in Fig. 7.

Electrodes fabricated with sintered IrO, catalysts (Fig. 7)
enabled systematic studies of electron transfer processes as a func-
tion of the dye coverage, catalyst loading, solvents used to adsorb
the dye, and incident light intensity. Following photoinjection of
electrons by dye molecules, holes diffuse across the surface to
reach the IrO, catalyst. The regeneration of reduced dye molecules
occurs in competition with charge recombination and electron
scavenging by Ir(IV). The cross-surface diffusion coefficient (Dapp)
was measured by a spectroelectrochemical potential step method
[77], and charge recombination (Kiecomp) and electron scavenging
(kscav) rate constants were obtained from transient photovoltage
measurements. Interestingly, the photocurrent for water splitting
was strongly dependent on the solvent and conditions used to
adsorb the dye. Exposure of the electrodes to acidic, aqueous sol-
vents resulted in low photocurrents despite relatively high values
of Dapp. Spectroelectrochemical and electrochemical impedance
measurements showed that intercalated protons helped to trap
photoinjected electrons at sites where they could readily combine
with oxidized dye molecules [74], consistent with previous studies
of proton intercalation in nanoporous TiO, films [78].

The impact of proton-induced trap states on electron transfer at
dye-sensitized TiO, photoanodes was recently studied by McCool
et al. [75] using transient absorption spectroscopy (TAS) and time-
resolved terahertz spectroscopy (TRTS). Lower electron injection
yield from TRTS and faster back electron transfer rates from TAS
were found for photoanodes sensitized from perchloric acid, rel-
ative to those sensitized from anhydrous ethanol. This contrast
implies the formation of trap states during exposure to protic sol-



Table 1

Photoanode sensitizers and assemblies for water-splitting dye cells.

85-zp (210Z) ¥1 Abpol oubN /v 32 nX 'd

Reference  Semiconductor Dye OER catalyst Steady-state Faradaic efficiency of =~ Photocurrent IPCE (wavelength) Photocurrent test conditions
photocurrent 0, generation stability (h)
(nAfcm?)
[35] TiO, RuP2 Ir0,-nH,0 10-30(0.58V) 20% 4 0.5% (450 nm) Xe lamp (>410nm), pH 5.75
[42] TiO, RuC1 [MnsO4Lg]*? 3-15(0V vs. Pt)® 93% 2 1.7% (430 nm) Xe lamp (100 mW/cm?, 290-750 nm), pH 7 (no
buffer)
[43] TiO, RuP1 Rul 40 (0V vs. Pt)® n/a 1 n/a White light emitting diode array (100 mW/cm?),
pH 7 (no buffer)
[44] TiO, ZnPor Ir1 30(0.91V) n/a n/a n/a White light (~200 mW/cm?, >400 nm pH7 no
buffer)
[45] TiO, Poly-heptazine IrO;-nH,0 120(1.12V) n/a 1.5 n/a Xe lamp (>420 nm), pH7
[46] TiO, Poly-heptazine Co-Pi 75(1.0V) n/a 3 5.5% (350 nm) 450 nm, pH7
[47] TiO3/Nb3 05 RuP2 IrO,-nH,0 15-20(0.55V) 109% n/a n/a Xe lamp (100 mW/cm?, >410 nm), pH 5.75
[48] TiO, RuP3 IrOx nanoparticles 80(0.55V) 85% n/a 5% (450 nm, Xe lamp (>410nm), pH 5.8
estimated)
[49] TiO, RuP1 {Ruz04(OH),(H20)4}[(y- 15 (0.55V) nja 0.33 0.20% Xe lamp (420-470 nm, 30 mW/cm?), pH 5.8
SiW10036)2]10~
[50] TiO, RuP1 Ru4 1700 (0.60V) 83% n/a 14% (450 nm) Xe lamp (>400 nm, 300 mW/cm?), pH 6.8
[51] nanolTO/TiO, RuP9-Ru8 80(0.47V) n/a 0.5 4.4% (445 nm) LED (72.5mW/cm?, 445 nm), pH 4.5
[52] TiO, RuP1 Sintered IrO, 80(0.70V) 98% n/a 2.4% (410-700 nm) Xe lamp (>410nm), pH 6.8
[53] TiO, RuP1 Ru2-1, Ru2-3 1400 with Ru2-3, n/a n/a n/a Xe lamp (>400 nm, 300 mW/cm?), pH 6.4
700 with Ru2-3
(0.58V)
[54] TiO, RuP4 Ru3 480 (0.58V) n/a n/a 4.1% (450 nm) Xe lamp (>400 nm, 300 mW/cm?), pH 6.4
[55] n/a PMPDI CoOx 150 (1.61V) 80+15% n/a 0.12% (475 nm) Xe lamp (315-710 nm, 100 mW/cm?), pH 7
[56] TiO, RuP1 Rud 40 (OV vs. Pt)° 73.80% 0.23 1.85% (455 nm) Xe lamp (>400 nm, 100 mW/cm?), pH 6.4
[57] Sn0, PPor Ir1 50 with PPor, n/a n/a n/a White light (~200 mW/cm?, >400 nm pH 7 no
20 with PPor +Ir1 buffer)
(0.92V)
[58] TiO, RuP5 [{RusO4(OH)2(H20)4}(y-  54.8 (0.55V) 86% 5 0.392%¢ LED light (455 nm, 33 mW/cm?), pH 5.8,
SiW10036)2]10~
[59] TiO, Poly-heptazine Co(II) ion 90(1.06V) 38.60% 1 n/a Xe lamp (>420 nm), pH 6
[60] TiO, RuP1 Ru9 20(1.16V) 16.80% 6 n/a White light (~200 mW/cm?, >380 nm), pH 8.8
[61] TiO, TMP, DMP, MMP, Citrate-capped IrOy 15(0.71V) 102+5% n/a <0.05% Xenon lamp (>410 nm or >590 nm), pH 6.8
TTP, PAP, DMEP,
MDC, MDCE
[62] Sn0,/TiO, RuP9-Ru8 100 (0.6 V vs. Pt)° 41% 0.42 n/a LED light (445 nm, 46.2 mW/cm?), pH 7
[63] TiO, LO Rul0 300 (0.62V) 73% 1 n/a White LED (>400 nm, 100 mW/cm?), pH 7
[64] Sn0,/TiO, RuP8-Rul 300 (0.95V) 22% 0.5 3.75% (435 nm) White LED light (100 mW/cm?, >400 nm), pH 7
[65] nanolTO/TiO, RuP7 IrOy nanoparticle 150 (0.54V) n/a 2 n/a LED light (450 nm, 14.5 mW/cm?), pH 5.8
[66] Sn0,/TiO, TPA Ru7 100 (0.85V) 8.2% n/a n/a White light (>400 nm, 100 mW/cm?2), pH 7
[67] TiO, RuP1 Ru5 1200 (0.60V) 81% n/a 9.5% (450 nm) White light (300 mW/cm?, >400 nm), pH 6.8
[68] TiO, ZnPor-Rul 100 (0.23V) 33% 1 17% (424 nm) White light (35 mW/cm?, >380 nm), pH7.3
5.9% (564 nm)
[69] TiO, RuP6 Ru6 800 (0.61V) 72% n/a 7% (460 nm) Xe lamp (300 mW/cm?, >400 nm), pH 7 with 5%
CF;CH,OH
[70] Sn0,/TiO, RuPS Ru8 10(0.85V) 22% n/a n/a White light (100 mW/cm?2, >400 nm), pH 7
[71] Sn0,/TiO, RuP9-Rul 850 (0.63V) 74% n/a n/a White light (100 mW/cm?), pH5.7
[72] Sn0,/TiO, RuP8-Ru11 400 (1.06V, pH 7) 30% (pH 7) n/a n/a White light (100 mW/cm?, >400 nm)
500 (1.17V, pH 9) 45% (pH 9)

See Figs. 4 and 5 for structure codes.
Steady-state current and stability data are from chronoamperometry experiments (typically recorded after 10-30s of illumination). Potentials in bracket are the applied potential vs. RHE unless otherwise noted. Potential
conversion follows these equations except where the reference potential is given in the original paper:
a E(Vvs.RHE)=E(V vs. Ag/AgCl 3 M KCI/NaCl)+0.210+0.0592 x pH.
b E(V vs.RHE)=E(V vs. Ag/AgCl sat.)+0.197 +0.0592 x pH.
¢ E(Vvs.RHE)=E(V vs. SCE) +0.241 +0.0592 x pH.
d E(Vvs.RHE)=E(V vs. NHE) +0.0592 x pH.
Eq. (1) was used when Ag/AgCl filling solution is not indicated.
Stability duration results are tabulated based on the longest test time > 10 min indicated in the literature.
2 L=bis(methoxyphenyl)phosphonate.
b Measurement was done in a two-electrode configuration.
¢ Internal quantum efficiency.

Sy



46 P. Xu et al. / Nano Today 14 (2017) 42-58

(B) Fast: <ps e
Slow E.B_/ : hv (visible)
o & T e |
....... S 1
- I-
T
Dye Fast: <ns
VB

.
©) . H?i CB »~ 4 . _ hv (visible)
e :

bias

v i A—

100s of ys .

; - % H,0
T catalystQy 0,+ H*

Slow: ms

Dye
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pathways. Charge recombination pathways are shown as dashed lines.

vents. Although these trap states can be temporarily removed when
the electrodes undergo mild heating (80°C) under vacuum [75],
proton intercalation can still occur slowly during photoelectrolysis
[73].

Using rate constants from transient photovoltage measure-
ments, Swierk et al. were able to construct a kinetic model (Eq.
(1)) that could accurately fit the photocurrent transients observed
with the water-splitting dye cell.

3nt

_Ecke
9t =G~ kdetrape i (Nep — Nep) e — krecombnRu3+ Nt

— Kscavit 4+ 11t (1)

In this equation n; and n, are the densities of trapped and con-
duction band electrons, G is the electron generation rate (which
is proportional to the light flux), ng s+ and n 4, are the densities
of oxidized dye molecules and electron scavenger sites, N, is the
total density of conduction band states, and E. and E; are conduction
band edge and trap energies, respectively. Representative data and
fits are shownin Fig. 8, along with a plot of np 3. and nt as a function
of irradiation time. The model shows that the photocurrent (which
is proportional to n.,) decays over a period of tens of seconds as
ng,3+ and n; increase, eventually reaching a photostationary state.

It is clear from this analysis that strategies that can lower
Krecomp O accelerate Dapp OF Kirans should improve the efficiency
of water splitting. The recombination rate can be lowered by
increasing the distance between the sensitizer and electron trap
sites, or by preventing proton intercalation. Indeed, the most effi-
cient cells reported, which have quantum efficiencies of ~15% and
photocurrent densities of 2-3 mA/cm? [50,54], embody some of
these strategies. Gao et al. demonstrated that the photocurrent
increases with increasing pH [50], and Zhao et al. showed that
higher steady-state current could be obtained by incorporating an
electron transfer mediator between the sensitizer and catalyst sites
[48].

Core-shell photoanode architectures

As noted above, lowering the back electron transfer rate from
the semiconductor to the oxidized sensitizer molecule on its sur-
face should increase the quantum efficiency of oxygen evolution in
water-splitting dye cells. Two kinds of core/shell structures have
been fabricated and tested in water-splitting dye cells. In the first
type, the shell is applied before the sensitizer is adsorbed, and in
the second, the adsorbed sensitizer is covered by the shell material
(Fig. 9). While the first type is primarily targeted toward slowing
down back electron transfer, the second type of core-shell structure
seeks to address the issue of dye stability.

Core-shell-sensitizer architectures

In solid-state semiconductor solar cells, an insulating layer
between the metal top contact and the semiconductor is often used
to inhibit interfacial charge recombination [79]. This strategy has
been adapted to the DSSC by using a conformal coating of insulating
overlayers on the surface of the mesoporous oxide semiconductor
[80-82]. The difference in conduction band edge potentials at the
core-shell interface creates an energy barrier for charge recombi-
nation, and thus increases the charge transfer efficiency, although
thicker shells may lower the effective surface area for dye load-
ing. The concept of using core-shell electrodes has recently been
applied to water splitting dye cells, where improved electron trans-
fer kinetics have been reported [47,51,64-66].

Lee et al. [47] reported RuP2-sensitized TiO,/ZrO, and
TiO,/Nb,Os5 core-shell photoanodes prepared by surface sol-gel
deposition of the wide bandgap oxide. TAS showed that back
electron transfer from the semiconductor to the oxidized dye
was slowed by a factor of 2-3. Incorporation of the insulting
layer was also found to increase the photocurrent of the pho-
toanode. However, the ZrO, and Nb,Os5 films prepared by this
method were not uniform and uncoated areas could be seen
using high-resolution transmission electron microscopy (TEM).
More conformal core-shell electrode films were later reported by
the Meyer group using atomic layer deposition (ALD) [51,62,65].
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Instead of using TiO, as the core material, they used tin-doped
indium oxide in its nanoparticle form (nanolTO) as a conductive
mesoporous support, with the TiO, shell material prepared by
ALD. This nanoITO/TiO, core-shell electrode, when sensitized with
RuP7 and IrOx nanoparticles, gave higher photocurrent relative
to mesoporous TiO, electrodes [65]. Further improvement was
achieved with sensitized SnO,/TiO, photoanodes. Testing under
the same conditions with the RuP9-Ru8 chromophore-catalyst
assembly, Alibabaei et al. [62] reported that the photocurrent
from the nanoITO/TiO, core-shell photoanode was one-fifth that of
the Sn0,/TiO, photoanode. One explanation is that back-electron
transfer tunneling through the TiO, layer is still a competing pro-
cess with nanolTO/TiO, electrodes [83]. Using co-sensitization of
TPA and Ru7, Wee et al. [66] compared the performance of meso-
porous TiO; electrodes and SnO,/TiO, (3 nm) core-shell electrodes.
TAS experiments showed that back electron transfer from the
core/shell structure was more than five times slower than from
the TiO, photoanode. A profound difference was also found in pho-

tocurrent measurements with hydroquinone as the hole scavenger;
the core-shell electrode sustained a photocurrent of ~2.5 mA/cm?
compared to ~5 wA/cm? from the TiO, electrode.

Enabled by the precise control of the film thickness with ALD,
research has been done to study the impact of the shell thickness
on electron transfer rates in core-shell assemblies [84-86]. It is
important to note that the ALD thickness indicated in the literature
is usually determined by monitoring film growth on a silicon wafer
inside the ALD chamber. This value may not reflect the actual coat-
ing thickness on the sample, because the rate of ALD film growth
depends strongly on the substrate, especially the nucleation of the
precursor on the surface in the first few cycles [87].

Using time-resolved terahertz spectroscopy (TRTS) to probe
the electron injection dynamics in a dye-sensitized SnO,/TiO,
core-shell assembly, McCool et al. [85,88] observed rapid (within
10 ps) and slower (longer than 100 ps) injection behavior from TRTS
signals, which were ascribed to fast injection of electrons into the
TiO, shell, subsequent relaxation into non-mobile trap states, and
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Fig. 5. Molecular OER catalysts used in dye-sensitized water splitting cells. See Table 1 for references.

finally slow release of electrons from the TiO, shell into the SnO,
core (Fig. 10). This two-step injection mechanism was observed for
TiO, shells of thickness greater than 5A. The degree of trapping
in the shell increased with increasing shell thickness. When the
shell was thinner than 5 A, direct tunneling of electrons through the
TiO, shell into the SnO, core was found. Interestingly, the observed
injection amplitude was found to increase with as few as one or two
ALD cycles relative to uncoated SnO, electrodes. This increase in
charge injection amplitude was most probably due to the passiva-
tion of non-mobile surface states by the ALD coating, as suggested
in other reports on similar systems [89,90].

While TRTS probes the ultrafast electron injection dynam-
ics within one nanosecond, TAS can provide useful information
about charge recombination dynamics on timescales longer than
nanoseconds in dye-sensitized core-shell systems. From TAS of
RuP1-sensitized SnO,/TiO, core-shell particles, Dempsey and co-
workers [84] found that annealing following the ALD process
dramatically changed the interfacial charge recombination dynam-
ics despite the improved crystallinity of the shell evidenced by
X-ray diffraction (XRD). While the back electron transfer rate
through the amorphous (unannealed) shell showed a strong depen-
dence on the shell thickness, charge recombination in the annealed
core-shell structure was independent of shell thickness when the
shell was thicker than 0.5 nm. They also modeled the back electron
transfer rates through amorphous shells of different thickness to
determine the contribution of tunneling and direct shell-mediated
recombination mechanisms (Fig. 11). With amorphous shells thin-
ner than 3.2 nm, the tunneling mechanism dominated back electron
transfer; in contrast, back electron transfer occurred primarily from
the TiO, shell when shell thickness was greater than 3.2 nm. The
Sn0,/TiO, core-shell electrodes prepared by McCool et al. [85,88]
were annealed prior to the dye sensitization process.
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The ultrafast recombination dynamics of SnO,/TiO, core-shell
photoanodes were recently reported by Gish et al. [86]. Compar-
ing the excited state absorption and ground-state bleaching signals
from femtosecond TAS, they found that back electron transfer to
about 60% of the oxidized sensitizer molecules occurred within 1 ns
in the core-shell architecture, but the lifetime of the remaining
charge-separated states was extended.

“Mummy” photoanodes

The second type of core-shell assembly is formed by insulating
the dye-loaded core material with a nm-thick shell of polymeric
or semiconducting material. This method of preventing dye des-
orption has received increased attention in the literature on both
conventional and water-splitting DSSCs [62,65,91-97]. When a
sensitized mesoporous TiO, photoanode is covered with fewer than
ten cycles of ALD (i.e., less than 1 nm of an overlayer), the dye sta-
bility in aqueous solution increases dramatically. Such electrodes
are an order of magnitude more stable than untreated films, even
at elevated pH [91,92]. It was proposed (Fig. 12) that the precur-
sor for the shell (TiCly for TiO,, for example) reacts first with the
terminal hydroxyl groups on the TiO, surface and the anchoring
groups of the sensitizer molecules; then, the water pulse in the
subsequent ALD step hydrolyzes the remaining Ti-Cl bonds to give
hydroxyl termination. Repetition of the alternating TiCl4 and water
pulses leads to layer-by-layer growth of an amorphous TiO, shell,
mummifying the sensitizer molecules. Because of their reactive
nature, care has to be taken when selecting organometallic pre-
cursors and the oxygen source (e.g. water, ozone) in order to avoid
dye degradation [95].

So far, TiO, and Al,03 shells grown by ALD have been used to
stabilize core-adsorbed sensitizers, and dye desorption rates were
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Fig. 6. Photoelectrochemical transients obtained with different dyes and water oxidation catalysts in water-splitting dye cells. Reproduced from Ref. [44] (with permission of
The Royal Society of Chemistry), Ref. [43] (with permission of The Royal Society of Chemistry), Ref.[49] (Copyright 2013 American Chemical Society, adapted with permission),
Ref. [51], and Ref. [54] (Copyright 2014 American Chemical Society, adapted with permission).

found to be slower with TiO, shells than with Al,03 [91]. The addi-
tion of these shells was, however, found to reduce the electron
injection yield by TAS. In experiments with the RuP1-sensitized
TiO, core, the emission intensity of the dye decreased with thicker
TiO, overlayers but increased with thicker Al;03. This suggested
that ALD TiO, lowered the electron injection yield by introducing
new electron acceptor sites in the shell, whereas ALD Al,03 did

so by inhibiting excited state electron injection [91]. As a result,
the photocurrent measured in short-time tests was decreased rel-
ative to uncoated electrodes, but the photocurrent was increased in
long-time tests because of increased dye stability (Fig. 13) [60,65].
Alibabaeia et al. [62] compared the photocurrent from RuP9-Ru8-
sensitzied Sn0O,/TiO, core-shell photoanodes with ALD TiO, and
Al,03 as overlayers for dye stabilization. Higher photocurrent was



50 P. Xu et al. / Nano Today 14 (2017) 42-58

ktrans

— e
ktfap lI kdetrap
e

Fig. 7. Kinetic scheme for the photoanode of a water-splitting dye-sensitized solar cell containing an adsorbed molecular sensitizer and a colloidal IrO; catalyst sintered to
the high surface area anatase TiO; film. Reproduced with permission from Ref. [73]. Copyright 2014 American Chemical Society.

250

N
o
o

Ethanol

-
[$)]
o

100

Photocurrent (uA/cm?)

)]
o

0 5 10 15 20 25

Time (s)

25

N
Py
=
=
3
i
i

Number Density ( x 10" cm™)

0 5 10 15 20 25
Time (s)

Fig. 8. Left: Photocurrent transients from photoanodes sensitized from DMSO and ethanol solutions. Black lines are fits to Eq. (1). Right: Calculated number density of
conduction band electrons (n,), trapped electrons (n;), and oxidized sensitizer molecules (Ru(Ill)) from photocurrent model of the ethanol-sensitized electrode. Reproduced

with permission from Ref. [73]. Copyright 2014 American Chemical Society.

a)

. Core (metal oxide nanoparticle)

. Shell (ALD coated metal oxide or polymer)

Sensitizers

b)

Fig. 9. (a) Cartoon depicting two types of core-shell architecture. (b) TEM image of a core-shell structure made from 75 ALD cycles of TiO, grown onto a SnO; film on FTO

glass. Reproduced from Ref. [62].

found for the photoanode with the ALD Al,03 coating, which,
however, may not suggest higher Faradaic efficiency of oxygen
generation, because a previous report [60]| showed in a generator-
collector experiment that TiO,/RuP1 photoanodes with ALD Al,03
overlayers did not produce O, despite their measurable photocur-
rent.

Dip-coating of dye-sensitized photoanodes with poly(methyl
methacrylate) (PMMA) has also been studied as a way of stabiliz-
ing sensitizer dyes [67,98,99]. Unlike the vapor-phase ALD process,
a PMMA coating can be applied by simply soaking the sensitized

electrode in PMMA solution for a few seconds and drying in air
(Fig. 14). Conformal PMMA coating throughout the oxide films
was confirmed by TEM and FIB (focused ion beam)-SEM images
[96], and the coating thickness could be controlled by varying the
soaking time and PMMA concentration. Improved photocurrent
stability was observed for samples coated with PMMA (Fig. 14).
TAS of PMMA coated TiO,-RuP1 at different pH values showed
that back electron transfer rates were similar to electrodes with-
out the PMMA treatment, and were independent of pH and PMMA
thickness. This is in sharp contrast to ALD coating, in which the
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Fig. 10. (Left) High resolution energy dispersive X-ray spectroscopy mapping of a SnO,/TiO, core-shell structure. Ti: red, Sn: green. (Center) TRTS measurement of a
RuP1-sensitized SnO,/TiO, photoanode in 0.1 M HCIO4 (pH 1, red) and 100 mM potassium phosphate buffer (pH 6.8, blue). (Right) Early picosecond kinetics of a RuP1-
sensitized SnO,/TiO, photoanode showing rapid recombination in the TiO; shell. Reproduced with permission from Ref. [88]. Copyright 2016 American Chemical Society.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

thickness has a dramatic influence on the electron recombination
dynamics as discussed above. Photostability, determined by moni-
toring absorption spectra of the photoanode during illumination,
was found to be enhanced, especially with thicker PMMA coat-
ings. TiO,-RuP1 treated with a 3.0 wt% PMMA solution, for example,
retained 90% and 75% of its initial absorption after a 16 h soaking in
pH 12 buffer solution in the dark and under illumination, respec-
tively. Without the PMMA treatment, the electrodes were bleached
completely during the test [98]. However, reduced photocurrent
and cyclic voltammetry current from sensitized electrodes with
thicker PMMA coatings implied that the insulating coating inhib-
ited electron transfer between the electrode and the electrolyte
[98,99]. In addition, with the PMMA coating, the electrolyte may
not have access to all the pores of the mesoporous oxide films,
because thicker PMMA coatings block the pores and the PMMA-
coated surfaces are hydrophobic [98]. Ding et al. [67] immobilized
molecular catalysts in the PMMA layer by mixing the PMMA solu-
tion with Ru5 molecules before coating a TiO,-RuP1 photoanode
with the mixture. The incorporation of catalyst molecules turned
the PMMA coating into an active layer for water oxidation, and
higher photocurrent was measured. However, the embedded cat-
alyst molecules may prevent the formation of a conformal PMMA
coating and the long-term stability of electrodes made by this tech-
nique remains to be explored.

Photocathodes for water splitting dye cells
General principles

Water-splitting cells based on dye-sensitized photoanodes
(Fig. 2) require a small bias voltage in order to function because
electrons in TiO,, Sn0,, ITO, and other typical oxide semiconductors
are not sufficiently reducing to generate hydrogen from water. In
principle, a tandem system that substitutes a photocathode for the
dark catalytic cathode in Fig. 2 could split water without an applied
bias. The study of such photocathodes has begun recently and is
at a less advanced stage of development than the water-splitting
photoanode. So far, several different photocathode architectures
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Fig. 11. PlotofIn(1/742) vs. TiO; shell thickness for amorphous SnO;/TiO; (red) and
Zr0,|TiO; (green) core-shell photoanodes at equal injection yields. 4, is the time
for half the total absorbance change in TAS measurement. The fit models the back
electron transfer dynamics with contributions from both tunneling and localized
shell recombination. Reproduced with permission from Ref. [84]. Copyright 2015
American Chemical Society. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

have been reported by different groups (Table 2). Most of these
adapt the structure of p-type dye-sensitized solar cells (p-DSSC),
in which wide bandgap p-type semiconductor nanoparticles (such
as NiO) are deposited as a mesoporous thin film on a transparent
conductive substrate for hole transport; molecular dyes adsorbed
onto the nanoparticle surface serve as sensitizers for light absorp-
tion and excited charge carrier generation. Unlike the p-DSSC,
in which a redox shuttle such as iodine/triiodide is used [100],
the water-splitting photocathode requires the incorporation of a
hydrogen-evolution reaction (HER) catalyst due to the slow kinet-
ics of proton reduction. A schematic drawing of a dye-sensitized
photocathode and the energy level alignment of each component
are shown in Fig. 15. The efficiencies of electron transfer and charge
collection depend on the energetic arrangement of the individual
components. The valence band maximum (VBM) of the semicon-
ductor needs to fall between the HOMO and LUMO of the sensitizer,
and the conduction band maximum should be negative of the LUMO
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Fig. 12. Illustrative reaction scheme for ALD of TiCl4-H,O on TiO,-RuP1. Adapted with permission from Ref. [91]. Copyright 2013 American Chemical Society.



52 P. Xu et al. / Nano Today 14 (2017) 42-58

0.8 —— RuP7-IrOx —— RuP7-IrOx + ALD TiO,

0.7
0.6
0.5
04
0.3

0.2 L
0.1 el ey

0 O 1 1 1 ’
0 2000 4000 6000
Time (s)
Fig. 13. Chronoamperometry of RuP7-IrOx nanoparticle-sensitized nanolTO/TiO, photoanodes with and without an ALD TiO, coating in pH 5.8 buffer solution (Na,SiFs-

NaHCOs) at an applied bias of 300 mV vs. Ag/AgCl, illuminated at 455 nm and 14.5 mW/cm?. Reproduced with permission from Ref. [65]. Copyright 2015 American Chemical
Society.

j (mA/cm?)

+ 0 wi% PMMA
L ¢ ¢ ) Hydrophiic 100 - 1.0 wt% PMMA
c

W o-125 105

2
=
) T =l X .,
N - L TiO; or nanoITo (> [ b
= Ru. . LARLTTINY
= AN, 2 nanoparticle Ti0,/RuP N eregren,
|

Control sample

Photocurrent response (%)

. . 85+ ens,
R= COOH or PO(OH), . Soaking in PMMA .,
PMMA coating | solution (0.5~3.0wt%)
80 4 .
l ! ¥ =716 754 "--.,___'_
(o] (o] Hydrophobic " i
PMMA _adion \ . 7
Overlayer L Tio; or nanolTo (= 7’ i ¢ . i ! .
n g P oy 10 200 300 400 500 600 700 800 900 1000
PMMA-coated nanoparticle film Light Irratiation time (s)

Fig. 14. Left: Schematic depictions of an added PMMA coating on a metal-oxide surface (TiO, or nanolTO) and the results of contact angle measurements on a mesoporous
TiO; film before and after soaking in a PMMA/DCM coating solution. Right: Photocurrent stability comparison for TiO,-RuP1 electrodes with and without a PMMA overlayer,
tested in 0.1 M phosphate buffer, pH 7, with 0.4 M NaClO4 and 20 mM hydroquinone as a sacrificial electron donor. Reproduced with permission from Ref. [98]. Copyright
2014 American Chemical Society.

Table 2
Photocathode sensitizers and assemblies for water-splitting dye cells.
Reference Semiconductor Dye HER catalyst Steady-state Faradaic Photocurrent IPCE Photocurrent test
photocurrent efficiency of H,  stability (h) (wavelength)  conditions
(rA/cm?) generation
[104] NiO PMI-6T-TPA n/a 1.7-3.9(0.62V) 97+7% 4 ca. 0.4% Xe lamp (>420nm), pH 7
(400 nm)
[105] NiO P1 Col 5-18(0.22V) n/a 0.5 n/a Light emitting diode array
(25 mW/cmz2, >400 nm), pH 7
[106] NiO RuC2-Co1 8(0.51V) 68% 2.5 ca. 1.1% Xe lamp (>420 nm) with water
(400 nm) filter, pH 7
[107] NiO RuP1 Co2 13(0.21V) n/a n/a n/a Xe lamp (300 mW/cm?, >400 nm)
with water filter, pH 7
[63] NiO P1 Co3 20(0.42V) 68% 1.5 n/a White LED light (100 mW/cm?,
>400 nm), pH7
[108] n/a Py-Ru MoSx 15(0.33V) 98% 4.17 n/a Xe lamp (400-700 nm), pH 0.3
nanoparticles
[109] NiO BH4 Mo3S4# cluster 183+36(0V) 49+ 11% 16.6 1.54+0.20% Xe lamp (344 mW/cm?,
(460 nm) >420nm), pH 0
[110] NiO DAT Ni1 n/a n/a n/a n/a Xe-Hg lamp (>470 nm) with
water filter, pH 2.1
[111] NiO RuP4 Ni3 4-8(0.3V) 8.6+2.3% 2 n/a Xe lamp (100 mW/cm?, >400 nm)
with water filter, pH 3
[112] NiO PMI Co1 and Ni2 15 for Ni2, 25 98 +£4% for Ni2, 2 n/a White LED light (100 mW/cm?,
for Co1(-0.4V 80+ 10% for >410nm), 0.1 M H2S04, 0.1 M
vs. Ag/AgCl) Col Na, S04 in 1:1 H0:MeCN
[113] NiO TPA-Co4 6-15(0.14V) 9.30% 3 n/a Xe lamp (65 mW/cm?,
400-800nm), pH 5.5
[102] NiO C343 Fel 10(0.18V) 50% 0.67 n/a White LED light (mW/cm?), pH
4.5

See Figs. 4 and 16 for structure codes.
Other notes for Table 1 also apply here.
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of the sensitizer. The HER catalyst (Ecar) must be energetically
capable of accepting an electron from the LUMO of the dye. This
energetic arrangement promotes directional electron flow toward
the HER catalyst. Excitons, produced by the sensitizer upon light
excitation, dissociate at the dye-semiconductor interface and are
reductively quenched by NiO within 1 ps [101-103]. An electron is
then transferred from the reduced sensitizer to the HER catalyst,
where proton reduction occurs. Typically the measured photocur-
rents and incident photon-to-current efficiencies (IPCE) of these
photocathodes are very low, as they are compromised by several
factors. The primary issues are poor hole injection, slow hole trans-
port in the semiconductor, slow catalytic rates of proton reduction,
and fast charge carrier recombination.

p-Type semiconductors for water splitting photocathodes

As shown in Table 2, NiO has so far been the only semi-
conductor used successfully as the hole transporting material in
water-splitting photocathodes. NiO is a p-type semiconductor due
to its mixed valence Ni2* and Ni3* states [114], and has an indirect
band gap of 3.47 eV [115]. The flat-band potential of NiO, as an indi-
cation of the upper limit (in energy) of its valence band, is 0.47 V vs.
NHE at pH 7 as measured by photocurrent onset potential [115]. A
somewhat more positive value (0.53 V vs. NHE) has been measured
by the Mott-Schottky method [116]. This relatively negative flat
band potential is favorable for electron transfer from the semicon-
ductor to photoexcited sensitizer molecules, making NiO a good
candidate as a hole quencher. Like other oxide semiconductors,
NiO exhibits a pH-dependent (ca. —60 mV/pH) flat-band potential
shift in aqueous solutions because of protonation/deprotonation
equilibria at the semiconductor-electrolyte interface. This implies
that the driving force for reductive quenching of excited sensitizer
molecules will be lower in acidic media [117].

Mesoporous NiO electrodes can be prepared via various
routes, including electrodeposition [118], hydrothermal synthe-
sis [119,120], sol-gel deposition [121,122], and block copolymer
templating [123,124]. Wood et al. [125] compared the photoelec-
trochemical properties of dye-sensitized photocathodes made from
different NiO sources (commercial and lab-made) as well as dif-
ferent deposition techniques (screen printed and doctor bladed)
while using the same sensitizer and catalyst (P1 and Co1 in Fig. 16).
Despite the use of different NiO sources and electrode assembly
techniques, the photocurrents of all electrodes were similar in
magnitude (ca. 10 wA/cm?), and differences in current varied con-
sistently with the specific surface area of the electrode, suggesting
that NiO electrodes made under different conditions should possess
comparable photoelectrochemical performance.

Compared to the n-type metal oxides used in DSSCs and water-
splitting anodes, p-type metal oxide semiconductors typically have
low charge carrier mobility. For example, the hole diffusion coef-
ficient of mesoporous NiO in p-DSSCs is reported to be 10~8 to
10-7 cm?/s, which is at least two orders of magnitude lower than
the electron diffusion coefficient of TiO, used in n-DSSCs [126,127].
Poor hole transport kinetics lead to fast charge recombination,
lowering the photoelectrochemical performance of the cell. The
fact that charge recombination is the dominant kinetic pathway at
both the photocathode and photoanode of water-splitting dye cells
underscores the importance of controlling the architecture of the
dye-semiconductor interface [ 128]. Surface quality plays an impor-
tant role in charge separation and recombination, especially for
nanomaterials with a high surface-to-volume ratio. Surface defects,
which are often formed during preparation of the film (and are only
partially removed by annealing), usually consist of atomic vacan-
cies and dangling bonds. These can serve as trap sites for charge
carriers, resulting in low charge separation yields. Kaeffer et al.
[113] compared the XPS spectra of their photocathodes before and
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Fig. 15. Structure and energy scheme of the dye-sensitized photocathode for water
splitting.

after 2-h photolysis. They found a change in the Ni3*/Ni2* ratio
and the formation of metallic nickel, which indicated competitive
reduction of bulk NiO during water reduction. Strategies for sur-
face passivation and reducing the density of surface defects have
been developed in recent years, such as increasing the crystallinity
[129,130] and adding overlayers via ALD or solution-phase deposi-
tion [90,131,132]. ALD alumina in particular has been shown to be
effective for enhancing the photocurrent of water-splitting photo-
cathodes [106,113].

Considerations of ion balance in water-splitting solar cells sug-
gest that the photocathode (photoanode) should be operated in
strong acid (base), with two electrodes separated by a bipolar mem-
brane [23,133]. This configuration can avoid the formation of a pH
gradient across the membrane, which shifts the water redox poten-
tials during continuous operation. Additionally, there is a greater
driving force for proton reduction at lower cathode pH. From this
perspective, NiO is not a good candidate as the hole-transport layer
in water-splitting devices due to its solubility in acid. Surprisingly,
Click et al. [109] recently reported an acid-stable water-splitting
dye cell based on mesoporous NiO (Fig. 17, left). The cell was capa-
ble of 16.6 h continuous operation at pH 0. The acid stability of
NiO in their experiments was achieved by using the sensitizer BH4,
which was constructed based on the PMI-6T-TPA dye with one
additional m-linker and acceptor unit. The hydrophobic hexyl group
from the linker protects NiO against acid dissolution in aqueous
electrolytes. The protection mechanism was demonstrated by the
high contact angle of the electrode after dye sensitization and by a
photocurrent onset potential of 400 mV vs NHE at pH 0. Working at
this more favorable water reduction potential, this photocathode
assembly produced a photocurrent as high as 254 pA/cm? (-=0.2V
vs. NHE).

Photocathode sensitizers

The sensitizers listed in Table 2 are inherited from p-DSSCs, since
extensive research on DSSCs has prepared a gallery of sensitizers
for potential use in water-splitting cells [134,135]. The primary
function of dye molecules is similar to that in the water splitting
photoanode, namely light absorption, charge carrier injection, and
charge transfer to an appropriate catalyst molecule or nanopar-
ticle. At the photocathode, the basic requirements for sensitizers
include: (1) strong absorption of visible light to maximize the uti-
lization of solar energy, (2) a LUMO that is sufficiently negative
of the water reduction couple, and a HOMO level that is more
positive than the Fermi level of the semiconductor, (3) a long-
lived charge-separated state for competitive photo-induced charge
injection relative to recombination processes, and (4) stable attach-
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ment to the semiconductor surface for efficient electron transfer
and long-term stability.

While many naturally occurring dye molecules have been
discovered that have strong visible absorption (1) and appropri-
ate energetics (2), they generally suffer from fast relaxation of
excited states (on the ps timescale) [136]. A great deal of research
has focused on developing dyes with longer-lived excited and
charge-separated states (3) for highly efficient DSSCs. Ruthenium
polypyridyl sensitizers are widely used in DSSCs [134,135] because
of their intense metal-to-ligand charge transfer (MLCT) absorption
(extinction coefficient g455=14,600M~1cm~1) [137] and long-
lived 3MLCT state (hundreds of ns) [138,139]. Their MLCT energies
can be tuned by proper design of the substituents [128]. Among
metal-free sensitizers, P1 in Fig. 16a exploits an electron push-pull

mechanism, first proposed by Qin et al. [122], to extend the lifetime
of its excited state. With a carboxylic acid-derivatized triarylamine
core as the pusher and an electron-accepting unit, malononitrile, as
the pulling group, the HOMO and LUMO can be spatially separated.
Additional work has been done using donor-acceptor and donor-
T-acceptor systems (PMI-6T-TPA and BH4), another strategy for
long-lived charge-separation. In this mechanism, the chromophore
is grafted through covalent bonding (conjugated m-linker group)
to an electron donor or acceptor unit. Both mechanisms rely on
the fact that the spatial separation of the sensitizer HOMO and
LUMO can influence the lifetime of the excited state [140]. Several
new diketopyrrolopyrrole (DPP) sensitizers for p-DSSCs, recently
developed by Farre et al. [141], are promising for increasing the
photocathode efficiency. It has been reported that hole injection
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into NiO occurs within 10 ps. When the sensitizer is grafted to an
electron acceptor, naphtalenediimide (NDI), the DPP-NDI assem-
bly exhibits a long-lived charge separated state in LiClO4/propylene
carbonate solution, with an average lifetime of about 0.25 ms, up to
7 orders of magnitude longer than the timescale of hole injection.

Although anchoring groups (phosphonate and carboxylate, for
example) are used to attach dye molecules onto the NiO surface,
dye desorption still occurs under catalytic conditions. Using the
“mummy” approach described above for dye-sensitized photoan-
odes, Kamire et al. [112] applied an ALD coating of Al,03 to a
PMiI-sensitized NiO photocathode, which effectively prevented dye
degradation and desorption at very negative potentials. The ALD
Al,03 coating also served to disaggregate the sensitizer molecules,
as evidenced by the loss of excimer bands in steady-state and
time-resolved spectra. When co-grafting sensitizers with chen-
odeoxycholic acid (CDCA), a classical coadsorbent that is used in
dye-sensitized solar cells (DSSCs) to inhibit dye aggregation, Kaef-
feretal.[113] also found improved stability of their photocathodes
without loss of photocurrent.

Photocathode catalysts

Molecular HER catalysts, which are known for their high activ-
ity and tunability, have generally been used with dye-sensitized
photocathodes. In the NiO-based photocathode reported by Tong
et al. [104], the low photocurrent may be attributed to the lack of
a HER catalyst despite the high Faradaic efficiency of H, genera-
tion. Cobaloxime, a class of highly active HER catalysts [142,143],
has been used in several reports of water-splitting photocath-

odes (Table 2). In the first of these [105], Li et al. used the
drop-casting method to add Co1 to a P1-sensitized NiO electrode,
which resulted in rapid photocurrent decay due to the desorp-
tion of Col. The same group later designed a co-sensitization
approach to anchor both the molecular sensitizer (P1) and cata-
lyst (Co1) directly onto NiO, achieving improved stability [63]. Ji
etal.[106] improved the stability of this NiO-sensitizer-Co1 assem-
bly by coordinating a Ru-based sensitizer directly to the cobalt
metal center (Fig. 18). Stable photocurrent was observed for 2.5 h
under illumination. More examples of chromophore-cobaloxime
supramolecular assemblies are summarized in a recent review
by Mulfort et al. [144]. Braumiiller et al. [145] recently reported
another supramolecular sensitizer-catalyst assembly in which the
light-harvesting rutheniumpolypyridyl unit was connected to a Pt-
based catalyst through a tetrapyridophenazine bridging ligand. This
molecule was successfully immobilized onto a NiO surface, but the
photoelectrochemical properties of the electrode have not yet been
reported.

Using a RuP1/NiO photocathode, Castillo et al. [117] studied
photo-excited electron transfer in acetonitrile between sensitiz-
ers and molecular HER catalysts based on Rh and Co complexes.
They attributed the large photocurrent with Rh complexes to be the
irreversible Rh!!/! reduction process which resulted in slow back-
electron transfer. Co complexes did not exhibit any photocurrent
under the same experimental conditions because fast back-electron
transfer from reduced catalyst molecules to NiO competes with
electron transfer from RuP1 to Co'. In this regard, the Rh catalysts
may be more favorable for minimizing interfacial electron-hole
combination in water-splitting photocathodes.
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Reproduced from Ref. [111]. Published by The Royal Society of Chemistry.

Although the Col catalyst demonstrates efficient hydrogen
evolution catalysis, its hydrolysis in acid limits its use under
low pH conditions [109,146]. In the three recent studies of dye-
sensitized photocathodes operating in acid, Lattach et al. [108]
used MoSx nanoparticles as the HER catalyst. The particles were
electrodeposited into the Ru complex film prepared by electropoly-
merization of Py-Ru sensitizers onto a carbon electrode. Using BH4
dye to introduce a hydrophobic layer on the NiO surface, Click et al.
[109] used a homogenous [Mo3S4]*~ catalyst in acidic solution.
In both reports, the performance of the photocathode improved
significantly at lower pH. Van den Bosch et al. [110] recently
reported a NiO-based photocathode using a co-immobilization
strategy for grafting a Ni-DuBois-type HER catalyst, which is highly
active for water reduction across a broad pH range [147]. How-
ever, neither photocurrent nor hydrogen was detected for the
full dye/NiO/catalyst assembly, although the simple dye/NiO sys-
tem was photoactive. The authors suggested that dye (or catalyst)
aggregation and fast recombination from the reduced catalyst to
oxidized NiO occur.

Gross et al. [111] simplified the connection of sensitizers to
molecular HER catalysts by using Zr** cations for supramolecu-
lar assembly, using the layer-by-layer assembly method previously
developed for dielectric and electron donor-acceptor assemblies
[148,149] as well as chromophore-catalyst assemblies [54,150].
By adjusting the deposition cycles they were able to optimize the
sensitizer/catalyst ratio for improved photocathode performance
(Fig. 19).

Conclusions

Water-splitting in dye-sensitized solar cells, first demonstrated
in 2009, still faces significant challenges in terms of its development
as a useful route to solar fuel production. While much progress has
been made on understanding the kinetics and mechanism of inter-
facial charge separation and recombination, the efficiency of both
the photoanode and the photocathode remains low. The stability
of molecular components, especially at the highly oxidizing poten-
tial of the photoanode, is also a problem in all systems studied to
date. Nevertheless, research directed toward the charge separation
and stability problems has produced clever approaches to both. The
highest-performing molecular photoanodes now generate pho-
tocurrents for water oxidation in the range of several mA/cm?,
rivaling the best inorganic oxide photoanodes, and new designs
of supramolecular sensitizers, molecular catalysts, and core-shell
electrodes have significantly impacted both the efficiency and sta-
bility of photoanodes and photocathodes. The modular nature of
the system, and the vast tunability accessible in the molecular

space, offer many degrees of freedom for re-designing the archi-
tecture, and for incorporating new light absorbers, catalysts, and
protection strategies as they are developed.
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