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ABSTRACT: Tandem dye-sensitized photoelectrochemical cells (DSPECs)
for water splitting are a promising method for sustainable energy conversion
but so far have been limited by their lack of aqueous stability and photocurrent
mismatch between the cathode and anode. In nature, membrane-enabled
subcellular compartmentation is a general approach to control local chemical
environments in the cell. The hydrophobic tails of the lipid make the bilayer
impermeable to ions and hydrophilic molecules. Herein we report the use of an
organic donor−acceptor dye that prevents both dye desorption and
semiconductor degradation by mimicking the hydrophobic/hydrophilic
properties of lipid bilayer membranes. The dual-functional photosensitizer
(denoted as BH4) allows for efficient light harvesting while also protecting the
semiconductor surface from protons and water via its hydrophobic π linker.
The protection afforded by this membrane-mimicking dye gives this system
excellent stability in extremely acidic (pH 0) conditions. The acidic stability also allows for the use of cubane molybdenum-
sulfide cluster as the hydrogen evolution reaction (HER) catalyst. This system produces a proton-reducing current of 183 ± 36
μA/cm2 (0 V vs NHE with 300 W Xe lamp) for an unprecedented 16 h with no degradation. These results introduce a method
for developing high-current, low-pH DSPECs and are a significant move toward practical dye-sensitized solar fuel production.

■ INTRODUCTION

Photocatalytic water splitting is an attractive solution for
circumventing carbon dioxide producing fossil fuels as well as
solar energy’s intermittency. In particular, bias-free tandem
water-splitting dye-sensitized photoelectrochemical cells
(DSPECs)1 have become an interesting, cost-effective, and
promising method.2 Tandem DSPECs have the advantage of
rational molecular engineering of the sensitizer and the
molecular catalyst. However, tandem DSPECs are limited by
two main factors: mismatch between photocathode and
photoanode current and photocurrent decay under long-term
operation, especially in aqueous and acidic media.3

The photocurrent of a tandem DSPEC is limited by the
lower current-producing electrode, which has been the
photocathode.3,4 Prior DSPEC research has focused on the
photoanode exemplified by the pioneering works of Mallouk et
al.,5−7 Meyer et al.,1,8,9 and others.10−12 By contrast, research
on dye-sensitized photocathodes for water splitting has been
rare. The four devices examined to date13−16 employed pH 7
buffer solutions and required an applied potential in order to
produce an appreciable amount of current and hydrogen.
Those photocathodes’ current densities ranged from 10 to 20
μA/cm2, which pales in comparison to the 1.7 mA/cm2 so far
achieved by the photoanode side.11

Photoelectrode stability for water splitting is another
challenge. Ideally, low pH is favorable for improving kinetics
of hydrogen production on the deficient photocathode side and
allowing proton conducting membranes to be used to separate
each half cell. It is also crucial that the photoanode side is stable
in acidic conditions because local pH changes from the water
oxidation reaction can cause dye degradation and desorption
even at neutral pH, thus limiting the stability of the system.3

However, typical devices’ chronoamperometry (CA) experi-
ments for water oxidation or reduction show only 10−100 s
time frames that display noticeable photocurrent decay, even
under neutral conditions.17 In only a few exceptions, the
current is maintained for a couple of hours.14,18 Therefore, it is
imperative to develop high-current and long-term aqueous
photocathode stability for efficient tandem DSPECs.
Herein we report the first acidically stable p-type DSPEC.

The key to the extended stability (16.6 h of illumination in pH
0) of our system lies within the molecular engineering of a dual-
function organic photosensitizer, 4-(bis(4-(5‴-(2-(2,6-diisopro-
pylphenyl)-1,3-dioxo-2,3-dihydro-1H-benzo[5,10]anthra[2,1,9-
def ]isoquinolin8-yl)-3,4′,4″,4‴-tetrahexyl-[2,2′:5′,2″:5″,2‴-qua-
terthiophen]-5-yl) phenyl)amino)benzoic acid (BH4).19 BH4
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is an organic push−double-pull dye (D−π−2A) that consists of
a triphenylamine (TPA) donor moiety connected to two
perylenemonoimide (PMI) acceptor groups by head-to-tail
oligio-3-hexylthiophene-conjugated π-linker groups. This dye
design mimics nature’s thylakoid membranes of photosystems I
and II.20 The donor group layer, which contains the carboxylic
acid functional group for loading onto NiO, is protected from
the highly protic aqueous electrolyte (1 M HCl, pH 0) by the
canopy of hydrophobic hexyl groups above it in the thiophene
linkers. The PMI groups are located above the canopy of
hydrophobic hexyl groups and act as the head layer whereby
the aqueous electrolyte can interact. Upon photoexcitation, an
electron can move from the donor (TPA) to the acceptors
(PMI) whereby the charge-separated state is protected from
charge recombination with NiO by the length of oligothio-
phene π linker, which is between the donor and acceptor.21,22

The excited electron can interact with the electrolyte, which
contains the catalyst, and the hole can be efficiently collected by
NiO because it is protected from recombination with the
electrolyte by the hydrophobic bulk of the hexyl groups (Figure
1).23 BH4 is among the top-performing dyes for p-type DSSCs

and has one of the highest reported molar extinction
coefficients (∼100 000 M−1 cm−1 at 515 nm).19 The high
molar extinction coefficient allows for efficient light harvesting,
producing average photocurrents of 183 ± 36 μA/cm2 at an
applied bias of 0 V vs NHE (All potentials from here are
referenced vs NHE.) and as high as 300 μA/cm2 at an applied
bias of −0.2 V with 300 W Xe lamp illumination. This
photocathode is the first to obtain currents as high as those
obtained for the photoanode variants, allowing for more
efficient tandem cells to be developed.17

Acidically stable and active HER catalysts are another crucial
component of high-performance p-DSPECs. The aforemen-
tioned p-type systems have mainly used cobaloxime cata-
lysts.14,16 The cobaloxime catalyst was not chosen as an HER
catalyst in this study because strong acid hydrolyzes the
oximato functionality and uncoordinates the cobalt cation. The
cobaloxime catalyst is also unsuitable because of its low
solubility in water.24 Instead, a cubane molybdenum sulfide
cluster, [Mo3S4]

4+, was chosen as the HER catalyst in this
system because of its stability and solubility in low pH aqueous

solvents.25 An initial biomimetic study showed that molybde-
num disulfide materials have the ability to catalyze efficiently
the reduction of water.26 Further studies have shown that
molecular molybdenum sulfide catalysts, (e.g., [Mo3S4]

4+,
[Mo3S13]

2−, and [Mo2S12]
2−) have an advantage over

molybdenum disulfide 2D sheets for hydrogen evolution due
to the increased number of active terminal sulfur sites.27−29 The
[Mo3S4]

4+ cluster has been shown to have HER activity similar
to that of the edge site of 2D molybdenum disulfide
sheets.30−34 Therefore, it would be advantageous to incorporate
such low-cost and active MoxSy catalysts into DSPEC systems.
However, MoxSy clusters exhibit optimal activity in acidic
environments.28 Until now, using MoxSy clusters in DSPECs
has been unfeasible because photoelectrodes sensitized with
dyes anchored to a metal oxide semiconductor have been
unstable in even mildly acidic environments.15

■ EXPERIMENTAL METHODS
Synthesis. The [Mo3S4(H2O)9]Cl4 cluster was synthesized

according to prior literature.34,35 The dye used, BH4, was synthesized
according to our prior report.19

Film Preparation. The NiO films were prepared using a modified
sol−gel method.36−38 The green sol−gel solution was then doctor-
bladed onto FTO glass and heated at 450 °C for 30 min. Film
thickness was varied by repeated cycles of doctor-blading and heating.
Film thickness was determined using an AlphaStep D-100 profilometer
from KLA-Tencor Corporation. All films used were 0.8 ± 0.5 μm
thick. NiO films were soaked overnight in 0.01 mM BH4 dye solution
in DMF.

Buffer Preparation. Two separate 1 M solutions of citric acid
(42.01 g) and sodium citrate (58.08 g) were prepared using 200 mL of
deionized water (18 MΩ cm). To prepare the pH 3 and 5 buffers, 82
and 35 mL of the citric acid solution were added to two 100 mL
Erlenmeyer flasks, respectively. A pH meter (Oakton, Ion 6 Acorn
series) was calibrated (using pH 4 and 7 buffers from Fisher Scientific)
and used to measure the pH as the citric acid solution was titrated with
the sodium citrate solution until a pH of 3 (18.00 mL) and 5 (65.00
mL) were reached. The Erlenmeyer flasks were then fitted with septa
and degassed for 1 h each by bubbling a strong flow of nitrogen
through the solutions.

Cell Setup and Electrochemical Tests. The sensitized films were
washed with DMF and air-dried before use. The photoelectrochemical
measurements were acquired using our homemade cell, which
consisted of a three-electrode setup all in the same compartment.
The electrodes consisted of a working photocathode (described
above), a platinum mesh counter electrode, and a saturated KCl Ag/
AgCl reference electrode, which was calibrated with potassium
ferricyanide. The assembled cell was degassed with nitrogen for 15−
20 min prior to each experiment. All experiments contained 5 mM of
catalyst. The photocathode electrode was illuminated with a 300 W
xenon lamp fitted with a water jet filter and an additional filter to
eliminate 420 nm wavelength light and avoid NiO light absorption.
The light intensity was measured to be 344 mW/cm2 using a Newport
optical power meter (model 1830-C) equipped with a silicon diode
detector (model 818-UV). Linear sweep voltammetry (LSV) was
conducted at a scan rate of 2 mV/s with chopped light illumination in
20 s intervals for all LSV experiments. All CA experiments were held at
a constant potential of 0 V vs NHE. The films’ transmittance and
electrolyte’s absorbance prior to and after experiments were recorded
using a PerkinElmer Lambda 950 instrument.

Hydrogen Detection. Hydrogen was detected using a Shimadzu
gas chromatograph equipped with a thermal conductance detector
using argon as the carrier gas. The instrument was calibrated by
injecting known volumes of hydrogen.

Figure 1. Molecular structure of BH4 and the schematic showing the
energetics of the DSPEC.
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■ RESULTS AND DISCUSSION
The operating principle of the cell can be seen in Figure 1.
Upon photoexciting the BH4 sensitizer, a hole is injected from
the excited sensitizer into the valence band (VB) of NiO. The
reduced dye then transfers an electron to [Mo3S4]

4+, after
which the reduced [Mo3S4]

4+ can produce hydrogen from
protons in the 1 M HCl electrolyte. BH4 has HOMO and
LUMO positions of 1.64 and −0.64 V, respectively. NiO’s VB
has a position of 0.50 V.19 The reduction potential of
[Mo3S4]

4+ has been reported to be approximately −0.50 V at
pH 0.39 The energy alignment of all aspects of the DSPEC
system are thermodynamically favorable, and the chronological
sequence has been demonstrated by our group’s previous
studies.14,40

Control. To ensure that the system’s light-response current
can be attributed to hydrogen production, all variables were

systematically probed. Three cells were built using BH4-
sensitized nickel oxide (NiO) films and varying solvents and
catalyst concentrations. The cells were evaluated via LSV,
sweeping from 225 to −150 mV while light chopping. The first
cell contained anhydrous dimethylformamide (DMF) and
[Mo3S4]

4+ (Figure 2a). This aprotic system showed minimal
light response, as did the system containing aqueous 1 M HCl
solution without catalyst. When catalyst was added to the
aqueous acidic system, a significant light response was
observed. This shows that the light response is due to the
presence of both a catalyst ([Mo3S4]

4+) and a proton source.
LSV was conducted using a BH4-sensitized NiO film in a 1 M
HCl (pH 0) electrolyte containing 5 mM of catalyst
([Mo3S4]

4+) scanning from 400 to −300 mV with light on
and off (Figure 2b). LSV shows a large difference between the
light and dark currents, confirming photoactivity of the system.

Figure 2. (a) Linear sweep voltammetry (LSV) scanning from 200 to −200 mV at a scan rate of 2 mV/s of all BH4-sensitized NiO films with varying
electrolyte compositions, elucidating the requirement for catalyst, protons, dye, and light for current. (b) LSV scanning from 400 to −300 mV at 2
mV/s with light chopping of all BH4-sensitized NiO film in pH 0 (1 M HCl) electrolyte with 5 mM [Mo3S4]

4+ catalyst with light off (red trace) and
light on (black trace).

Figure 3. Transmittance of NiO films before and after a 3 h soak in 1 M HCl solution. (a) Transmittance of a BH4-sensitized NiO film before (black
line) and after (red line) 3 h of soaking in a 1 M HCl (pH 0) solution showing no indication of degradation. Insets: BH4 film before (left) and after
(right) soaking. (b) Transmittance of bare NiO films before (black line) and after (red line) a 3 h soak in 1 M HCl. Insets: Bare NiO film before
(left) and after (right) soaking.
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The onset for light current starts at 400 mV. Furthermore, the
LSV shows that current densities of 300 μA/cm2 can be
obtained for the pH 0 solutions at a modest overpotential of
−140 mV.
Stability under Strongly Acidic Conditions. To assess

quantitatively the film stability, transmittance was carried out
on a NiO film sensitized with BH4 and a control film of bare
NiO (without BH4 dye protection). The transmittances of the
films were evaluated before and after 3 h of exposure to the 1 M
HCl electrolyte, which can be seen in Figure 3 (pH 5 and 3,
Figures S1 and S2, respectively). The transmittance of the film
with the BH4 dye shows no change, indicating that no dye
desorption or film degradation occurred. The bare NiO film
without the BH4 dye protection showed a dramatic change in
transmittance as well as a change in the visible appearance
(Figure 3b inset), indicating that the NiO film dissolved into
the acidic electrolyte. To quantify further the stability of the
photocathode, both nonsensitized and BH4-sensitized NiO
films were soaked in separate pH 0 (1 M HCl) solutions for 3 h
each; then, the solutions were analyzed via inductively coupled
plasma optical emission spectroscopy (ICP-OES). The bare
NiO film without BH4 protection showed 2.3 ppm of Ni2+ in

the solution, whereas both the BH4-sensitized NiO film and the
control solution (1 M HCl) showed less than 0.35 ppm of Ni2+

(Table S1 and Figure S3 for pH 3). These results show that the
dual-function BH4 dye sufficiently protects the surface of NiO
from both acid dissolution and dye desorption, as evidenced by
the cell’s remarkable 16.6 h of continuous performance shown
later. Further evidence of the NiO protection afforded by BH4’s
canopy of lipophilic hexyl groups is demonstrated by contact
angle comparison of a pH 0 droplet: 119° for the BH4-
sensitized film compared to 12° for the bare NiO (Figure S4).
Such high acidic stability is unprecedented. To the best of our
knowledge, only one qualitative study has shown photocathode
stability under acidic conditions using a PMI-6T-TPA sensitizer
anchored on NiO as the photosensitizer.13 However, no
catalyst was employed in that study, nor was the cathode
operated under acidic conditions.41

Effect of pH on Photocurrent. The only two tandem
DSPECs demonstrated to date, by Sun et al., were constrained
to pH 7 and showed notable photocurrent decay in that only
∼60% of the photocurrent remained after the first 10 min of
illumination.3,4 The photoanode in these systems could
produce an average photocurrent of 300 μA/cm2 (0 V vs

Figure 4. (a) Current densities of a BH4-sensitized NiO film in pH 5, 3, and 0 solutions, all containing 5 mM [Mo3S4]
4+ catalyst. (b) IPCE spectra

of a pH 0 (1 M HCl) solution with 5 mM [Mo3S4]
4+ catalyst at an applied potential of −0.17 V (black squares) plotted with an absorbance spectra of

a BH4-sensitized NiO film (red circles). (c) Chronoamperometry of a BH4-sensitized NiO film in pH 0 (1 M HCl) solution with 5 mM [Mo3S4]
4+

catalyst at an applied potential of 0 V with constant light illumination (aside from 3 light on/off tests). Inset: Hydrogen bubbles formed on the
working electrode.
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Ag/AgCl), whereas the photocathode only produced an
average photocurrent of 35 μA/cm2 (−0.2 V vs Ag/AgCl)
with both illuminated by 100 mW/cm2 light. Hence, the
photocathode limited the tandem DSPEC. Additionally, the
stability of all p-type DSPEC systems has been limited to pH
7.13−16 It would be advantageous to increase the stability of
these systems not only in pH 7 but also over a range of pH
values. The system reported here shows long-term stability in
pH 5, 3, and 0 solutions under visible light irradiation. The
influence of the system’s pH was tested via CA with an applied
potential of 0 V for pH 0, 3, and 5 (Figure 4a) and LSV
(Figures S5 and S6, respectively). As the hydronium
concentration is increased, the light-induced current also
increases.
One would expect current to increase at lower pH values

because of increased kinetics for hydrogen production. This
contradicts the results recently obtained by Castillo et al.15

They observed a decrease in current as the pH decreased,
which was explained by NiO’s flat band potential becoming
more positive with increased proton concentration at the NiO
surface, thus decreasing hole-injection driving force. Indeed,
Graẗzel et al., O’Regan et al., and others have shown that as
positive charge accumulates on the surface of a dye-sensitized
solar cell’s (DSSCs) metal oxide semiconductor the band edge
of the semiconductor shifts to more positive values.15,42−45 In
our case, this effect would also decrease the driving force for
hole injection from the dye’s HOMO to the semiconductor’s
valence band. However, we have observed that at lower pH
values light-induced current increases significantly suggesting
that positive charge is not accumulating at the NiO surface.
This can be explained by the shielding of the NiO
semiconductor from hydronium ions by BH4’s inherent steric
bulk and amphiphilic character, which is supported by the ICP
results previously mentioned. This concept has been proven by
Graẗzel et al. and O’Reagan et al.46−49 to increase the stability
and performance of closely related DSSCs in both organic and
aqueous electrolytes, which has been summarized in a review.50

Surprisingly, to date this strategy has not been employed for
DSPECs. Additionally, it is known that metal oxides can be
dissolved by acidic solutions, yet this was not observed for our
BH4-sensitized NiO films, further supporting the utility of this
strategy.51

Efficiency. Incident to photon current efficiency (IPCE)
was determined for a BH4-sensitized NiO film with 5 mM
catalyst in pH 0 at an applied potential (−0.17 V vs NHE)
where the light response was the largest (Figure 4b). The IPCE
spectrum closely matches the BH4-sensitized NiO film
absorbance spectrum (Figure 4b, red circles), confirming that
the current is due to light absorption from the dye. Gas
chromatography coupled to a thermal conductance detector
(GC-TCD) was employed to verify the evolution of hydrogen
from a cell with 5 mM catalyst in pH 0 with an applied
potential of −0.3 V. After irradiation, GC-TCD was used to
measure the hydrogen present in 1.0 mL aliquots taken from
the head space of the cell (6.5 mL). A faradic efficiency up to
60% was calculated with an average of 49 ± 11% over 5
experiments. The faradic efficiency can be attributed to the
irreversibility of the Mo4+ reduction, which has been observed
in prior HER studies using this cluster.30,52,53 UV−vis
spectrometry of the electrolyte solution (5 mM [Mo3S4]

4+ in
pH 0, 1 M HCl) before and after CA held for 2.7 h with
constant light illumination shows a change in the UV−vis
spectra of the [Mo3S4]

4+ cluster, signifying decomposition of

the catalyst (Figure S8). However, no change in the films
transmittance was observed after photoelectrolysis (Figure S9),
indicating no deposition of any MoxSy species onto the
photocathode. However, CA experiments show stable current
over 16.6 h despite the faradaic efficiency.

Long-Term Operating Stability. CA (Figure 2c) was then
conducted at 0 V at pH 0 with 5 mM catalyst, and the current
response was measured as a function of time. The light was
allowed to irradiate the film continuously for 16.6 h apart from
three brief light-on and -off periods to confirm that the current
could still be attributed to the light. The cell shows stable
currents (183 ± 36 μA/cm2) over this time period. This length
of stable performance has never been shown before for any
DSPEC, either n- or p-type, and was carried out in an
environment much more acidic than that of previous studies (1
M HCl).

■ CONCLUSIONS
This study demonstrates the first acidically stable dye-sensitized
photocathode as well as incorporating a non-noble-metal
cluster as a catalyst for water reduction. The current densities
(183 ± 36 μA/cm2 and as high as 254 μA/cm2) obtained at an
applied bias of 0 and −0.2 V, respectively, with a 300W Xe
lamp source are the highest current densities obtained for p-
type DSPECs at any applied potential. The 16.6 h of
photocathode stability in 1 M HCl is unprecedented.
Additionally, we have shown that a primary reason for the
decreased performance and instability of NiO-based (and likely
other metal oxide semiconductor based) DSPEC systems in
acidic environments is the dye desorption and/or dissolution of
the metal oxide. Therefore, we suggest using bulky hydrophobic
sensitizers such as BH4 to protect the metal oxide semi-
conductor and improve dye-sensitized photocathode stability,
especially under extremely acidic conditions. This advancement
not only allows for more-efficient, low-pH water-reduction
DSPECs but also moves dye-sensitized systems closer to
practical applications by developing a method for protecting the
semiconductor surface and using dye-sensitized photocathodes
in any system that requires low pH.
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