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Light-driven Water Splitting Mediated by Photogenerated

Bromine

Matthew V. Sheridan,* Ying Wang, Degao Wang, Ludovic Troian-Gautier, Christopher J. Dares,

Benjamin D. Sherman, and Thomas J. Meyer

Abstract: Light-driven water splitting was achieved using a dye-
sensitized mesoporous oxide film and the oxidation of bromide (Br’)
to bromine (Br,) or tribromide (Brz). The chemical oxidant (Br, or Brs’
) is formed during illumination at the photoanode and used as a
sacrificial oxidant to drive a water oxidation catalyst (WOC), here
demonstrated using [Ru(bda)(pic).], (1, pic = picoline, bda = 2,2-
bipyridine-6,6™-dicarboxylate). The photochemical oxidation of
bromide produces a chemical oxidant with a potential of 1.09 V vs
NHE for the Br,/Br couple or 1.05 V vs NHE for the Br;/Br couple
sufficient to drive water oxidation at 1 (Ru*"Y = ~1.0 V vs NHE at pH
5.6). At pH 5.6, using a 0.2 M acetate buffer containing 40 mM LiBr
and the [Ru(4,4-POsH,-bpy)(bpy)l** (RUP*, bpy = 2,2-bipyridine)
chromophore dye on a SnO,/TiO, core-shell electrode, resulted in a
photocurrent density of ~1.2 mA/cm® under ~1 Sun illumination and
a Faradaic efficiency upon addition of 1 of 77% for oxygen evolution.

Water splitting (2H,O — O; + 2H,) is one of the many
approaches under investigation for alleviating the world’s
dependence on fossil fuels.® ? Light-driven water splitting to
generate solar fuels is particularly attractive since it mimics
Nature’s photosynthetic scheme and harnesses an abundant
and cost-free energy source, sunlight.®! Water oxidation typically
presents the greatest challenge of the contributing half reactions
in water splitting due to the 4e” chemistry and need for high
oxidation potentials to carry out the reaction: 2H,O — O + 4H" +
4e’; E° = 1.23 V versus NHE. This challenge limits the availability
of rapid and stable molecular catalysts for use in devices based
on a photoanode and dark cathode, in devices such as the one
described here.* ¥ Photoanodes perform water oxidation with
solar energy and—when paired with an appropriate
semiconductor—carry out water or CO, reduction at the cathode.
This latter half reaction provides hydrogen (2H" + 2e” — Hy; E° =
0.0 V versus NHE) or a reduced form of carbon as the solar fuel.
Alternatively, devices based on a photocathode and dark anode
are limited by cheap and effective semiconductors.”

An attractive approach for carrying out light-driven water
splitting is with a dye-sensitized photoelectrochemical cell
(DSPEC).® ¥ The DSPEC typically consists of a chromophore
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and catalyst assembly attached to a semiconductor forming the
photoanode, a dark cathode (typically Pt), and an ion selective
membrane separating the two electrodes that are wired together.
Immobilization of the water oxidation catalyst (WOC) alongside
the chromophore allows for hole transfer from the ground-state
oxidized chromophore (following electron injection into the
semiconductor) to the catalyst. This is a process that must occur
four times in order for water oxidation to occur. The demand for
four oxidative equivalents to build-up at the catalyst puts a heavy
demand on the dynamics of charge separation at the
semiconductor. The concentration of oxidative charge at the
catalyst both decreases the driving force for subsequent hole
transfers from the photo-oxidized dye as well as increases the
driving force for charge recombination from electrons in the
semiconductor. In order to facilitate longer charge separation
lifetimes, a number of techniques have been developed to both
alter the arrangement of the chromophore and catalyst at the
surface and to alter the properties of the semiconductor.™® ' A
promising technique is to construct core-shell electrodes using
two different semiconductor materials, such as SnO, and
TiO,.** Electrodes constructed in this way, with a more
insulating (more negative conduction band) oxide as the shell,
are generally ca. 10 times more efficient in converting light
energy into photocurrent and O,.1% ¢

In this report, in order to avoid the buildup of oxidative
charge at the photoanode surface, an electron-transfer mediator
has been employed using the Bri/Br, couple (E = 1.09 V versus
NHE) or Br/Brs couple (E = 1.05 V versus NHE).*" Oxidation
of bromide, Br, to either product provides an oxidant capable of
driving water oxidation at an added [Ru(bda)(L);] (bda is 2,2‘-
bipyridine-6,6'-dicarboxylate) catalyst with L a neutral donor
ligand such as pyridine.'® [Ru(bda)(L);] catalysts used here
typically have Ru(V/IV) redox couples ca. 1 V versus NHE at or
above pH 5.5.1° 2% This is the highest potential in the water
oxidation cycle for these catalysts and one that should be
thermodynamically accessible with bromine/tribromide as an
outer-sphere oxidant ([RuV=0] + oxidized bromide species —
[Ru¥=0] + Br). In related halogen oxidations, additional
halogenated intermediates have been invoked as participants.’®"
Bromine will be referenced throughout because it is known to
have the fastest electron transfer kinetics and is in rapid
equilibrium with the other oxidized bromide species (for instance,
tribromide). The results of studies described below demonstrate
that both oxidants support water oxidation -catalysis by
[Ru(bda)(L),] catalysts. The complex sodium bromine acetate-
tribromide ([CH3CO.Br{Brs}][Na]) was found to be the
predominant product in solution following the photochemical
oxidation of bromide vida infra. This complex is formed from the
reaction of two bromine molecules with acetate (2Br, + CHzCO,’
— [CH3CO2Br{Brs}]). In order to perform water oxidation with
bromine, a [Ru(bda)(L),] complex was added to solution
following photolysis to complete the light-driven water splitting
cycle (Scheme 1).
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Scheme 1. Structure of the RuP?" chromophore and water
oxidation catalyst 1 and the (photo)chemical steps leading to
water oxidation: 1) light absorption by RuP?*, charge separation
forming RuP**, and Br~ oxidation by RuP**to form 1/2Br, and 2)
oxidative consumption of the photochemically formed Br;
resulting in water oxidation by 1 in solution.

The electrochemistr?/ of Br' under aqueous conditions is
summarized in Egn 1-4.""7 Two noteworthy aspects are the
small equilibrium constant between Br, and Brs™ in the presence
of Br (Keq = 17)%? and the more rapid ET kinetics of Br, with the
electrode surface.” The formation constant (Keq) for Brs is
significantly lower than that of triiodide in water (I3, Keq = 698)24
or for the same reaction to form tribromide in nonaqueous
solvents (Keq > 10°).%°! Along with the faster ET kinetics known
for Brz, the small equilibrium constant for Brs formation could
inhibit Bro/Brs-Br” couple as a redox mediator. Recombination of
Br, with the reduced oxide surface under illumination would
result in poorer overall photocurrent efficiencies.

3Br — Brg +2¢e E°=1.05V versus NHE (1)
2Br — Br; + 2e” E°=1.09Vversus NHE  (2)
Brs < Br, + Br Keq =17 ?3)
Br, + 2e” — 2Br rapid 4)
2TiOz(€e") + Brp — TiO,(0) + 2Br recombination  (5)

To test for the photoelectrochemical oxidation of bromide
in water, a phosphonated derivative of the ruthenium tris-
bipyridine dication, RuP?* ([Ru(4,4-H,0sP-bpy)(bpy).]*"), was
used on TiO, and SnO,/TiO, core-shell electrodes in aqueous
media at pH 1 and pH 5.6. Recent results in this area have
shown that ruthenium tris-bipyridine dyes are competent
chromophores for the oxidation of bromine in nonaqueous
media.”®?® The core-shell electrode configuration was used
here in anticipation of the slower ET rate between RuP®*
(formed following excited state injection, Ei, = 1.26 V versus
NHE) and Br (Eiz = 1.05-1.09 V versus NHE).” The longer
charge separation lifetimes provided by the core-shell electrodes
have resulted in enhanced photocurrent efficiencies which in
some cases are a >10-fold enhancement over traditional TiO,
electrodes.™ This has been critical to improving photocurrent
efficiencies observed in water splitting devices where
heterogeneous water oxidation rates are rate limiting.”

Figure 1 reveals the results of experiments on RuP?
electrodes in solutions containing 40 mM LiBr at pH 1 and pH
56 in a 0.2 M acetate buffer. The SnO./TiO. electrodes
performed better in both solutions with photocurrent densities of
1.2 mA/cm? and 0.25 mA/cm? at pH 5.6 and pH 1, respectively.
This comparison suggests that the reaction rate between the
ground state oxidized dye and Br plays a role in the overall
kinetics (Egn 6). Thermodynamically, it was expected that
photocurrents would be enhanced at pH 1 where the conduction
band (CB) of the metal-oxide semiconductors is at its most
positive favoring excited state injection; however, the
experimental results revealed the opposite. Analysis of bromine
in the pH 5.6 solution with acetate buffer revealed a spectrum
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that closely matched the absorption and molar absorptivity for
Brs .Y Further *H NMR analysis confirmed a shift in the CHs-
peak of acetate in D,O in the presence of added bromine
suggesting a reaction between Br, and acetate. The same
reac[tsign was not observed at pH 1 with perchloric acid (Figure
S1).

TiOz(e)-RuP* + Br — TiO,(e)-RuP? + % Br; Kear (6)
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Figure 1. Current-time (i-t) traces for 0.5 cm? electrodes of TiO,-
RuP?* (light black) and SnO,/TiO-RuP?* (black) in pH 5.6, 0.2 M
acetate buffer, 0.25 M NaClOg4, and in pH 1, 0.1 M HCIO4 TiO,-
RuP?" (light gray) and SnO2/TiO,-RuP?* (gray); 40 mM LiBr, 100
mW/cm? illumination (white light source), Eapp= 0.7 vs RHE.

To differentiate the formation of Brs” from Br; at pH 5.6, 18-
crown-6 was added at pH 1 (0.1 M HCIO,) and unbuffered pH 7
(0.5 M NaClOy) solutions of Br,. The addition of 18-crown-6 to
bromine under non-aqueous conditions has been known to
initiate tribromide formation, Eqn 7.5% Adding an equivalent of
18-crown-6 to Br; at pH 1 and 7 led to the formation of the Brs’
spectrum and a loss of the Br, signal (Figure S2). The
experimental results are consistent that, in a similar manner as
18-crown-6, acetate reacts with Br, to yield bromine acetate-
tribromide, Eqn 8. The bromine acetate adduct, Br-O-C(O)CHs,
is a known complex which is often used in electrophilic
halogenation of aromatic rings."

2Br, + 18-crown-6 — 18-crown-6-Br*---Brs” @)
2Br; + CH3C(0)-O" — CH3C(0)-O-Br---Brs’ (8)

Addition of 18-crown-6 to pH 1 solutions, with the same
photocurrent measurements, resulted in a pronounced increase
in photocurrent (Figure S3). Under 250 mW/cm? illumination the
photocurrent density increased to 7 mA/cm?. These results are
remarkable and may be relevant for the development of
aqueous DSSCs.F®!

Based on the improved photocurrent densities observed, it
is likely that reduction of bromine acetate or the 18-crown-6
chelate are slower than bromine reduction at the photoanode. In
the iodine/triiodide couple, which is ubiquituous in dye-sensitized
solar cells ?DSSCS), the major recombination pathway is through
iodine (I,).7%% The same appears to be true for bromine in
aqueous solutions. Electrochemical measurements at pH 1, at
pH 5.6 acetate buffer, and at pH 7 unbuffered solutions were
consistent with the slowest step occurring in the acetate buffered
solution using either a Pt or glassy carbon electrode evidenced
by the larger peak separation (Figure S4). Long-term photo-
electrolysis in pH 5.6, 0.2 M acetate buffer solution with a
SnO,/TiO,-RuP? electrode under white light illumination (100
mW/cm?) for 20 min was carried out to determine the primary
product of light-driven bromide oxidation. A sample of the
photolysis solution was evaluated and bromine acetate or
tribromide were the only product observed by UV-visible
measurement.

To verify that the oxidized halogen intermediates could
drive water oxidation by the [Ru(bda)(L).] catalysts, a series of
experiments was carried out with [Ru(bda)(4-pic),] (pic = 4-
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picoline) in solution.*¥ Using either calcium hypochlorite
(Ca(ClO),;), hypobromous acid/hypobromite  (HOBr/"OBr)
(prepared by adding Ca(ClO), to a solution of 0.1 M Br),
bromine, or tribromide as the oxidant. Sampling of the
headspace by gas chromatography (GC) after ~5 min of mixing
between the oxidants and catalyst confirmed, in all cases,
quantitative conversion of the oxidative equivalents (~15-25
equiv.) into Oz with 0.2 mM [Ru(bda)(4-pic);] in pH 5.6, 0.2 M
acetate buffer solutions.*%

Finally, assembling the SnO./TiO,-RuP?* and performing
long-term photolysis provided a solution of photogenerated
bromine. After 30 min of illumination, an aliquot of a degassed
pH 5.5 solution of 1 was added to the photochemical cell to form
0.05 mM 1 in solution. After 10 min of mixing, GC sampling of
the headspace gave a 77% Faradaic efficiency for the
production of O, based on the photocurrent measured at the
Sn0,/TiO,-RuP? electrode and moles of evolved O, determined
by GC analysis (Figure 2).
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Schem'e 2. DSPEC design based on using Br/Br or
[CH3C(O)OBr{Br3}INa/Br redox mediator couples and a
homogeneous catalyst.
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Figure 2. Photocurrent (top) and GC measurements (bottom)
obtained for light-driven water splitting in pH 5.6 with 0.2 M
acetate buffer and 40 mM LiBr and 40 mM 18-crown-6 at
SnO/TiO2-RuP?* photoanode (Eapp = 0.7 V versus RHE) under 1
Sun illumination. GC measurements showing photolsysis results
in black with added 1 compared with a control experiment in
gray for the same procedure run in the absence of the applied
voltage and illumination.
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In conclusion, the experiments described here establish
the use of a bromide mediator couple that allows for light-driven
water splitting upon addition of a homogeneous WOC. The
approach exploits rapid, single e-based oxidation of the reduced
mediator (Br) at the photoanode surface and removes high-
valent forms of the catalyst from the reduced semiconductor
surface. With relatively slow rates of recombination between the
oxidized mediator and the reduced semiconductor surface, such
as that observed with [CH3C(O)OBr{Brs}]Na here, allows for
buildup of oxidative equivalents in solution and subsequent
water oxidation at 1. The results described here could form the
basis for the evolution of a new class of highly efficient
photoanodes and enable the use of WOCs that hitherto have not
performed well at metal-oxide semiconductor-dye interfaces
such as nanoparticle metal oxides. Future experiments to
develop a nanolTO mesoporous support containing [Ru(bda)(4-
POsHo-(CHo)s-pyr)z] (pyr = pyridine),*? in a configuration
reminiscent of a collector-generator (C-G) cell, Scheme 3, are
underway to establish an ideal configuration for continuous light-
driven water splitting through a bromide-bromine mediator.”!
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Scheme' 3. DSPEC design based on 'using Bro/Br- or
[CH3C(O)OBr{Brs}]Na/Br" redox mediator couples and a
heterogeneous catalyst.
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