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Sunlight-driven photocatalytic water splitting shows promise for
green H, production. In an attempt to achieve seawater splitting,
we constructed a new stoichiometric brine splitting system that
produces H, along with Cl, instead of O,. Cl,—a more potent high-
value-added oxidant than O,—was obtained with 100% selectivity
over 10 h by adjusting the solution pH to acidic using a UV-light-
driven Pt-loaded TiO, photocatalyst. Our new photosynthesis
system can permit economically feasible solar chemical production.

Global warming driven by greenhouse gas emissions, which has
become a critical issue for modern society, must be mitigated
by transitioning from fossil fuels to renewable energy sources.'?
However, renewable energy is typically transformed into
chemical energy for storage and transportation. In this context,
the conversion of solar energy to green and inexpensive H, from
using particulate photocatalysts
considerable attention.3

water has garnered
Fresh water is crucial for ingestion and agriculture, and is
sometimes considered a precious resource in developing
countries and remote islands.* Therefore, seawater and brine,
which constitute over 97% of the water on Earth, are worth
investigating in this regard.
Seawater contains ~500 mM CI~ ion, which participates in
oxidation reactions as well as H,O. Evidently, Cl~ ion oxidizes to
form chlorine (Cl,), hypochlorous acid (HCIO), and hypochlorite
ion (ClO")
respectively (Fig. S1).> The standard redox potentials vs.

under acidic, neutral, and basic conditions,

reversible hydrogen electrode (V vs. RHE) for the seawater
splitting reactions are provided below.
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2H,0 - O, +4H"+4e-, E=1.23 Vvs.RHE 1)

2CI - Chb+2e, E=136+0.059xpHVvs.RHE  (2)

Cl-+ H,0 — HCIO + H* + 2e-,
E=149+0.0295xpH Vvs. RHE  (3)

CIr+H,0 — CIO~+2H"+2e, E=1.72Vvs.RHE “)

Cl,, HCIO, and CIO™ are obtained via two-electron oxidation.
Furthermore, they are considered equivalent from an
electrochemical perspective, given their tendency to reversibly
transform as follows:

Cl, + H,O0 = HCIO + HCl, K=3.94 x 10* M? 5)

Notably, O, is thermodynamically the most favorable product
among the four aforementioned species at all pH values.

Most studies on the electrolysis of seawater or brine
(containing NaCl) have focused on producing H, and O, by
disregarding Cl- ion oxidation,®® which has resulted in HCIO
being considered an undesired byproduct. However, HCIO is
considered as a valuable chemical because it exhibits several
attractive features. For instance, it is an extensively used
oxidant for disinfecting potable water, bleaching, cleaning,
deodorizing, treating dye wastewater, and sterilizing food
because of its strong oxidizing power in aqueous solutions.®"11
Furthermore, it has recently drawn attention as an antiviral
agent against SARS-CoV-2. Consequently, HCIO is several
hundred times more expensive than 0,.12 However, HCIO
decomposes gradually over time even in the dark; therefore, it
is not conducive to prolonged storage, and consequently, on-
site production at the usage location is preferred. Notably, on-
site production eliminates the need for long-distance product
transport and the product concentration methods typically
adopted in conventional large-scale production schemes,
making it an exceptionally realistic system that may be realized
in the near future for generating useful products using
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Photocatalyst
Fig. 1 Schematic illustrating the simultaneous production of H, and Cl, using
a powdered photocatalyst.

photocatalysts. Therefore, simultaneous production of H, and
HCIO through on-site photocatalytic seawater splitting is worth
exploring as an economically and practically feasible system
(Fig. 1).

Recently reported photoelectrochemical HCIO production
schemes require a certain external bias.'3* Furthermore,
photocatalytic HCIO production from brine has been achieved
by leveraging the O, reduction reaction and using powder-
based photocatalytic systems (Eq. 2 and 6), which can be more
readily scaled-up than photoelectrode systems.>16

0, +4H" + 4e- — 2H,0, E=123V vs. RHE (©6)

Additionally, certain studies have implied the occurrence of
partial CI- oxidation.'”'® However, to our knowledge,
intentional and selective production of H, and HCIO in a
stoichiometric ratio through brine splitting has not been
reported to date. In this study, we devised an overall brine
splitting process for concurrently producing H, and Cl, with a
particulate photocatalyst. Pt-loaded TiO, photocatalysts helped
generate H, and Cl, in a stoichiometric ratio under UV
irradiation in an acidic medium. Our results underscore the
potency of the newly formulated scheme as an artificial
photosynthesis system.

Particulate TiO, with 0.1 wt% Pt cocatalyst loaded via
photodeposition was used as the photocatalyst (see Fig. S2 for
the X-ray diffractometry [XRD] pattern of TiO,). A flow-type cell
was used (Fig. S3), and the Cl, produced was trapped as ClIO-
ions in 4 M NaOH via disproportionation (Eq. 5). The detailed
experimental procedure is shown in the Supporting
Information.

A 500 mM aqueous NaCl solution was prepared as a model
seawater/brine sample, in this study. Subsequently, the gas
evolution reaction in brine was monitored over time at different
pH values under 365 nm light irradiation (Fig. 2(A)). Under acidic
condition (pH 1), H, and Cl, were preferentially produced,
although a small amount of O, was also evolved. After the LED
light was switched off, the amount of Cl, continuously increased
gradually for an additional 45 min and then saturated. This
delay was mainly caused by slow bubbling in the flow system (5
mL min~1). Furthermore, the e /h* ratio of the products—which
was initially 3.4—decreased with time and eventually reached
almost unity (Fig. S4), indicating that the reaction proceeded in
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a stoichiometric manner. After the reaction, no HCIO or CIO-
was detected in the reaction cell. In addition, some control
experiments clearly show that Pt-loaded TiO, photocatalyst is
necessary to produce H, and Cl,. (See Table S1)

Contrary, in a closed batch system, H, production was
stopped after 1 h (Fig. S5). Therefore, backward reactions such
as H, + 1/20, > H,0 and H, + Cl, - 2HCl were largely
suppressed owing to the use of the flow-type reaction cell.

After the reaction for 1 h, there was no change in the
crystalline phase in XRD (Fig. S6). On the other hand, XPS and
SEM showed a clear difference in Figs. S7 and S8, respectively.
Although the Pt signal was observed after the reaction in XPS,
the peak intensity has largely reduced, indicating that Pt species
were partially dissolved after 1 h. SEM images in Fig. S8 showed
aggregation of Pt particles after the reaction, which may
contribute to the reduction of the intensity in XPS.

Under neutral condition, H, and a small amount of O, evolved
steadily, whereas Cl, and HCIO were not detected by
colorimetry. Moreover, the e /h* ratio of the final product for
this scenario was not apparently unity. HCIO and NaClO can
absorb 365 nm light, which suggests that photolysis should
occur under these UV irradiation conditions. It was reported
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Fig. 2 Time courses of (A) brine splitting and (B) water splitting using 0.1 wt%

Pt-loaded TiO, under different pH conditions. Reaction conditions: catalyst,
10 mg; solution, 500 mM NaCl aq. or water (30 mL, pH adjusted with eighter
HCIO, or NaOH); light source: 365 nm LED.
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that CIO~ decomposes via the reaction 2CIO~ - 2CI~ + 0,.1920
However, in this case, O, should be evolved and pure water
splitting should proceed as a total reaction. lon chromatography
confirmed the production of CIO3~ and CI~ under UV irradiation,
as reported previously,'” suggesting that the photolysis of HCIO
or ClO™ to ClO3™ likely occurred, as follows:

3Cl10- — ClO; + 2CI- 7

HCIO was detected in the reaction cell when the reaction
analyzed 3 min being
Furthermore, ion chromatography suggested that almost all the
HCIO in the reaction cell converted to Cl- and ClO3™. Therefore,
H, and HCIO were presumably generated stoichiometrically at
one time in the reaction cell, but HCIO decomposed and
converted to ClO37, instead of being removed from the reaction
cell as Cl, via Eq. 5, resulting in almost no O, and Cl; in the flow-
type reactor. Although certain studies have hinted at the
possibility of HCIO decomposition, no investigation has
confirmed the balance between reduction and oxidation. Our
results indicated that the e7/h* ratio was unity for the reaction
conducted in neutral as well as acidic media, which was vital for
certifying the steadiness of the catalysis. A similar phenomenon
was observed in the scenario with a basic solution (pH 13).

Notably, the H, production rate was higher at a lower solution
pH. It is known that the potential of the valence band maximum
shifts with changes in pH, resulting in a larger driving force for
Cl- oxidation at lower pH (Fig. S1), which led to higher Cl,
evolution activity. Additionally, higher H* concentration likely
reduced the overpotential for H, production on the Pt surface.

For comparison, time courses of water splitting without NaCl
were investigated under the aforementioned pH conditions
(Fig. 2(B)). In the neutral medium (pure water), H, and O,
evolved stably in a stoichiometric manner (H,/0O, = 2). When the
pH was tuned to 1, the evolution rate initially increased—similar
to that in the brine splitting at pH 1—and then gradually
decreased. The activity did not recover even when the reaction
cell was re-purged with Ar gas (Fig. S9), indicating irreversible
degradation at pH 1. The factors underlying this degradation at
acidic pH without NaCl could not be clarified; notably, the
surface of TiO, could have changed marginally during the
reaction. Only H, evolution was detected from the basic
solution, as observed previously in water splitting reactions.?%22
Although the detailed reasons are not fully understood, one of
the possibilities is the formation of alternative oxidative
products, such as H,0,, and another possibility is that in cases
of low activity, O, was not detected due to the relatively low
sensitivity to O,. The non-stoichiometry of this system warrants
further investigation.

Notably, the maximum H, production rate in acidic brine
(12.7 pmol h=t) was higher than that in pure water (4.7 umol
h=1). The addition of NaCl is known to reduce the H, production
rate under neutral conditions (Table S2). Therefore, a higher H,
production rate can be achieved via brine splitting by adjusting
the pH, even though the oxidation potential of ClI~ is more
positive than that of water.

The photocatalyst enabled steady, linear production of H,
and Cl, for more than 10 h (Fig. 3). After 14 h, the concentration

solution was after irradiated.
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Fig. 3 Time-dependent gas evolution through brine splitting with 0.1 wt% Pt-
loaded TiO,. Reaction conditions: catalyst, 10 mg; solution, 500 mM NaCl aq.
(30 mL, pH 1); light source: 365 nm LED. Circular, square-shaped, and
triangular datapoints indicate H,, Cl,, and O,, respectively.

of CIO~ in the trap solution exceeded 4 mM, which was sufficient
for disinfection-related applications.?> Although O, evolved
slightly during the initial stage of the reaction, as shown in Fig.
2(A), it became negligible after 5 h. This result indicates that the
Cl- ion oxidation preferentially occurred even though O, was
thermodynamically preferred as the product over Cl,.

Despite the partial dissolution of the Pt species after 1 h as
mentioned above, steady H, and Cl, evolution was confirmed
over 10 h, and no H, was observed without Pt-modification
(Table S1, entry 4). Therefore, it is likely that the remaining Pt
species were stably active for brine splitting.

Photoelectrochemical measurements were conducted in the
acidic medium to elucidate the effect of Pt cocatalyst on
oxidation reaction. TiO,/Ti photoelectrode was prepared by
calcination of Ti substrate. Detailed experimental procedures
and characterization are presented in Supporting Information.
The selectivity (faradaic efficiency for Cl;) of a TiO,
photoelectrode toward Cl, evolution was not affected by Pt
loading (TiO, and Pt-loaded TiO; photoelectrodes were 59% and
60%, respectively.). Pt was considered to act as a cocatalyst for
H, evolution and not participate in oxidation. Therefore, the
TiO, surface presumably provided active sites for oxidation.

Notably, the faradaic efficiency for Cl, was lower than in the
suspension-based system, although no O, was detected during
the process. One reason for this is the decomposition of HCIO.
The large dimensions of the photoelectrode (2 x 3 cm?)
prevented the removal of Cl, gas from the surface,
consequently promoting photolysis and reducing selectivity.
Another potential reason is the direct production of oxidizing
species such as ClO;5™.

Density functional theory (DFT) calculations were performed
to scrutinize the kinetic aspects governing the selectivity for
0O,/HCIO production.?*3% Using a commonly accepted
theoretical description involving four proton-coupled electron-
transfer (PCET) steps with two H,O molecules,31736 the
mechanisms underlying intermediate formation and oxidation
of HCl and H,0 were investigated using the Ti(OH),—O,—Ti(OH),
cluster model for rutile TiO,.343537 The DFT results indicated
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that the first deprotonation step from the adsorbed HCI or H,O
was the rate-limiting step for both reactions, similar to those
reported previously for H,O oxidation (Figs. S10 and $11).31,33.36
The AG value of the rate-limiting step for HCI (2.20 eV; Table S3)
was lower than that for H,O (2.40 eV; Table S3), implying that
the HCl oxidation was kinetically favorable.

The estimated apparent quantum yield of the entire brine
splitting reaction in the acidic medium (~0.6% at 365 + 20 nm)
is comparable to that reported previously for TiO,-
photocatalyzed water splitting.3®8 Additionally, the calculated
turnover number for H,PtClg (~103) indicated that Cl, was
produced from the CI- ions in the solution. Therefore, our
results establish the credentials of a new artificial
photosynthesis system that can simultaneously produce H, and
Cl, from brine.

Although simultaneous production of H, and Cl, in acidic
media is a noteworthy reaction, it requires an acid feed to
maintain pH and supply protons for consumption. Therefore, in
practical settings, this system should be equipped with an acid-
wasting process. On the other hand, the production of CIO~ and
H, in basic media does not change pH. Therefore, the
development of photocatalysts that can split brine in basic
media is more feasible than that in acidic environments, despite
being more challenging owing to its higher AG value.

Additionally, visible-light-responsive photocatalysts that can
exhibit high efficiency as well as suppress the decomposition of
HCIO and CIO~ under UV light must be developed.

In summary, Pt-loaded TiO, was shown to split brine into H,
and Cl, in a stoichiometric manner under UV irradiation in the
flow-type reactor. Essentially, an innovative artificial
photosynthesis system was designed by combining the
production of H, with that of high-value-added Cl, instead of O,.
Cl, was preferentially produced with a selectivity of ~100% for
more than 10 h. Furthermore, the H, evolution rate of acidic
brine splitting was higher than that of pure water splitting,
resulting in a more efficient conversion of sunlight. We believe
that our findings will help enrich the field of photocatalytic brine
splitting and boost the practical viability of photocatalytic H,
production systems.
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