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Chloride-Induced Easier Phase Transformation and Catalytic Synergy for Enhanced
Seawater Splitting

Haibin Ma,? Yuxiang Jin,? Xiaoyan Zhou,? Yujie Cui,? Yang Zhao,¢ Chia-Yu Chang,? Min-Hsin Yeh,® Wei-
Hsiang Huang,*"& Erhong Song,*" Jiwei Ma, *@ Hongfei Cheng*2

Abstract Hydrogen production from sustainable seawater splitting technology is restricted by the side reactions of chlorine
evolution and chlorine oxidation on anode. Different from the common catalyst design strategy, i.e., selecting materials
repelling chloride ions, herein, we find that the strong adsorption of chloride ions on noble metal can be an advantage. We
design a heterostructure catalyst consisting of atomically dispersed Ru doped IrO, nanocluster/a-Co(OH), nanosheet. This
as-synthesized catalyst only requires an overpotential of 206 mV to drive 100 mA cm, and it can withstand continuous
catalysis as long as 310 h under 500 mA cm. In situ spectroscopy and theoretical calculations show that Cl~ ion adsorption
on IrO, clusters at low overpotentials promotes the phase transition of a-Co(OH), to CoOOH, lowering the OER barrier at the
Ru site and resulting in a significantly reduced theoretical overpotential of 200 mV for Ru-IrOx-Cl/CoOOH. Our work
demonstrates a catalyst with Cl- adsorption-promoted OER activity, in contrast to the traditional Cl- repelling catalyst design

strategy for seawater splitting.

Keywords: Hetero-interface, single atom doping, chloride adsorption, alkaline seawater splitting, oxygen evolution

Introduction

Seawater accounts for ~97% of global water, hence

electrochemical seawater splitting is widely recognized as an
economic and sustainable route to produce high-quality
hydrogen.!- One challenge of electrochemical seawater splitting
is the accompanied side reactions of Cl- oxidation reaction
(CLOR) occurring on anode, which can produce Cl, or
hypochlorite, seriously poisoning catalytic active centers and
corroding the anode materials.*® The standard -electrode
potential (SEP) gap between OER and CLOR is pH-dependent.
Fortunately, when pH value is above 7.5, the SEP of CLOR is
1.72 V2" much higher than that of OER. Besides, OER is more
kinetically favorable in alkaline conditions than acidic or neutral
conditions. Therefore, the investigation on suitable catalysts
toward large-current seawater splitting is usually conducted
under alkaline conditions.'?* Alkaline conditions also allow for
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the utilization of earth-abundant metals, widening the choice of
catalysts and lowering the cost of water splitting.

3d transition metal hydroxides are promising alternatives to
the commercial Ir/Ru-based materials for alkaline OER,'5-18 but
they are prone to be corroded by CI- ions during seawater
splitting. A common strategy to improve their stability is
constructing a protection layer to repel Cl- adsorption. The
protection layer is likely to cover the active sites for OER and
this strategy may become ineffective at high overpotential for
large current generation, at which the driving force of CI-
adsorption becomes stronger. Instead of repelling Cl- ions, very
recent studies have demonstrated that the strong Cl adsorption
on noble metals could be a benefit for designing catalysts based
on transition metal hydroxides. For example, Duan et al.!® found
that the Cl- adsorption on Ir single atoms can modulate the
electronic structure of active sites and lower OER activation
energy of Ir/cobalt iron layered double hydroxide. However,
adsorbing too many CI- ions on noble-metal sites may hinder the
adsorption of oxygen-containing intermediates and limit the
overall OER kinetics. Moreover, the coordination between CI-
and noble metals still has the potential of generating Cl, or
hypochlorite, especially at high overpotentials.?® An ideal
catalyst should be able to desorb CI- at high overpotentials so as
to completely avoiding CLOR and fully exposing active sites for
OER.2! This inspires us to design a heterostructured catalyst
composed of transition metal hydroxides and noble metals,
which possesses a Cl- adsorption capacity inversely correlated to
the overpotential. More specifically, the designed catalyst has a
strong Cl- adsorption on noble metal sites at lower overpotential,
which can lower the OER energy barrier, whereas it has a weak
CI- adsorption at higher overpotential, which can facilitate water
adsorption for larger current generation.??
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Herein, we developed a heterostructure catalyst comprising of
atomically dispersed Ru-doped IrOx nanoclusters and o-
Co(OH), nanosheets (denoted as Ru-IrO,/a-Co(OH),) for
electrochemical seawater splitting. At low potentials, CI- prefers
to adsorb on the IrOy clusters, which facilitates the phase
transformation of Co(OH), into highly active CoOOH and
promotes OER on the atomically dispersed Ru sites. At high

Synthesis and characterization of catalysts

a

potentials, water adsorption increases agg‘(;dldg)\gf%%{%ﬁ

decreases, releasing the active sites for OER and preventing the
CLOR side reactions, as illustrated in Fig. 1a and proved by in
situ spectroscopy experiments as well as density functional
theory (DFT) calculations. The as-fabricated catalyst exhibited
enhanced OER activity with an overpotential of 206 mV to drive
100 mA cm2, and remained stable during 310-h catalysis under
500 mA cm2in 1.0 M KOH + seawater electrolyte.
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Fig 1. (a) lllustration of the structure of Ru-IrOx/a-Co(OH); catalyst and its corresponding OER kinetics promoting and CLOR repelling effects.
(b) SEM image and (c) TEM image of Ru-IrOx/a-Co(OH); catalyst. (d) XRD pattern of Ru-IrOx/a-Co(OH); catalyst. () HAADF-STEM image of
Ru-IrOy4/ai-Co(OH), catalyst, many nanoclusters and isolated atoms dispersed on a-Co(OH), surface were obviously observed, nanoclusters
and isolated atoms were marked with yellow and red circle, respectively. (f) STEM image and corresponding EDS elemental mappings of Ru-
IrOx/a-Co(OH); catalyst.
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The Ru-IrO,/a-Co(OH),
synthesized via a facile two-step process. Firstly, layered o-
Co(OH), nanosheets (denoted as a-Co(OH),) (Fig. S1 and S2)
were prepared by electrodeposition method using nickel foam as

heterostructure catalyst was

substrate. Subsequently, the as-obtained a-Co(OH), nanosheets
were immersed in an IrCl;/RuCl; mixed aqueous solution with
atomic ratio of Ir3*/Ru?* to be 5/1, thus IrOy cluster/a-Co(OH),
nanosheet heterostructure doped with atomically dispersed Ru,
i.e., Ru-IrO,/a-Co(OH),, was obtained. The scanning electron
microscopy (SEM) images in Fig. 1b and Fig. S3 show that the
nanosheets were vertically and homogeneously grown on nickel
foam. Low-magnification transmission electron microscopy
(TEM) image in Fig. 1c shows that the nanosheet surface did not
become obviously rough after impregnation treatment. X-ray
diffraction (XRD) pattern in Fig. 1d illustrates that layered o-
Co(OH), phase with hexagonal structure and cubic Ni phase
were observed. The XRD refinement result in Fig. 1d shows that
the a-Co(OH), phase has crystal parameters: a=b =3.112 A, c
= 22.865 A. The cubic Ni phase was derived from Ni foam
substrate when exfoliating the Ru-IrO,/a-Co(OH), powder from
the self-supporting electrode using ultrasound technique. The
high angle annular dark field scanning TEM (HAADF-STEM)
images in Fig. 1e and Fig. S4 show that abundant nanoclusters
(circled in yellow) and isolated atoms (circled in red) are
homogenously distributed on a-Co(OH), surface. The line-scan
profile in Fig. S5 indicates that the nanoclusters composed of Ir
species and Ru species. Based on inductively coupled plasma
optical emission spectroscopy (ICP-OES), the total mass loading
amount of Ir and Ru in Ru-IrO,/a-Co(OH), catalyst approaches
0.92wt% and the corresponding atomic ratio of Ir/Ru approaches
15.5/1, indicating the clusters are mainly composed of Ir species.
Energy dispersive spectroscopy (EDS) mapping images in Fig.
1f indicate that Ru, Ir, Co and O elements were homogenously
distributed. For comparison, RuO,/a-Co(OH), (Fig. S6) and
IrO,/a-Co(OH), (Fig. S7) catalysts were also prepared as the
control groups using the similar synthesis procedure.
and  coordination

Electronic property

environment

The composition and electronic structure of catalysts were
studied by X-ray photoelectron spectroscopy (XPS). The
detailed XPS fitting parameters were listed in Table S1. For Ru-
IrO4/a-Co(OH), catalyst, high-resolution Ru 3p XPS spectrum
in Fig. S8a shows a strong peak locating at 486.2 eV, assigned to
the 3p1n, of Ru** ions,?3-26 which is consistent with the
observation of high-resolution Ru 3d XPS spectra in Fig. S8b.
High-resolution Ir 4f XPS spectrum in Fig. S8c shows three
peaks located at 60.6, 62.4 and 65.6 eV, corresponding to Co 3p,
Ir*" 4f5,, and Ir** 4f5,, respectively.?’-?° In the high-resolution Co
2p XPS spectrum (Fig. S8d), two major peaks located at 780.9
and 796.5 eV are assigned to 2p3/, and 2p;, of Co** ions,3%-3! and
the two fitted peaks located at 782.4 and 798.3 eV are ascribed
to 2p3; and 2py; of Co?" ions. Compared with IrO,/a-Co(OH),
catalyst, the Ir** 47, and Co3" 2p3,, XPS peaks in Ru-IrO,/o-
Co(OH); catalyst shifted to lower binding energy values by 0.19

Chemicat Science

and 0.41 eV, respectively. High-resoluti%pl&fo%lﬁgﬁ%%ﬁ%ﬁ

in Fig. S8e indicates the existence of metal-O, metal-OH, H-O-
H bonds and oxygen vacancies.3?-34

The fine coordination environment of catalysts was studied by X-
ray absorption spectroscopy (XAS). In detail, the X-ray absorption
near-edge spectroscopy (XANES) spectra at the Co-K edge show that
the oxidation state of Co in RuO,/a-Co(OH),, IrO/a-Co(OH),, Ru-
IrO,/0-Co(OH), catalysts was very close to +2 (Fig. 2a). The
corresponding extended X-ray absorption fine-structure (EXAFS)
spectra at the Co-K edge show two dominant peaks: one locating at
around 1.4 A was assigned to Co-O bond, and the other one locating
at around 2.6 A was assigned to Co-Co bond (Fig. 2b, Fig. S9, Table
S2). The XANES spectra at the Ir-L; edge show that the Ir oxidation
state in IrO/a-Co(OH),, Ru-IrO,/a-Co(OH), catalysts was very close
to +4 (Fig. 2¢). The corresponding EXAFS spectra of [rO,/a-Co(OH),
and Ru-IrO,/a-Co(OH), heterostructures at the Ir-L; edge show one
dominant peak at around 1.6 A (Fig. 2d), which was assigned to Ir-O
bond, indicating the Ir species in the above two heterostructures were
mainly IrOy cluster. The small peak in Figure 2d locating at around
2.9 A was attributed to Ir-Ir bond. The EXAFS fitting of Ru-IrO/a-
Co(OH); at the Ir-L; edge implies that there are some Ru atoms doped
in IrOy clusters (Fig. S10, Table S3). The XANES spectra at the Ru-
K edge show that the Ru oxidation state in RuO,/a-Co(OH), and Ru-
IrO4/0-Co(OH), catalysts was very close to +4 (Fig. 2e), and the
corresponding EXAFS spectra (Fig. 2f, Fig. S11, Table S4) show one
dominant peak at around 1.6 A, which is assigned to Ru-O bond. The
atomically dispersed Ru was further confirmed by wavelet transform
of Ru-K edge, where only one strong peak corresponding to Ru-O
bond was observed in RuO,/a-Co(OH), (Fig. 2g) and Ru-IrOy/a-
Co(OH), (Fig. 2h), whereas another peak corresponding to Ru-Ru
bond was also obviously found in RuO, reference (Fig. 2i). In the
EXAFS spectra at the Co-K edge, the peaks corresponding to Co-O
and Co-Co bonds in Ru-IrO,/a-Co(OH), catalyst shifted to higher
radical distance compared with that in IrO/a-Co(OH), catalyst,
indicating lattice expansion of a-Co(OH), after the incorporation of
atomically dispersed Ru. In contrast, in the EXAFS spectra at the Ir-
L; edge, the Ir-O and Ir-Ir peaks of Ru-IrO,/0-Co(OH), catalyst
shifted to lower radical distance compared with that of IrO,/a-
Co(OH); catalyst, indicating lattice contraction of IrOy clusters after
atomically dispersed Ru incorporation. The above analysis indicated
that atomically dispersed Ru was distributed in both o-Co(OH),
nanosheets and IrOy clusters, therefore the coordination environment
of O-Co-O and O-Ir-O was efficiently modulated by introducing
atomically dispersed Ru species.
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Fig. 2. (a) XANES spectra and (b) EXAFS spectra of Co-K edge for IrOx/a-Co(OH),, RuOx/a-Co(OH)3, Ru-IrOx/a-Co(OH),, CoO and Co
foil references. (c) XANES spectra and (d) EXAFS spectra of Ir-L3 edge for IrOx/c-Co(OH)2, Ru-IrOx/a-Co(OH),, IrO; and Ir foil
references. (e) XANES spectra and (f) EXAFS spectra of Ru-K edge for RuOx/a-Co(OH),, Ru-IrOyx/a-Co(OH)2, RuO, and Ru foil
references. Wavelet transform of Ru-K edge for (g) RuOx/a-Co(OH)3, (h) Ru-IrOx/ai-Co(OH),, and (i) RuO, reference.

Electrochemical performance evaluation

The  catalytic Ru-IrO,/a-Co(OH),
heterostructure was evaluated by a traditional three-electrode
system in a N,-saturated alkaline seawater electrolyte, with 1.0
M KOH dissolved in different salinized artificial seawater.

performance  of

Linear sweep voltammetry (LSV) curves in Fig. 3a show that
Ru-IrO,/0-Co(OH), catalyst exhibited the best OER activity in
1.0 M KOH + seawater electrolyte. It only required an
overpotential of 206 mV to deliver 100 mA cm- (Fig. 3b), much
lower than that of IrO,/a-Co(OH); (257 mV), RuO,/a-Co(OH),
(323 mV), a-Co(OH), (380 mV) and commercial IrO, (454 mV)
catalysts. The overpotential difference was enlarged as the
current density increased to 500 mA cm2. Electrochemical
active surface area (ECSA) evaluation was conducted to identify

the origin for enhanced catalysis. The Ru-IrO,/a-Co(OH),
catalyst has higher double layer capacitance (Fig. S12) than
IrO,/o-Co(OH),, corresponding to higher ECSA333¢ of Ru-
IrO,/o-Co(OH), (132.3 cm?) than IrO,/o-Co(OH), (85.4 cm?),
indicating the number of active sites increased after Ru doping.
The ECSA normalized LSV curves in Fig. 3c show that Ru-
IrO4/a-Co(OH), catalyst exhibited enhanced OER intrinsic
activity than IrO,/a-Co(OH),, RuO,/a-Co(OH), and a-Co(OH),
catalysts. Electrochemical impedance spectroscopy (EIS)
measurement was conducted to investigate the charge transfer
property of catalysts. The Nyquist plot in Fig. 3d displays that
Ru-IrO,/a-Co(OH), catalyst possessed lower charge-transfer
resistance than IrO,/a-Co(OH),, RuO,/a-Co(OH), and a-

Please do not adjust margins
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Co(OH), catalysts. The as-synthesized Ru-IrOy/a-Co(OH),
catalyst had aTafel slope of 68.8 mV/dec (Fig. 3e) in the kinetics
region, which was much lower than that of RuO,/a-Co(OH),
(137.4 mV/dec), IrO4/a-Co(OH), (117.7 mV/dec), a-Co(OH),
(143.5 mV/dec), commercial IrO, (169.7 mV/dec) catalysts,
indicating significantly enhanced catalysis occurred on Ru-
IrO,/a- Co(OH), catalyst. The overpotentials of RuO,/a-
Co(OH), catalyst at 100 and 500 mA c¢cm? in 1.0 M KOH +
seawater electrolyte were much lower than that of recently
reported catalysts (Fig. 3f and Table S5). The influence of Ru

ARTICLE

doping content on alkaline seawater oxidation performance was
also investigated, we prepared Ru-IrOR@l-Co{GPIN>Edtatysts
with different IrO, and RuOy loading amount, and it was found
that the Ru-IrO4/a-Co(OH); catalyst synthesized with Ir3*/Ru3*
molar ratio of 5/1 (Fig. S13) exhibited optimal catalytic activity.
We have evaluated the selectivity of Ru-IrO4/a-Co(OH),
catalyst toward OER in 1.0 M KOH + seawater electrolyte using
rotating ring disk electrode (RRDE). As shown in Fig. S14, the
Faraday efficiency of Ru-IrO,/a-Co(OH), catalyst toward OER
was more than 90%.
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Fig. 3. Electrocatalytic performance evaluation. (a) OER polarization curves for a-Co(OH), IrO,/a-Co(OH),, RuO,/a-Co(OH),, Ru-

IrOx/a-Co(OH), and commercial IrO, catalysts. Electrolyte: 1.0 M KOH + seawater. (b) Comparison of the overpotentials at 100 mA
cm2and 500 mA cm2 for different electrocatalytic materials obtained from the OER polarization curves in panel (a). (c) Polarization
curves of a-Co(OH)3, IrOx/a-Co(OH),, RuOy/a-Co(OH)2 and Ru-IrO4/a-Co(OH), catalysts normalized to corresponding ECSA. (d)
Comparison of EIS spectra for a-Co(OH)3, IrOx/oi-Co(OH)2, RuOy/a-Co(OH)2, Ru-IrOy/a-Co(OH)> and commercial IrO; catalysts. (e)
Comparison of Tafel slopes obtained from the OER polarization curves in panel (a). (f) Comparison of overpotentials of Ru-IrOx/c-
Co(OH), at 100 and 500 mA cm2 with recently reported catalysts in 1.0 M KOH + seawater electrolyte. (g) Comparison of OER
polarization curves for Ru-IrO,/a-Co(OH); catalyst in different electrolytes, including 1.0 M KOH and 1.0 M KOH + seawater. (h)
Durability evaluation of Ru-IrOy/a-Co(OH); catalyst at 500 mA cm=2in 1.0 M KOH + seawater electrolyte. (i) Stability comparison of
Ru-IrO4/a-Co(OH); catalyst with recently reported catalysts in 1.0 M KOH + seawater electrolyte.
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Furthermore, by comparing the OER performance in 1.0 M
KOH and 1.0 M KOH + seawater electrolyte, it was found that
the Cl- ions in seawater can efficiently promote alkaline OER
kinetics of Ru-IrO,/a-Co(OH), catalyst (Fig. 3g). This
phenomenon was further confirmed when decreasing the salinity
of seawater (Fig. S15). To directly observe the function of Cl-
ions on promoting alkaline OER kinetics, in-situ Fourier
transform infrared spectroscopy (FTIR) was conducted on Ru-
IrO,/a-Co(OH), catalyst both in 1.0 M KOH and 1.0 M KOH +
seawater electrolytes. As shown in Fig. S16, the intensity of
peaks corresponding to adsorbed *OH species obviously
strengthened in 1.0 M KOH + seawater compared with that in
1.0 M KOH, and the above two peaks intensified as the operating
potentials increased from 1.20 V vs. RHE to 1.70 V vs. RHE,
indicating the water molecules can be dissociated more easily
after introducing seawater in alkaline electrolyte.

Understanding the mechanism

As for the stability evaluation of Ru-Ir%gIg;ﬁgggﬁ;gé%fgﬁ%ﬁ
negligible overpotential degradation was observed at 500 mA

cm? for 310 h in the electrolyte of 1.0 M KOH + seawater (Fig.
3h), indicating the robustness of our as-synthesized Ru-IrO,/o.-
Co(OH); catalyst for alkaline seawater oxidation. The stability
performance surpassed most of recently reported catalysts (Fig.
3i). The Ru mass ratio in the spent Ru-IrO,/a-Co(OH), catalyst
was 0.014%, as confirmed by ICP, indicating the existence of Ru
species after stability evaluation. Fig. S17 displays that the
electronic structure of Ru-IrO,/a-Co(OH), catalyst experienced
negligible destruction except slightly shifts to higher binding
energy values after alkaline seawater oxidation stability test,
which was ascribed to surface reconstruction under OER
operating potential.3”-3® The morphology and microstructure of
our as-synthesized Ru-IrO,/a-Co(OH), catalyst retained after
long-term catalysis operation (Fig. S18), indicating its structural
stability.

In 1M KOH + Seawater

a c
3 In-situ XAS
ocP In 1M KOH
——1.3Vvs.RHE
= |——15Vvs.RHE
W —on
-
X 2-|Ru-r0,Ja-Co(OH),
g Ir-L; edge
©
E
S 1
z
Electrolyte: -
1.0 M KOH + Seawater =
0 : . . . r
11180 11200 11220 11240 11260 11280 a
Photon Energy (eV) g
12
In-situ XAS _ Ir-O bond ocp -2
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[m) —oOff
S 8- Ir-Cl bond
X
o
@ Ru-Ir0,Ja-Co(OH),
T Ir-L, edge
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- 1.0 M KOH + Seawater
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Raman shift (cm™)

Fig. 4. In-situ XAS and Raman analysis. (a) The XANES spectra of Ir-L3 edge for Ru-IrOy/a-Co(OH), heterostructure under the
operating voltages of OCP, 1.30 V vs. RHE, 1.50 V vs. RHE and off potential. (b) EXAFS spectra of Ir-L; edge for Ru-IrOx/a-Co(OH),
heterostructure under the operating voltages of OCP, 1.30 V vs. RHE, 1.50 V vs. RHE and off potential. (c) /n-situ Raman spectra of
Ru-IrOy/a-Co(OH); heterostructure in 1M KOH and 1M KOH+Seawater.

To investigate the mechanism of Ru-IrO,/a-Co(OH),
heterostructure for enhanced OER catalysis, we performed in-
situ XAS characterization in the electrolyte of 1.0 M KOH +
seawater. As shown in Fig. 4a, when the operation voltage

increased from open circuit potential (OCP) to 1.3 V vs. RHE,
the phonon energy for Ir-L; absorption edge shifted toward
higher energy values (inset in Fig. 4a), indicating the higher
valence state of Ir species, which was ascribed to the oxidation

Please do not adjust margins
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of IrOy clusters. As the operating voltage increased from 1.3 V
vs. RHE to 1.5 V vs. RHE, further phonon energy shifts of Ir-L;
adsorption edge toward higher energy values were observed, and
the energy shifts disappeared when the voltage was cut off. As
for the variation of coordination environment (Fig. 4b), apart
from the inherent Ir-O bonds existing in Ru-IrO,/a-Co(OH),
heterostructure, Ir-Cl bonds locating at around 2.0 A were
obviously observed under OCP and 1.3 V vs. RHE, indicating
CI- ions were adsorbed on IrO, clusters in the alkaline seawater
medium. When the applied potential increased from OCP to 1.3
V vs. RHE, the fitting results of the EXAFS spectra of Ru-
IrO4/a-Co(OH), at the Ir-L; edge show that Ir-Cl coordination
number slightly decreased and the Ir-Cl radial distance slightly
increased (Fig. S19-S20, Table S6-S7), which implies a weaker
Cl adsorption on IrOy clusters. The intensity of Ir-Cl bonds
obviously weakened when the operating voltage reached 1.5 V
vs. RHE, indicating high-valent chlorine compounds such as
ClO- or ClO; are unlikely to be generated at high overpotential.
Fig. S21 shows the wavelet transforms for Ir-L; edge in IrO4
clusters under in-situ operating voltages, suggesting that the
intensity of Ir-Cl bonds weakened from OCPto 1.3 Vand 1.5V
until the voltage was cut off. The phenomena can be ascribed to
weakened Cl- adsorption capacity of IrOy clusters at high
operating voltage, which is favored for fast OER kinetics and
preventing the competing CLOR. In contrast, the intensity of Ir-
O bonds exhibited a strengthened trend from OCP to higher
operating potentials, suggesting more oxygen species adsorbing
onto Ir sites for OER to proceed.

Moreover, in-situ Raman spectroscopy was performed to
investigate the structural change of Ru-IrO,/a-Co(OH), during
alkaline seawater oxidation catalysis. As shown in Fig. 4c, with
the operating voltage increasing from OCV to 1.5 V vs. RHE,
the Eg vibration signal shifts from ~515 cm’'to ~469 cm,
indicating Co(OH), gradually transformed to CoOOH,?® which
is an irreversible process. This finding was further confirmed by
the XRD pattern after OER stability (Fig. S22), where the
characteristic peaks of CoOOH appeared,*>-*3 while the
characteristic peaks of Co(OH), disappeared. In 1.0 M KOH,
phase transformation finished at 1.5 V vs. RHE, while in alkaline
seawater, the phase transition started at 1.2 V vs. RHE,
suggesting seawater benefits the phase transformation of Ru-
[rO,/a-Co(OH), to generate more active sites.

DFT calculations

To further elucidate the Cl™-induced phase transformation and
the generation of catalytically active sites, first-principles
calculations were performed. We first calculated the adsorption
energies of CI™ ions on different sites, including a-Co(OH), Co
(Co site in a-Co(OH);), IrO4/a-Co(OH), Ir, Ru-IrO4/a-
Co(OH),_Ru, and Ru-IrO,/a-Co(OH),_Ir, to determine the most
favorable adsorption configuration (Fig. S23). Among these, Ru-
IrO4/a-Co(OH),_Ir exhibits the lowest Cl~ adsorption energy,
suggesting that CI™ preferentially adsorbs on Ir sites, which is
consistent with the XAS analysis (Fig. 4b). Experimental
characterizations have confirmed the transformation of the
catalyst support from Co(OH), to CoOOH, and previous reports

This journal is © The Royal Society of Chemistry 20xx
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suggest that C1~ adsorption can promote this phase {ransition, To
further validate this effect, we calculated>thie 1€1OFgyDbatie#9 Bf
the phase transition from Ru-IrO,/a-Co(OH), to Ru-
IrO,/CoOOH under three conditions: without C1~ adsorption,
with C1™ adsorbed on Ir, and with CI™ adsorbed on the substrate
(Fig. S24). The corresponding atomic configurations are shown
in Fig. S25. The results clearly demonstrate that C1~ adsorption
significantly lowers the energy barrier of the phase transition,
thereby facilitating the conversion to Ru-IrO,/CoOOH. Charge
density difference analyses were subsequently conducted for
1rO,/CoOOH, Ru-IrO,/CoOOH, and Ru-IrO,/CoOOH with CI1~
adsorption (denoted as Ru-IrO4-Cl/CoOOH)), as presented in Fig.
5a. Positive and negative charge redistributions are illustrated in
yellow and green, respectively. Incorporation of atomically
dispersed Ru into IrO, clusters induces conformational
changesand results in Ru atoms accumulating more positive
charge compared with Ir. Notably, while the overall cluster
structure remains stable after Cl~ adsorption on the Ir site
adjacent to Ru, the electronic structure of Ru undergoes
significant reconfiguration. The Bader charge calculations show
that, after Ru doping the positive charge of nearby Ir species
decreased, while the positive charge of nearby Co species
increased (Fig. S26). The DFT calculation results are consistent
with the experimental observation by XPS.

The Gibbs free energy profiles for the OER process on
different catalysts are shown in Fig. 5b, with the corresponding
reaction intermediates illustrated in Fig. S27-S29. For Ru-
IrO,/CoOOH, the rate-determining step (RDS) is *O — *OOH,
whereas for CoOOOH and IrO,/CoOOH, the RDS is *OOH — O,.
The calculated OER overpotentials are 0.48 V for CoOOH, 0.35
V for IrO,/CoOOH, 0.31 V for Ru-IrO,/CoOOH _Ir, and 0.27 V
for Ru-IrO,/CoOOH_Ru. Comparisons of the RDS energy
barriers reveal that Ru-IrO,/CoOOH_Ru exhibits the lowest
barrier, indicating Ru as the most favorable active site. Moreover,
Ru doping reduces the energy barrier at Ir sites, highlighting the
synergistic effect between Ru and Ir. Since the plausible
existence of multiple species in our as-synthesized Ru-IrO,/a-
Co(OH); catalyst, including pure IrOx clusters (IrOy/Co(OH),),
Ru doped IrOyx (Ru-IrO,/Co(OH),), Co doped IrO4 (Co-
1IrO,/Co(OH);,), as well as atomically dispersed Ru and Ir
decorating on the surface of a-Co(OH), (Ru-Co(OH), and Ir-
Co(OH),), we constructed corresponding models (Fig. S31) and
calculated their Gibbs energy profiles for OER process (Fig.
S30). It is found that the RDS energy barrier was the lowest on
Ru-IrO4/Co(OH),, indicating that the Ru-IrOy site plays a
leading role during OER and our discussions based on the Ru-
IrO, site in CoOOH are reasonable. When CI™ is adsorbed on the
Ir site adjacent to Ru (Ru-IrO4-Cl/CoOOH_Ru), the RDS barrier
is further lowered relative to Ru-IrO,/CoOOH Ru (Fig. 5b),
suggesting that Cl™-induced electronic reconfiguration enhances
OER activity. Importantly, the preferential adsorption of CI” on
Ir prevents competition with OER active Ru sites. In contrast,
Gibbs free energy profiles for the CLOR pathway (Fig. 5c)
indicate that Ru-doped IrOy clusters effectively suppress the
CLOR process.

To correlate the catalyst structure with activity, Crystal Orbital
Hamilton Population (COHP) analyses were conducted (Fig.
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S32). The electronic states of *OH intermediates on CoOOH_Co,
IrO,/CoOOH_Ir, Ru-IrO,/CoOOH _Ir, Ru-IrO,/CoOOH Ru,
and Ru-IrO4-Cl/CoOOH Ru are shown in Fig. 5d. More
negative ICOHP values indicate stronger bonding between
intermediates and the catalyst. The ICOHP values of CoOOH,
1IrO,/CoOOH_Ir, Ru-IrO,/CoOOH Ir, Ru-IrO,/CoOOH_Ru,
and Ru-IrO4-Cl/CoOOH_Ru are -0.598, -1.575, -1.828, -1.670,
and -1.659, respectively. Although stronger binding accelerates
O-H bond polarization and dissociation, excessively strong
adsorption hinders O-O coupling and product desorption,
thereby reducing reaction kinetics. Projected density of states
(PDOS) analyses (Fig. Se, 5f, S33) reveal that both Ru and Ir
retain abundant electronic states near the Fermi level (-1.0 to 0.0
eV), implying high reactivity. In particular, Ru-IrOx-Cl/CoOOH
shows significant overlap between Ir 5d and Cl1 2p orbitals in the

d:

R
clen

iMargins

€
€

Journal Name

range of -3.0 to -2.0 eV (Fig. 5f), confirming that Cl; adsorpfion
modifies the Ir electronic structure. The debanid Ce&xiteasanalypsts
further supports these findings. The calculated values for
IrO,/CoOOH_Ir, Ru-IrO,/CoOOH_ Ir, and Ru-IrO,/CoOOH_Ru
are -2.259, -1.730, and -1.978 eV, respectively. Ru doping shifts
the d-band center of adjacent Ir to less negative values,
strengthening its adsorption capability. Consequently, CI~
preferentially adsorbs on Ir. Moreover, C1™ adsorption on Ir tunes
the d-band center of neighboring Ru to -2.205 eV, optimizing its
adsorption of intermediates. The correlation between d-band
centers and overpotentials shown in Fig. 5g demonstrates that
stronger adsorption shifts the RDS to *O — *OOH, while
weaker adsorption favors *OOH — O,. Overall, the combined
effects of Ru doping and Cl~ adsorption on Ir sites adjacent to
Ru significantly enhance OER activity, positioning Ru-IrOy-
Cl/CoOOH closer to the apex of the OER activity volcano plot.
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Fig. 5. Density Functional Theory (DFT) Calculations. (a) Side view and corresponding charge density difference for IrOx/CoOOH,

Ru-1rO4/CoOOH, and Ru-IrOx-Cl/CoOOH. The color coding for elements is as follows: Co (blue), O (red), H (white), Ir (light green),
Ru (pink), and Cl (green). Gibbs free energy diagrams for (b) OER and (c) CLOR on CoOOH_Co, IrO/CoOOH_lIr, Ru-IrOx/CoOOH_lIr,
Ru-IrO4/CoOOH_Ru, and Ru-IrOx-Cl/CoOOH_Ru. (d) Calculated COHP for *OH adsorption on CoOOH_Co, IrOx/CoOOH_Ir, Ru-
IrOx/CoOOH_Ir, Ru-IrO«/CoOOH_Ru, and Ru-IrOx-Cl/CoOOH_Ru. (e) Calculated PDOS diagram for Ru-IrOx/CoOOH.(f) Calculated
PDOS diagram for Ru-IrO4-Cl/CoOOH. (g) Calculated volcano plot illustrating the relationship between overpotential (n) and the d-
band center (&q) for IrOx/CoOOH_Ir, Ru-IrOx/CoOOH_lIr, Ru-IrOx/CoOOH_Ru, and Ru-IrOx-Cl/CoOOH_Ru.
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Fig. 6. AEM electrolyzer performance evaluation. (a) Schematic illustration of the anion exchange membrane electrolyzer. (b) OER
activity comparison of Ru-IrOx/a-Co(OH), | | commercial Pt/C electrolyzer system and commercial Pt/C | | commercial IrO; coupled
electrolyzer system in the electrolyte of 1.0 M KOH + seawater. (c) The durability measurement of Ru-IrOx/a-Co(OH), ||
commercial Pt/C system in 1.0 M KOH + seawater at the constant current density of 200 mA cm2. The AEM electrocatalysis was
operated at room temperature of ~289 K.

An anion exchange membrane (AEM) electrolyzer was cathode. This system required a working voltage of 2.30 V to
assembled using our as-synthesized Ru-IrO,/a-Co(OH), catalyst ~ deliver 1 A cm? in the electrolyte of 1.0 M KOH + seawater,
serving as the anode and commercial Pt/C catalyst serving as the ~ while the benchmark commercial Pt/C | commercial IrO,
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coupled system required a voltage higher than 3.05 V to drive
the same current density (Fig. 6b). And the Ru-IrO,/a-Co(OH),
|| commercial Pt/C AEM system can sustain for more than 300 h
electrolysis at 200 mA cm (Fig. 6¢) in 1.0 M KOH + seawater,
indicating the promising potential of our as-synthesized Ru-
IrO,/a-Co(OH), catalyst toward large-scale green hydrogen
production from electrochemical seawater splitting coupled with
renewable energy generation systems.

Conclusion

In conclusion, we have shown that chloride ion adsorption can
significantly enhance the oxygen evolution reaction (OER) in
seawater splitting by promoting phase transformation in the
catalyst. The Ru-IrO4-Cl/CoOOH heterostructure catalyst,
consisting of atomically dispersed Ru-doped IrOy nanoclusters
on a-Co(OH), nanosheets, achieved a low overpotential of only
200 mV to drive a current density of 100 mA cm2, and it
remained stable for 310 hours at 500 mA cm™2. In situ
spectroscopy and theoretical calculations revealed that at low
overpotentials, Cl- ion adsorption on IrOy clusters induces the
phase transformation of 0-Co(OH), to CoOOH, lowering the
OER barrier at the Ru site. This phase transition, facilitated by
Cl- ions, resulted in a significantly reduced theoretical
overpotential of 200 mV for the Ru-IrO,-Cl/CoOOH system.
Our findings demonstrate a novel approach to seawater splitting,
where chloride ion adsorption promotes catalytic activity,
contrasting with traditional chloride-repelling catalyst strategies.
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