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Abstract

Direct electrolysis of pH-neutral seawater to generate hydrogen is an attractive
approach for storing renewable energy. However, due to the anodic competition
between the chlorine evolution and the oxygen evolution reaction (OER), direct
seawater splitting suffers from a low current density and limited operating stability.
Exploration of catalysts enabling an OER overpotential below the hypochlorite
formation overpotential (~ 490 mV) is critical to suppress the chloride evolution and
facilitate the seawater splitting. Here we report a proton-adsorption-promoting
strategy to increase the OER rate, resulting in a promoted and more stable neutral
seawater splitting. The best catalysts herein are strong-proton-adsorption (SPA)
materials such as palladium-doped cobalt oxide (Cos..Pd.O4) catalysts. These achieve
an OER overpotential of 370 mV at 10 mA/cm? in pH-neutral simulated seawater,
outperforming Co3;O4 by a margin of 70 mV. Co;..Pd.O4 catalysts provide stable
catalytic performance for 450 hours at 200 mA/cm? and 20 hours at 1 A/cm? in neutral
seawater. Experimental studies and theoretical calculations suggest that the
incorporation of SPA cations accelerates the rate-determining water dissociation step
in neutral OER pathway, and control studies rule out the provision of additional OER

sites as a main factor herein.
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Introduction

Seawater is an abundant natural resource and the topic of its electrolysis is one of
interest in clean hydrogen production. [!-3] For practical seawater electrolysis, it will
be essential to develop robust anode electrocatalysts that enable efficient and
long-lasting oxygen evolution at high current densities. (4!

Carrying out seawater electrolysis at high pH (> 10) achieves suppression of the
undesired chloride evolution reaction (CER). [¥) However, seawater electrolysis in
alkaline electrolyte leads to the precipitation of magnesium and calcium salts at the
cathode. Additionally, the consumption of lye and acid neutralizes the effluent stream,
imposing added complexity and energy penalties to the process. (68

The direct electrolysis of seawater at near-neutral pH has the potential to avoid
these challenges, while offering more favorable operating conditions for hybrid
biological/electrochemical systems. [ At near-neutral conditions, the competing 2e
transfer CER, which occurs due to the existence of chloride anions (~0.5 M in
seawater), competes with the oxygen evolution reaction (OER) above the 480 mV
overpotential window. [*-1]

This motivates ever-lower overpotentials in neutral OER. However, this is
particularly challenging for near-neutral pH operation since the reactant (OH")
concentration in pH-neutral electrolytes is orders of magnitude lower than that in
alkaline electrolytes. '"12] To date, oxygen evolution in pH neutral electrolytes has

been observed with sub-480 mV overpotentials only at a low current density (<10

mA/cm?) and with limited operating stability (<100 hours). [13-1¢]
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Noting that pH-neutral electrolyte leads to a high overpotential due to the low
concentration of OH™ arising due to the sluggish water dissociation step, prior
researchers showed that optimizing hydroxide adsorption strength accelerates the
water dissociation step and thus the hydrogen evolution reaction in non-acidic media.
[17,18]

We focused instead on the OER side of the reaction in pH-neutral media, seeking
to provide strong proton adsorption on the electrocatalyst surface. We incorporate a
series of strong proton adsorption (SPA) cations into the Co3;O4 framework and find
that the most active SPA-modified electrocatalyst, Co3..Pd.O4, enables a 370 mV
overpotential at 10 mA/cm?, decreasing the overpotential compared to pure Co-based
catalysts by 70 mV. The catalyst maintains stable OER in pH-neutral seawater for
over 450 hours at a constant current density of 200 mA/cm?. Experimental studies and
density functional theory (DFT) calculations reveal the synergetic effects between Co
active sites and SPA cations: Co active sites adsorb OER intermediates, working in
concert with SPA cations to favor the dissociation of water molecules, thus enhancing
OER performance in neutral conditions.

Synthesis and characterization of Co3..Pd.O4 catalysts

To achieve the proposed proton-adsorption-promoting strategy in pH-neutral seawater
oxidation reaction (Figure 1la), we firstly took advantage of electrochemical
deposition to synthesize Co3..Pd,O4 catalysts on carbon paper. Scanning electron
microscopy (SEM, Figure S1) and transmission electron microscopy (TEM, Figure S2)

images reveal a nanoparticle morphology with rough and dense surface morphology.
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High-resolution TEM (HRTEM) images in Figure S2 revealed the nanocrystalline
domains in both samples. These lattice fringe images reveal that the Co3..Pd.Os
catalyst (0.284 nm) shows a larger lattice distance than the Co304 catalyst (0.252 nm),
consistent with Pd doping into the Co030s. Energy-dispersive X-ray spectroscopy
(EDS) mapping in Figures S3 and S4 confirmed the successful introduction of Pd in
Co0304. The substantially homogeneous distribution (within the technique spatial
resolution) of Co, Pd, and O demonstrated the formation of a uniform oxide phase,
without obvious impurity phase segregation. Using the inductively coupled plasma
optical emission spectroscopy (ICP-OES), the atomic ratio of Co:Pd was determined
to be 25:1, which is similar to the elemental ratio estimated by XPS collected from
both the Ar plasma etched surface and the pristine surface (Figure S5).

X-ray photoelectron spectroscopy (XPS) of Pd 3d and the X-ray absorption
near-edge structure (XANES) spectrum of Pd K-edge spectrum suggest the
incorporation of Pd into the Co3Os; with Pd valence +2 (Figures S6-7).1'! The X-ray
diffraction pattern and Raman spectrum of Cos..Pd:Os shows no new peaks when one
compares to those of the Co30Os. This result suggests the absence of observable Pd
phase segregation (Figure S8 and Figure 1b).

To understand the effect of Pd on the local electronic structure of Co3O4 catalyst,
we acquired ex-situ and in-situ spectra under the OER conditions. Co K- and L-edge
X-ray absorption spectroscopy (XAS) reveal electronic structure changes in
C03xPdO4 compared to in Co304 (Figures lc-e, Figure S9): these indicate that the

incorporation of Pd cations affects the local electronic structure of Co. Incorporating
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Pd decreases the Co valence state (2.64 — 2.46) and increases the Co-O bond
distance. In-situ XANES and EXAFS characterization and fitting show that the Co
valence state and Co-O coordination number increases with applied potential,
indicating that Co is active site and OER intermediates tend to adsorb on the Co
active sites of the Co3..Pd.O4 catalyst (Figures S10-11 and Table S1), something also
seen in DFT calculations.
Water splitting performance of Co3..Pd.O4 catalysts
OER analysis was carried out in simulated seawater electrolyte (0.5 M NaCl and 1 M
phosphate buffer solution). Linear scan voltammetry (LSV) curves show that
Co3..Pd,O4 enables the lowest overpotential among members of the library of catalytic
materials studied (Figure 2a, see Figure S12 for cyclic voltammetry curves). The
overpotential on Co3Pd.O4 at a geometric current density of 10 mA/cm? is 370 + 2
mV, lower than that of Co304 and literature benchmark catalysts (437 + 2 mV, [20]
Figure S13 and Table S2). We also compared the performance of the catalysts on
planar Ti foil substrates and found a similar trend (Figure S14). We further tested the
catalytic performance of Co3..Pd,O4 catalyst with a range of electrodeposition scan
numbers to explore the effect of mass loading on catalytic performance. We obtained
similar catalytic performance on the catalysts having various mass loadings,
indicating that mass loading does not have a dominant impact on the optimization of
OER performance (Figure S15).

We also evaluated the intrinsic activity of Co03..Pd:Os and Co30O4 catalysts by

normalizing electrochemically active surface area (ECSA), determined with the aid of
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the double-layer capacitance (Ca). [?'! The ECSA-normalized current density of
C03..Pd,O4 catalyst at 1.7 V versus RHE is 2.2x higher than that of the Co0304
catalysts (Figure S16). Consistent with these findings, charge-transfer resistance (Re;)
determined using electrochemical impedance spectroscopy (EIS, Figure S17) shows
that incorporating Pd*" decreases the R, from 68 Q to 15 Q at the same potential
(Figure S17 and Table S3). The smaller iR-corrected overpotential in Co3.xPd.Os4
catalysts gives evidence against a strong influence of cell geometry and conductivity
on performance (Figure S18). Turnover frequency (TOF) shows a similar trend:
Co03.Pd Oy catalysts exhibit a TOF of 0.18 + 0.03 s at 1.8 V versus RHE (TOF on
Co0304 catalyst is 0.11 £ 0.02 s™!, Table S4).

We further tested the performance of Cos..Pd.O4 catalysts across a wide range of
Pd concentrations. We report as a result the measured dependence of the catalytic
performance of Cos3.PdOs4 as a function of Pd dopant concentration (Figure S19).
In-situ Pd XAS spectra indicate no significant change in the electronic structure
during the OER process (Figure S20). These results suggest that Pd in Co3O4 assists
the Co active sites to accelerate the OER kinetics, rather than providing additional
OER sites.

Tafel slopes measured for OER on Co304 suggest that the water dissociation is the
rate-determining step in a pH-neutral environment (~96 + 2 mV/dec). 22231 The Pd
dopant (~60 + 3 mV/dec, Figure 2b) promotes OER kinetics, (>3] indicating that it
lowers the energy barrier for water dissociation. We conducted water splitting

reactions in deuterated water (D,0O) under the same reaction conditions to evaluate the
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role of water dissociation. DO induces an increased overpotential compared to the
corresponding values in H2O (Figures 2c), and Co3..Pd.O4 catalyst shows a higher
overpotential value change than control catalyst in D,O (46 —20 mV), consistent
with the hypothesis that Pd plays a role in water dissociation. [26-27]

To query whether the Pd-induced enhancement in OER activity is specific to pH
neutral OER, we also studied alkaline seawater OER: when we worked at a high pH
of ~ 13.6, we saw no significant difference in overpotential for Co3..Pd,O4 vs. C0304
(Figure 2d). Since OH" is abundant in alkaline OER, and the water dissociation step is
not involved in OER, [?83% these ECSA and TOF studies obtained in alkaline seawater
agree with the picture that the enhanced OER performance of Co3..PdO4 catalysts
operating in neutral seawater originates from the accelerated water dissociation step
(Figure S21 and Table S5).

Density functional theory (DFT) calculations

We carried out the DFT studies of the OER cycle on a (0112) surface of Co
oxyhydroxide (CoOOH) B!l (see Materials and methods for details). CoOOH is
limited by dissociating water into H'+OH*, suggesting that the first step, OH*
formation, is potential-determining with a theoretical overpotential of 0.90 eV, in
agreement with a prior report. B!) We then substitutional doped CoOOH (0112) with
Pd** and found that the water dissociation is promoted when the dissociated H is
adsorbed on Pd dopants, i.e. it lowers the calculated overpotential (Figure S22).

Compared to CoOOH, the Gibbs free energy of OH* formation on (Pd,Co)OOH is

closer to 1.23 eV, suggesting that the surface formation of O* from OH* becomes the
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potential-determining step (0.42 eV). We ascribed the changes both in the
potential-determining step and theoretical overpotential to the transformation of the
surface O-termination into an OH-termination arising from enhanced H* adsorption
functionality at the Pd site (Figure 3a), consistent with the experimental results.

We extended the model of (Pd,Co)OOH to other dopants with SPA capability (I,
Pt, and Re), 2] where we sought to employ the same doping site and surface
termination groups. The SPA dopants are predicted to have lower theoretical
overpotentials compared to pristine CoOOH: the calculated theoretical overpotential
follows the trend (Pd,Co)OOH < (Pt,Co)OOH < (Ir,Co)OOH < (Re,Co)OOH =
CoOOH (Figure 3b). This finding agrees well with experimental trends (Figures
S23-24), with Pd the best among the dopants screened.
Seawater splitting: operating stability
To investigate the feasibility of neutral seawater electrolysis using Co3..Pd.Os
catalysts, we performed electrocatalytic measurements in simulated seawater (1 M
phosphate buffer solution + 0.5 M NaCl) and natural seawater solution (1 M
phosphate buffer solution + natural seawater from the Barnet Marine Beach,
Vancouver). We firstly tested performance in simulated seawater for 100 hours and
saw no significant change in potential and bulk pH (Figure 4a and Figure S25).
O-tolidine was used to test for hypochlorite/hypochlorous acid in the electrolyte
following long-term seawater electrolysis. [1®) We detected no color change in
Co03..Pd,O4 catalyst (Figure S26). In natural seawater, the Co3..Pd.O4 catalyst was also

stable upon continuous operation for ~ 100 hours at 10 mA/cm? (Figure 4b). UV-VIS
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spectra 33 of the Co3.Pd.O4 indicate hypochlorite concentration <1.5 pmol/L, 16x
lower than in the case of C0304 (Figures S27-28).

To avoid CI corrosion to the Ni foam substrate, we introduced MnO- on top of the
substrate as a protective layer B4 (Figures S29-30). The Cos3..Pd.O4 catalyst deposited
on the modified substrate operated continuously for 250 hours without a change in
potential at 100 mA/cm? in natural seawater (Figure 4c). The resulting gas
chromatography (GC) spectra showed a 97 £ 2% oxygen Faradaic efficiency (FE)
on the Cos..Pd.O4 catalyst, indicating selective OER in pH neutral seawater. Over the
course of 250 hours, the concentration of hypochlorite in seawater electrolyte was 8.3
umol/L (Figure S31). We found that the structural, morphological, and compositional
features of Co03..Pd.O4 catalyst were maintained during extended OER operation
(Figures S32 and S33). The ICP elemental ratio of Co:Pd of 24:1 is similar to the
pre-OER value.

To investigate further the catalyst’s viability in practical systems, we implemented
Co03..Pd,Os4 as the OER catalyst in a membrane electrode assembly (MEA)
electrolyser that produces H> from seawater (Figure 4d). The electrolyser exhibited
stable performance at 100 mA/cm? for over 65 hours: it maintained a cell potential of
-2.65 V and H; FE of 95 + 2% (Figure 4e).

We investigated the stability of Co;.Pd:Os OER catalyst at higher current
densities in natural seawater. We found that Co3..PdOs catalysts maintain their
seawater splitting performance over the course of 450 hours at 0.2 A/cm? and 20

hours at 1 A/cm? (Figures 4f and 4g).

10
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Taken together, the experimental findings and DFT suggest that incorporating
SPA cations into a Co-based oxide framework to form Cos..M,O4 catalysts achieves
increased water dissociation that enhances OER performance in pH neutral seawater
electrolytes, offering progress on the path to direct seawater utilization.
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Figure 1. Proposed OER mechanism and structure characterization of
electrodeposited Co3.xPdO4 and controls. a, Proton-adsorption-promoting strategy
in pH-neutral seawater oxidation reaction. b, Raman spectrum obtained using carbon
paper substrates showing five characteristic peaks similar to Co3;04. ¢, X-ray
absorption and d, Fourier analysis of the EXAFS comparison at the Co K-edge in

fluorescence mode. e, Co L-edge XAS spectra (acquired with soft X-ray excitation).
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without iR correction in alkaline seawater electrolyte (1 M KOH+ 0.5 M NaCl).
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Figure 3. OER theoretical analysis. a, Proposed OER cycle of (Pd,Co)OOH by
promoting the water dissociation assisted by adsorbed H* (cobalt, blue; palladium,
grey; oxygen, red; hydrogen, pink). b, Two-dimensional OER activity map of
theoretical overpotentials regarding different dopants in CoOOH (Pd, Ir, Pt, and Re)
constructed by assuming a scaling relation AEoon* = AEon+ + 3.2 eV. G, Gibbs free

energy. *, vacant site or adsorbed reaction intermediate.
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Figure 4. Seawater splitting stability test at different current density. Long-term
stability test for the Cos.,Pd,O4 and controls on carbon paper in a, simulated seawater
(0.5 M NaCl and 1 M PBS) and b, natural seawater electrolyte (seawater and 1 M
PBS), and the corresponding pH of the electrolyte. ¢, Stability tests comparison of
Co03..Pd,O4 catalysts and controls on MnO; protected Ni foam substrates at a current
density of 100 mA/cm? in natural seawater electrolyte, and the corresponding O, FE
from GC measurement. d, MEA system structure. Cos..Pd:O4 supported on MnO,
protected Ni foam used as the anode. The Pt-C catalyst on hydrophobic carbon paper
acted as cathode. Humidified N, was flowed through the gas channels in the cathode,
and natural seawater electrolyte was flowed through channels in the anode. e,
Operating voltage and H> FE were monitored at constant 100 mA/cm? in a MEA

device. Stability tests of Cos..Pd:O4 catalysts on MnO; protected Ni foam substrates at
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1 acurrent density of (f) 200 mA/cm? and (g) 1 A/cm? in natural seawater electrolyte.
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