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CATHODES FOR ELECTROLYSIS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of priority to U.S. Provisional Application No. 

63/775,468, filed March 21, 2025, the contents of which are herein incorporated by reference 

in their entirety. 

BACKGROUND 

Seawater electrolysis for green hydrogen production and simultaneous CO2 

mineralization is a promising approach to mitigate climate change. However, the presence of 

various cations (e.g., C;f . Mg" ), anions (e.g, CU, Ih ). bacteria/microbes, and other 

impurities in seawater leads to high overpotentials for H2/O2 production at the cathode/anode. 

To reduce overpotentials and energy consumption, there is an urgent need for negative 

electrocatalysts (i.e., cathodes) that can selectively and efficiently produce H2 via the 

electrolysis of seawater. 

SUMMARY OF THE INVENTION 

In certain aspects, provided herein are negative electrodes (e.g., cathodes) comprising 

an outer layer comprising Co and Ni. In further aspects, provided herein are systems comprising 

negative electrodes comprising an outer layer comprising Co and Ni. In yet further aspects, 

provided herein are methods of producing H2 comprising contacting an aqueous solution with 

a negative electrode comprising an outer layer comprising Co and Ni and passing a current 

through the aqueous solution and negative electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure lA shows schematic representation of an exemplary method for preparing a 

negative electrode comprising an outer layer comprising CoNi or CoNiMo. 

Figure IB shows images of an exemplary negative electrode of the disclosure. 

Figure 2 is a plot of measured electrical potential values (top line, values given in V) 

and resistance values (bottom line, values given in Q), at varying current densities (in A/m^), 

for an exemplary negative electrode comprising an outer layer comprising CoNiMo. 

Figure 3A is a graph comparing measured electrical potential values for various 

negative electrodes during a standardized seawater electrolysis experiment, at a current density 

of 300 A/m^ 
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Figure 3B is a graph showing measured electrical potential values for an exemplary 

negative electrode comprising an outer layer comprising CoNiMo over a 6000 s time period. 

These data demonstrate that the exemplary electrode is stable under conditions of seawater 

electrolysis at a current density of 300 A/m^ for at least 6000 s. 

Figure 4 shows an exemplary voltage-versus-time plot for three electrodes with 

increasing surface areas: bare Ti felt, CoNi coated Ti felt (10 min electrodeposition), and CoNi 

coated Ti felt (30 min electrodeposition). 

DETAILED DESCRIPTION OF THE INVENTION 

Electrode Compositions 

The current state-of-the-art Pt electrocatalyst used as a cathode in the electrolyzer is 

exceedingly rare (-0.005 parts Pt per million parts of other metals on earth) and costly. For 

large-scale seawater electrolysis, cheap, earth-abundant, and durable cathode electrocatalysts 

are needed that are capable of operating at hydrogen evolution reaction (HER) overpotentials 

competitive with Pt electrodes. Some non-platinum group transition metals and their alloys, 

such as Co, Co-Mo, CoNiFe, CoW, Fe, FeMo. NiCo, MoS, NiMo have been investigated for 

HER, though these still face challenges with durability and/or performance. 

In certain aspects, provided herein are electrodes comprising: 

a substrate; and 

an outer layer disposed on the substrate; 

wherein: 

the substrate comprises a conductive or semi-conductive material; and 

the outer layer comprises Co and Ni. 

In certain embodiments, the substrate is conductive. In certain embodiments, the 

substrate is semi-conductive. In certain embodiments, the substrate comprises a metal. In 

further embodiments, the substrate is selected from metal oxide, metal silicate, metal 

carbonate, metal phosphide, metal sulfide, and metal selenide, or a combination thereof. In 

certain preferred embodiments, the substrate comprises titanium. In yet further embodiments, 

the substrate is carbon-based. In certain such embodiments, the substrate is selected from 

graphite, graphene, carbon nanotubes, and glassy carbon. 

In certain embodiments, the substrate is solid. In certain such embodiments, the 

substrate is nonporous. In other embodiments, the substrate is porous. In some embodiments, 

the substrate is a plate, mesh, felt, foam, fiber, and particle, or a combination thereof. In some 
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embodiments, the substrate is a plate. In certain embodiments, the substrate is a mesh. In some 

embodiments, the substrate is a felt. In some embodiments, the substrate is a foam. In some 

embodiments, the substrate is a fiber. In some embodiments, the substrate is a particle. In some 

embodiments, the substrate is a combination of a plate, mesh, felt, foam, fiber, or particle. 

In certain embodiments, the outer layer further comprises Mo. In certain such 

embodiments, the outer layer comprises Co, Ni, and Mo. In certain embodiments, the outer 

layer comprises Co oxide. In some embodiments, the outer layer comprises Ni oxide. In 

certain embodiments, the outer layer comprises Mo oxide. 

In certain embodiments, a system comprises an electrolyzer, wherein the electrolyzer 

comprises any one of the electrodes described above. As will be appreciated, the preparation 

of non platinum-group metal (PGM) cathodes (e.g. comprising CoNi, CoNiMo) on high 

porosity, etched Ti felts affords a number of advantages, including significant reduction in costs 

(by replacing Pt with cheaper, earth-abundant metals) and energy consumptions (by lowering 

the cell voltage required to generate desired products) during seawater electrolysis. While not 

wishing to be bound by theory, the improved performance of CoNi and CoNiMo may be related 

to high electrochemical surface areas (ECSA) and Brunauer, Emmett and Teller (BET) surface 

areas, availability of large number of active sites for adsorption and desorption of reaction 

intermediates, and advantageous binding energy of reaction intermediates. At the cathode, 

water molecules split into adsorbed hydrogen (H*) and hydroxide ions (OH ) via the Volmer 

step (H2O + e —*■ H* + OH ), followed by H* combining to form H2 gas (Heyrovsky/Tafel 

step: H* + H2O + e IE + Oil or 2H* IE). The CoNiMo catalyst, according to certain 

embodiments of this disclosure, lowers the energy barrier for these steps, enabling efficient IE 

production in chloride-rich seawater. A combination of electrodeposition conditions (time, 

temperature, current density) and the composition of electrodeposition solutions (number and 

types of cations/anions in solution, pH and conductivity of the solution) is used to improve 

electrocatalyst performance. In some embodiments, as will be appreciated by one of ordinary 

skill in the art, the physical characteristics of the electrodes, e.g, surface area, may be measured 

using standard measurement techniques known in the art including, for example, the Brunauer, 

Emmett and Teller (BET) method for obtaining the specific surface area (hereinafter “surface 

area”). In general, as will be appreciated by one of ordinary skill in the art, electrodes having 

higher surface area are generally more active in electrocatalytic applications (e.g, exhibiting 
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HER at lower applied potentials) than electrodes of a similar composition having a lower 

surface area. 

Production of H2 from Aqueous Solutions 

In certain aspects, provided herein are methods of producing H2, comprising: 

(a) in an anodic chamber of an electrochemical cell, performing an acidic process comprising: 

acidifying a first solution by: 

contacting the first solution with a positive electrode disposed inside the anodic 

chamber; and 

passing a current through the first aqueous solution, thereby forming an acidic 

solution; and 

(b) in a cathodic chamber, performing an alkaline process comprising: 

alkalinizing a second aqueous solution by: 

contacting the second aqueous solution with a negative electrode disposed inside of 

the cathodic chamber; and 

passing a current through the second aqueous solution, thereby forming an alkaline 

solution and H2; 

wherein: 

the anodic chamber and the cathodic chamber are in ionic communication; and 

the acidic process and the alkaline process are performed simultaneously or sequentially. 

As will be appreciated, saline water (e.g., seawater) alkalization can be induced at 

overpotentials that yields locally-produced alkalinity (e.g., OH' ions) at the cathode as a result 

of the hydrogen evolution reaction (HER): 

2//2O(-i) -b 2e“ //2(-p) -b 

(1) 

The reaction not only produces hydrogen that can be collected as a clean fuel, it also 

produces alkalinity that can then react with atmospheric or concentrated CO2 (e.g., 400 ppm to 

100%): 

CO2 + OH- HCOfr 

(2) 

CO2 + 2OH- COfr- + H2O 

(3) 
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Strategies and conditions (e.g., direct hydroxide carbonation) for the formation of calcium and 

magnesium carbonates and hydroxycarbonates, e.g., calcite (CaCOs), aragonite (CaCOs), 

nesquehonite (MgCOs 3H2O), and hydromagnesite (Mg5(CO3)4(OH)2 4H2O) can also be 

exploited, thereby resulting in solid CO2 mineralization. In other embodiments, carbon species 

are trapped in the dissolved (i.e., HCOsVCOs^' ions) form, whereby less alkalinity (OH') is 

needed for every mole of CO2 mineralized. These conditions can be achieved by equilibrating 

the alkalinized saline water with air (i.e., 400 ppm CO2) or concentrated CO2 streams (400 ppm 

to 100%), yielding two limiting cases: (1) solid carbonate/hydroxycarbonates production (i.e., 

100% solid CO2 sequestration), and (2) aqueous CO2 sequestration. Following the former, 1 

mol of CO2 is captured by 2 mol of hydroxyl ions (OH') to produce 1 mol CaCOs, MgCOs or 

other alkali metal (e.g, Na, K, etc.) carbonates. In case of the latter, every mol of hydroxide 

ions (OH-) leads to the absorption of 1-2 mol of CO2 to form aqueous HCOs'/COs^' ions. The 

CO2 immobilization can be implemented by using carbonation reactors, or by deploying the 

alkaline products (solids and solutions) on land and/or ocean allowing for atmospheric CO2 

drawdown. In any case, products from CO2 immobilization should fall within the two limiting 

cases and yield a combination of solid and aqueous carbonate species. 

In certain aspects, a system comprises: 

an electrolyzer, wherein the electrolyzer comprises: 

a cathodic chamber comprising: 

a negative electrode comprising: 

a substrate; and 

an outer layer disposed on the substrate; 

wherein the substrate comprises a conductive or semi-conductive 

material; and the outer layer comprises Co and Ni; and 

an anodic chamber comprising a positive electrode; 

wherein the cathodic chamber and the anodic chamber are in ionic communication. 

In certain embodiments, the substrate is conductive. In certain embodiments, the 

substrate is semi-conductive. In further embodiments, the substrate comprises a metal. In yet 

further embodiments, the substrate is selected from metal oxide, metal silicate, metal 

carbonate, metal phosphide, metal sulfide, and metal selenide, or a combination thereof. In 

certain preferred embodiments, the substrate comprises titanium. In certain embodiments, the 

substrate is carbon-based. In certain such embodiments, the substrate is selected from 

graphite, graphene, carbon nanotubes, and glassy carbon. 
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In certain embodiments, the substrate is solid. In certain such embodiments, the 

substrate is nonporous. In other embodiments, the substrate is porous. In further 

embodiments, the substrate is a plate, mesh, felt, foam, fiber, or particle, or a combination 

thereof. 

In certain embodiments, the outer layer further comprises Mo. In certain such 

embodiments, the outer layer comprises Co, Ni, and Mo. In certain embodiments, the outer 

layer comprises Co oxide. In some embodiments, the outer layer comprises Ni oxide. In 

certain embodiments, the outer layer comprises Mo oxide. 

In certain embodiments, the cathodic chamber and the anodic chamber are separated 

by a semi-permeable barrier having a plurality of pores. In certain such embodiments, the 

semi-permeable barrier is a semi-permeable membrane, e.g., a membrane made of ion 

exchange materials, for example, Nafion. In certain other embodiments, the semi-permeable 

membrane is a hydrophilic ceramic membrane or plate, e.g., formed from aluminum oxide, 

zirconium oxide, silicon dioxide, asbestos, hydrous aluminum phyllosilicates, clay, or any 

combination thereof. In certain embodiments, the semi-permeable membrane is a polymer. In 

certain such embodiments, the polymer is cellulose, polyvinyl chloride, organic rubber, 

polyolefin, polyethylene, polypropylene, polyvinylidene fluoride, polytetrafluoroethylene, 

epoxy resin, silicone, or any combination thereof. In certain embodiments, the semi-

permeable membrane is a ceramic-polymer composite. 

In certain embodiments, the plurality of pores has a median pore diameter from about 

0.1 nm to about 500 nm. In some embodiments, the semi-permeable barrier has a thickness of 

from about 5 pm to about 5 mm. 

In certain aspects, provided herein is a method of producing hydrogen from an 

aqueous solution, comprising contacting the aqueous solution with the positive electrode and 

the negative electrode of any one of the systems described above and passing a current 

through the aqueous solution, thereby forming H2 and/or Oil ions at the negative electrode. 

In certain aspects, a method of producing H2 is provided herein, comprising: 

(a) in an anodic chamber of an electrochemical cell, performing an acidic process comprising: 

acidifying a first solution by: 

contacting the first solution with a positive electrode disposed inside the anodic 

chamber; and 

passing a current through the first aqueous solution, thereby forming an acidic 

solution; and 
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(b) in a cathodic chamber, performing an alkaline process comprising: 

alkalinizing a second aqueous solution by: 

contacting the second aqueous solution with a negative electrode disposed inside of 

the cathodic chamber; and 

passing a current through the second aqueous solution, thereby forming an alkaline 

solution and H2; 

wherein: 

the anodic chamber and the cathodic chamber are in ionic communication; and 

the acidic process and the alkaline process are performed simultaneously or sequentially. 

In certain embodiments, the alkaline process and acidic process are performed 

simultaneously. 

In certain embodiments, the method further comprises contacting the alkaline solution 

with a CO2 source, thereby forming a carbonated solution comprising a mixture of ionic 

compounds, wherein the ionic compounds comprise COs^' or HCOs'. 

In certain embodiments, the CO2 source comprises from about 400 ppm to about 

100% CO2, preferably about 400 ppm. In certain embodiments, the CO2 source is ambient air. 

In other embodiments, the CO2 source has a higher CO2 concentration than ambient air. In 

certain such embodiments the CO2 concentration is that of gaseous effluent from an industrial 

process. In those embodiments, the industrial process may be oil and gas production, power 

generation, cement production, or steel production. In some embodiments, the concentrated 

CO2 is derived from direct air capture processes. In certain such embodiments, the direct air 

capture process produces nearly pure or pure CO2. 

In certain embodiments, the first solution is selected from seawater, desalination 

brine, industrial brine, and natural brine. In certain embodiments, the second solution is 

selected from seawater, desalination brine, industrial brine, and natural brine. In certain such 

embodiments, the first solution and the second solution originate from the same source 

solution. 

In certain embodiments, the alkaline process and the acidic process occur in vessels 

separated by a semi-permeable barrier having a plurality of pores. In certain embodiments, 

the semi-permeable barrier is a semi-permeable membrane. In such embodiments, the semi-

permeable membrane is a membrane made of ion exchange materials, such as 

perfluorosulfonic acid (PFSA)/polytetrafluoroethylene (PTFE) copolymers (e.g., Nafion™). 

In certain embodiments, the semi-permeable membrane is a hydrophilic ceramic membrane 
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or plate, e.g., aluminum oxide, zirconium oxide, silicon dioxide, asbestos, hydrous aluminum 

phyllosilicates, clay, or any combination thereof. In certain embodiments, the semi-permeable 

membrane is a polymer, for example, cellulose, polyvinyl chloride, organic rubber, 

polyolefin, polyethylene, polypropylene, polyvinylidene fluoride, polytetrafluoroethylene, 

epoxy resin, silicone, or any combination thereof. In certain embodiments, the semi-

permeable membrane is a ceramic-polymer composite. 

In certain embodiments, the plurality of pores has a median pore diameter from about 

0.1 nm to about 500 nm. In some embodiments, the semi-permeable barrier has a thickness of 

from about 5 pm to about 5 mm. 

In certain embodiments, the alkaline solution has a pH from about 7 to about 14. In 

further embodiments, the alkaline solution has a pH from about 10 to about 11. In certain 

preferred embodiments, the alkaline solution has a pH of about 10.5. In certain embodiments, 

the acidic solution has a pH from about 0.1 to about 7. In certain such embodiments, the 

acidic solution has a pH from about 0.5 to 1.5. In certain preferred embodiments, the acidic 

solution has a pH of about 1. 

In certain aspects, a method of making the electrode as described above comprises: 

immersing the substrate in an acidic solution; 

applying a first electrical potential across the substrate, thereby removing an oxidized surface 

of the substrate; 

immersing the substrate in a plating solution; and 

applying a second electrical potential across the substrate, thereby electrodepositing the outer 

layer on the substrate; 

wherein the plating solution comprises Co and Ni ions. 

In certain aspects, a method of making an electrode comprises: 

immersing a substrate in an acidic solution; 

applying a first electrical potential across the substrate, thereby removing an oxidized surface 

of the substrate; 

immersing the substrate in a plating solution; and 

applying a second electrical potential across the substrate, thereby electrodepositing an outer 

layer on the substrate; 

wherein the plating solution comprises Co and Ni cations. 

In certain embodiments, the plating solution comprises Co^^ and \i" ions. In further 

embodiments, the plating solution further comprises Mo cations, e.g., Mo^+ ions. 
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In certain embodiments, the plating solution further comprises an electrolyte, 

optionally (NH4)2SO4 and NH4OH. 

In certain embodiments, the acidic solution comprises H2SO4. In certain such 

embodiments, the concentration of H2SO4 is about 9 M. 

In certain embodiments, the first electrical potential is applied across the substrate at 

about 80 °C. In certain embodiments, the outer layer comprises Co, Ni, and Mo. In certain 

embodiments, the second electrical potential is applied across the substrate at a current of 

about 50 mA/cm^. In certain embodiments, the second electrical potential is applied across 

the substrate for about 120 min. 

In certain aspects, an electrode is prepared according to any one of the methods 

above, comprising: 

the substrate; and 

the outer layer disposed on the substrate; 

wherein: 

the substrate comprises a conductive or semi-conductive material; and 

the outer layer comprises Co and Ni. 

In certain embodiments, the outer layer further comprises Mo. 

In certain embodiments, the electrode as described above is prepared according to any 

one of the methods described above. 

Definitions 

Unless otherwise defined herein, scientific and technical terms used in this application 

shall have the meanings that are commonly understood by those of ordinary skill in the art. 

Generally, nomenclature used in connection with, and techniques of, chemistry, chemical 

engineering, electrical engineering and civil engineering described herein, are those well-

known and commonly used in the art. 

The methods and techniques of the present disclosure are generally performed, unless 

otherwise indicated, according to conventional methods well known in the art and as described 

in various general and more specific references that are cited and discussed throughout this 

specification. 

Chemistry terms used herein, unless otherwise defined herein, are used according to 

conventional usage in the art, as exemplified by “The McGraw-Hill Dictionary of Chemical 

Terms”, Parker S., Ed., McGraw-Hill, San Francisco, C.A. (1985). 
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All publications, patents and published patent applications referred to in this application 

are specifically incorporated by reference herein. In case of conflict, the present specification, 

including its specific definitions, will control. 

As used herein, the terms “optional” or “optionally” mean that the subsequently 

described event or circumstance may occur or may not occur, and that the description includes 

instances where the event or circumstance occurs as well as instances in which it does not. For 

example, “optionally substituted alkyl” refers to the alkyl may be substituted as well as where 

the alkyl is not substituted. 

The term “alkalinizing” as used herein refers to a process of increasing the pH of a 

given solution, e.g., alkalinizing the first solution to prepare an alkaline solution with a higher 

pH. 

The term “ionic communication” as used herein refers to the ability for ions to freely 

flow between two objects or regions of an object, e.g, between the cathodic chamber and 

anodic chamber of an electrochemical cell, in accordance with local chemical gradients. Non¬ 

limiting examples of such gradients include flow of ions from an area of high electrical 

potential to low electrical potential, from high ion concentration to low ion concentration, and 

from high chemical potential to low chemical potential. In certain embodiments, two objects 

or regions may be physically separated by a semi-permeable barrier (e.g, not in fluid 

communication) but still be in ionic communication, e.g., by virtue of ion diffusion or transport 

through the barrier. 

As used herein, the term “selectivity” refers to the degree to which a certain process or 

electrode favors the formation of a particular product over other products. As will be 

understood by a person of ordinary skill in the art, the selectivity may be a function of process 

steps, parameters, and conditions (e.g., temperature, reaction times, pre-treatment steps, etc.), 

and/or may be the result of intrinsic properties of system components (e.g., as a result of using 

electrodes that are selective for the formation of oxygen). A selectivity value may refer to a 

proportion of the product(s) of interest compared to other product(s) produced, or may refer to 

the proportion of other product(s) produced compared to the product(s) of interest. A person of 

ordinary skill in the art will appreciate how to select suitable methods for testing, calculating, 

and comparing selectivity values relevant to the present disclosure. For example, in certain 

embodiments, electrodes disclosed herein are at greater than 99% selective for Oxygen 

Evolution Reactions (OER) and less than 1% selective for Chlorine Evolution Reactions 
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(CIER), while a platinum electrode used as a non-oxygen-selective benchmark exhibits a 

selectivity from about 20% to about 40% for OER and from about 60% to about 80% for CIER. 

As used herein, the term “simulated seawater” is mixture of water and certain salts that 

mimics the composition of natural seawater (e.g., for use in testing electrodes disclosed herein). 

For example, “simulated seawater” as used herein may refer to a solution which meets the 

American Society for Testing and Materials (ASTM International) standard ASTM DI 141-52, 

Formula a. Table 1, Section 4 and the updated Standard ASTM DI 141-98 (2013) Formula a. 

Table xl.l. Section 6. 

As used herein, the term “current density” refers to an amount of charge flowing per 

unit time (i.e., current) through a unit area. For example, current density may be expressed as 

current (e.g, in Amperes) flowing through a unit area (e.g, in m^) of the surface of an anode 

of the disclosure using the unit A/m^. Those of skill in the art are familiar with means of 

measuring and adjusting current density in electrical circuits relevant to the present disclosure. 

As used herein, the terms “semiconductive,” “electrically semiconductive,” 

“semiconductor,” and other grammatical variants thereof refer to any material having 

semiconductive properties, including, e.g, a non-zero band gap between the valence band and 

conduction band of the material, and/or an electrical conductivity that increases as temperature 

increases. Such materials include, as non-limiting examples: Si, SiC, SiGe, SiGeC, Si alloys, 

Ge, Ge alloys, GaAs, InAs, InP. “Doped” semiconductors, comprising both n- and p-type 

dopants are also expressly contemplated. 

As used herein, the terms “conductive,” “electrically conductive,” and other 

grammatical variants thereof describe any electrically conductive material, e.g, metals, which 

have a high electrical conductivity and low electrical resistivity and which have properties 

common to conductors (e.g, an electrical conductivity that decreases as temperature increases). 

For example, a material described herein as “conductive” may comprise a material having an 

electrical conductivity of about 58 MS/m (the International Annealed Copper Standard). 

The phrase “a combination thereof,” as used herein with reference to a list or group 

(e.g, “wherein the dopant is selected from Sn, Fe, W, In, F, Si, and a combination thereof}, 

expressly contemplates any combination of any number of the group members. For example, 

in certain embodiments of the present disclosure, “a combination thereof’ is used in reference 

to the group Sn, Fe, W, In, F, and Si. In such embodiments, the present disclosure expressly 

contemplates each and every combination of any two elements, any three elements, any four 
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elements, any five elements, and all six elements of the group, e.g., the combination of Sn and 

Fe (two elements), and the combination of Sn, Fe, W, In, F, and Si (all six elements). 

EXAMPLES 

The invention now being generally described, it will be more readily understood by 

reference to the following examples which are included merely for purposes of illustration of 

certain aspects and embodiments of the present invention, and are not intended to limit the 

invention. 

Example I: Preparation of Exemplary Electrodes 

Figure 1A shows a schematic representation of the general procedure used for cathode 

fabrication. Ti was used as a substrate for electrodeposition due to its stability over a wide pH 

range. Ti does not dissolve in acidic solutions (e.g. 5% HNOs) under atmospheric conditions, 

in contrast to the mostly used Ni substrates. However, the presence of native oxide-layer (TiO?) 

present on Ti under atmospheric conditions presents problems such as poor adhesion of the 

electrodeposit on the substrate. Accordingly, electrochemical etching of Ti felt in 9M H2SO4 

at 80 °C was used to remove the native oxide-layer and to increase the roughness of the 

substrate. The substrate was washed with ethanol and DI water, each for 5 minutes. 

Immediately after washing, electrodeposition of Ti was carried out in a two-electrode 

electrochemical bath, containing ~36 cm" platinized Ti counter electrode (anode) and ~25 cm' 

etched Ti working electrode (cathode), and 500 mL solution mixture of 0.08M COSO4, 0.02M 

NiSO4, O.OIM Na2MoO4, IM NaSO4, 0.7M NaOH (100mL each). (NH4)2SO4 and NH4OH 

were added to the solution to improve the conductivity and maintain the pH of the solution 

during electrodeposition. Electrodeposition was carried out for 120 minutes at a constant 

current of 50 mA/cm( The distance between the anode and cathode was about 4 cm. The 

electrodeposited sample was left in the electrodeposition solution overnight and washed under 

DI water the next day. As shown in Figure IB, an electrode comprising a uniform and strongly 

adherent electrodeposited outer layer was obtained. 

Example 2: Performance Testing of Exemplary Electrodes 

Figure 2 shows the voltage and resistance data at different current densities. The current 

was varied between 0 A/m^ and 500 A/m^ and the voltage and resistance values were recorded. 

A voltage of around 2.3 V is required to obtain a current density at 100 A/m^, and a voltage of 

around 3.2 V is required to achieve a current density of 300 A/m^. The experiment was 

conducted in a two-electrode setup, using an oxygen selective anode, PFSA membrane 

-12-



yNO 2026/198612 PCT/US2026/019656 

separator, and CoNiMo coated on Ti felt as the cathode. Suitable oxygen selective anodes may 

be found in, for example, U.S. Patent Application Pub. No. 2024/0254640 Al, the contents of 

which are herein incorporated by reference in their entirety. The resistance values shown in 

Figure 2 were obtained from electrochemical impedance spectroscopy measurements and vary 

between 1.2 ohm to 1.4 ohm. 

Figure 3A shows a comparison of the voltages required to electrolyze seawater at a 

constant current density of 300 A/m^ using CoNiMo, Pt, Ti and CoNi cathodes. The CoNiMo 

cathode gives the lowest cell voltage of 3.18 V for a period of 30 min. The platinized Ti 

operates at an average cell voltage of 3.31 V, more than 100 mV higher than the newly 

developed CoNiMo cathode. A CoNi cathode, also prepared in-house using the same procedure 

as for CoNiMo cathode, operates at 3.29 V. Ti felt (uncoated) as cathode showed the highest 

cell voltage of 3.84 V. The CoNiMo cathode showed great improvement over other cathodes 

during seawater electrolysis at 300 A/m^ and operated at 3.19 V during second run (Figure IB). 

Similar to Pt cathode, the pH of the anolyte and catholyte effluents using CoNiMo cathode 

during electrolysis at 300 A/m^ was about 1.4 and 10.3, respectively. 

Figure 4 shows an exemplary voltage-versus-time plot for three electrodes with 

increasing surface areas: bare Ti felt, CoNi coated Ti felt (10 min electrodeposition), and CoNi 

coated Ti felt (30 min electrodeposition). Higher surface area cathodes, resulting from longer 

electrodeposition time, show lower cell voltage during seawater electrolysis, while maintaining 

a constant current density of 300 A/m^. This opposing relationship between surface area and 

voltage suggests improved electrocatalytic activity, likely stemming from enhanced reactive 

sites and better accessibility for ion transport. As the CoNi deposition time increases from 10 

to 30 minutes, the BET surface area increases (3.3 mVg to 10.3 mVg), and the electrolysis 

voltage decreases (~3.6V to ~3.3V). Consequently, the extended CoNi electrodeposition 

confers superior performance compared to the bare Ti felt, illustrating that strategic electrode 

engineering can optimize electrochemical seawater splitting by reducing energy losses. 

INCORPORATION BY REFERENCE 

All publications and patents mentioned herein are hereby incorporated by reference in 

their entirety as if each individual publication or patent was specifically and individually 

indicated to be incorporated by reference. In case of conflict, the present application, including 

any definitions herein, will control. 
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EQUIVALENTS 

While specific embodiments of the subject invention have been discussed, the above 

specification is illustrative and not restrictive. Many variations of the invention will become 

apparent to those skilled in the art upon review of this specification and the claims below. The 

full scope of the invention should be determined by reference to the claims, along with their 

full scope of equivalents, and the specification, along with such variations. 
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We claim: 

1. An electrode comprising: 

a substrate; and 

an outer layer disposed on the substrate; 

wherein: 

the substrate comprises a conductive or semi-conductive material; and 

the outer layer comprises Co and Ni. 

2. The electrode of claim 1, wherein the substrate is conductive. 

3. The electrode of claim 1, wherein the substrate is semi-conductive. 

4. The electrode of any one of claims 1-3, wherein the substrate comprises a metal. 

5. The electrode of any one of claims 1-4, wherein the substrate is selected from metal 

oxide, metal silicate, metal carbonate, metal phosphide, metal sulfide, and metal selenide, or 

a combination thereof. 

6. The electrode of any one of claims 1-5, wherein the substrate comprises titanium. 

7. The electrode of claim 1 or 3, wherein the substrate is carbon-based. 

8. The electrode of claim 7, wherein the substrate is selected from graphite, graphene, 

carbon nanotubes, and glassy carbon. 

9. The electrode of any one of claims 1-8, wherein the substrate is solid (e.g., non-

porous). 

10. The electrode of any one of claims 1-8, wherein the substrate is porous. 

11. The electrode of any one of claims 1-10, wherein the substrate is a plate, mesh, felt, 

foam, fiber, or particle, or a combination thereof. 

-15-



yNO 2026/198612 PCT/US2026/019656 

12. The electrode of any one of claims 1-11, wherein the outer layer further comprises 

Mo. 

13. The electrode of any one of claims 1-12, wherein the outer layer comprises Co, Ni, 

and Mo. 

14. The electrode of any one of claims 1-13, wherein the outer layer comprises Co oxide. 

15. The electrode of any one of claims 1-14, wherein the outer layer comprises Ni oxide. 

16. The electrode of any one of claims 1-15, wherein the outer layer comprises Mo oxide. 

17. A system comprising an electrolyzer, wherein the electrolyzer comprises the electrode 

of any one of claims 1-16. 

18. A system comprising: 

an electrolyzer, wherein the electrolyzer comprises: 

a cathodic chamber comprising: 

a negative electrode comprising: 

a substrate; and 

an outer layer disposed on the substrate; 

wherein the substrate comprises a conductive or semi-conductive 

material; and the outer layer comprises Co and Ni; and 

an anodic chamber comprising a positive electrode; 

wherein the cathodic chamber and the anodic chamber are in ionic communication. 

19. The system of claim 18, wherein the substrate is conductive. 

20. The system of claim 18, wherein the substrate is semi-conductive. 

21. The system of any one of claims 18-20, wherein the substrate comprises a metal. 
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22. The system of any one of claims 18-21, wherein the substrate is selected from metal 

oxide, metal silicate, metal carbonate, metal phosphide, metal sulfide, and metal selenide, or 

a combination thereof. 

23. The system of any one of claims 18-22, wherein the substrate comprises titanium. 

24. The system of claim 18 or 20, wherein the substrate is carbon-based. 

25. The system of claim 24, wherein the substrate is selected from graphite, graphene, 

carbon nanotubes, and glassy carbon. 

26. The system of any one of claims 18-25, wherein the substrate is solid (e.g., non-

porous). 

27. The system of any one of claims 18-25, wherein the substrate is porous. 

28. The system of any one of claims 18-27, wherein the substrate is a plate, mesh, felt, 

foam, fiber, or particle, or a combination thereof. 

29. The system of any one of claims 18-28, wherein the outer layer further comprises Mo. 

30. The system of any one of claims 18-29, wherein the outer layer comprises Co, Ni, and 

Mo. 

31. The system of any one of claims 18-30, wherein the outer layer comprises Co oxide. 

32. The system of any one of claims 18-31, wherein the outer layer comprises Ni oxide. 

33. The system of any one of claims 18-32, wherein the outer layer comprises Mo oxide. 

34. The system of any one of claims 18-33, wherein the cathodic chamber and the anodic 

chamber are separated by a semi-permeable barrier having a plurality of pores. 
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35. The system of claim 34, wherein the semi-permeable barrier is a semi-permeable 

membrane (e.g., a membrane made of ion exchange materials (e.g, Nafion), hydrophilic 

ceramic membrane or plate (e.g, aluminum oxide, zirconium oxide, silicon dioxide, asbestos, 

hydrous aluminum phyllosilicates, clay, or any combination thereof), polymer (e.g, cellulose, 

polyvinyl chloride, organic rubber, polyolefin, polyethylene, polypropylene, polyvinylidene 

fluoride, polytetrafluoroethylene, epoxy resin, silicone, or any combination thereof), or 

ceramic-polymer composites). 

36. The system of claim 34 or 35, wherein the plurality of pores has a median pore 

diameter from about 0.1 nm to about 500 nm. 

37. The system of any one of claims 34-36, wherein the semi-permeable barrier has a 

thickness of from about 5 pm to about 5 mm. 

38. A method of producing hydrogen from an aqueous solution, comprising contacting 

the aqueous solution with the positive electrode and the negative electrode of the system of 

any one of claims 18-37 and passing a current through the aqueous solution, thereby forming 

H2 and/or Oil ions at the negative electrode. 

39. A method of producing H2, comprising: 

(a) in an anodic chamber of an electrochemical cell, performing an acidic process comprising: 

acidifying a first solution by: 

contacting the first solution with a positive electrode disposed inside the anodic 

chamber; and 

passing a current through the first aqueous solution, thereby forming an acidic 

solution; and 

(b) in a cathodic chamber, performing an alkaline process comprising: 

alkalinizing a second aqueous solution by: 

contacting the second aqueous solution with a negative electrode disposed inside of 

the cathodic chamber; and 

passing a current through the second aqueous solution, thereby forming an alkaline 

solution and H2; 

wherein: 
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the anodic chamber and the cathodic chamber are in ionic communication; and 

the acidic process and the alkaline process are performed simultaneously or sequentially. 

40. The method of claim 39, wherein the alkaline process and acidic process are 

performed simultaneously. 

41. The method of claim 39 or 40, wherein the method further comprises contacting the 

alkaline solution with a CO2 source, thereby forming a carbonated solution comprising a 

mixture of ionic compounds, wherein the ionic compounds comprise COs^' or HCOs'; 

42. The method of claim 41, wherein the CO2 source comprises from about 400 ppm to 

about 100% CO2, preferably about 400 ppm. 

43. The method of claim 41 or 42, wherein the CO2 source is ambient air. 

44. The method of any one of claims 41-43, wherein the CO2 source has a higher CO2 

concentration than ambient air, such as gaseous effluent from an industrial process (e.g., oil 

and gas production, power generation, cement production, or steel production), or 

concentrated CO2 from direct air capture processes (e.g, nearly pure or pure-CO2). 

45. The method of any one of claims 39-44, wherein the first solution is selected from 

seawater, desalination brine, industrial brine, and natural brine. 

46. The method of any one of claims 39-45, wherein the second solution is selected from 

seawater, desalination brine, industrial brine, and natural brine. 

47. The method of any one of claims 39-46, wherein the first solution and the second 

solution originate from the same source solution. 

48. The method of any one of claims 39-47, wherein the alkaline process and acidic 

process occur in spaces separated by a semi-permeable barrier having a plurality of pores. 

49. The method of claim 48, wherein the semi-permeable barrier is a semi-permeable 

membrane (e.g, a membrane made of ion exchange materials (e.g, Nafion), hydrophilic 
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ceramic membrane or plate (e.g., aluminum oxide, zirconium oxide, silicon dioxide, asbestos, 

hydrous aluminum phyllosilicates, clay, or any combination thereof), polymer (e.g, cellulose, 

polyvinyl chloride, organic rubber, polyolefin, polyethylene, polypropylene, polyvinylidene 

fluoride, polytetrafluoroethylene, epoxy resin, silicone, or any combination thereof), or 

ceramic-polymer composites). 

50. The method of claim 48 or 49, wherein the plurality of pores has a median pore 

diameter from about 0.1 nm to about 500 nm. 

51. The method of any one of claims 48-50, wherein the semi-permeable barrier has a 

thickness of from about 5 pm to about 5 mm. 

52. The method of any one of claims 48-51, wherein the alkaline solution has a pH from 

about 7 to about 14. 

53. The method of any one of claims 39-52, wherein the alkaline solution has a pH from 

about 10 to about 11. 

54. The method of any one of claims 39-53, wherein the alkaline solution has a pH of 

about 10.5. 

55. The method of any one of claims 39-54, wherein the acidic solution has a pH from 

about 0.1 to about 7. 

56. The method of any one of claims 39-55, wherein the acidic solution has a pH from 

about 0.5 to 1.5. 

57. The method of any one of claims 39-56, wherein the acidic solution has a pH of about 

1. 

58. A method of making the electrode of any one of claims 1-16, comprising: 

immersing the substrate in an acidic solution; 

applying a first electrical potential across the substrate, thereby removing an oxidized surface 

of the substrate; 
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immersing the substrate in a plating solution; and 

applying a second electrical potential across the substrate, thereby electrodepositing the outer 

layer on the substrate; 

wherein the plating solution comprises Co and Ni ions. 

59. A method of making an electrode comprising: 

immersing a substrate in an acidic solution; 

applying a first electrical potential across the substrate, thereby removing an oxidized surface 

of the substrate; 

immersing the substrate in a plating solution; and 

applying a second electrical potential across the substrate, thereby electrodepositing an outer 

layer on the substrate; 

wherein the plating solution comprises Co and Ni cations. 

60. The method of claim 58 or 59, wherein the plating solution comprises Co^^ and \i" 

ions. 

61. The method of any one of claims 58-60, wherein the plating solution further 

comprises Mo cations. 

62. The method of any one of claims 58-61, wherein the plating solution further 

comprises Mo®^ ions. 

63. The method of any one of claims 58-62, wherein the plating solution further 

comprises an electrolyte. 

64. The method of any one of claims 58-63, wherein the plating solution further 

comprises (NH4)2SO4 and NH4OH. 

65. The method of any one of claims 58-64, wherein the acidic solution comprises H2SO4. 

66. The method of claim 65, wherein the concentration of H2SO4 is about 9 M. 
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67. The method of any one of claims 58-66, wherein the first electrical potential is 

applied across the substrate at about 80 °C. 

68. The method of any one of claims 59-67, wherein the outer layer comprises Co, Ni, 

and Mo. 

69. The method of any one of claims 58-68, wherein the second electrical potential is 

applied across the substrate at a current of about 50 mA/cm^. 

70. The method of any one of claims 58-69, wherein the second electrical potential is 

applied across the substrate for about 120 min. 

71. An electrode prepared according to any one of claims 59-70, comprising: 

the substrate; and 

the outer layer disposed on the substrate; 

wherein: 

the substrate comprises a conductive or semi-conductive material; and 

the outer layer comprises Co and Ni. 

72. The electrode of claim 71, wherein the outer layer further comprises Mo. 

73. The electrode of any one of claims 1-16, prepared according to the method of any one 

of claims 59-70. 
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