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Electrochemical Syntheses of Nanomaterials and
Small Molecules for Electrolytic Hydrogen Production

Jia-Qi Wei, Xiao-Dong Chen, Shu-Zhou Li"
(School of Materials Science and Engineering, Nanyang Technological University,
50 Nanyang Avenue, Singapore, 639798, Singapore)

Abstract: Hydrogen is a clean, efficient, renewable energy resource and the most promising alternative to fossil fuels for future
carbon-neutral energy supply. Therefore, sustainable hydrogen production is highly attractive and urgently demanded, especially via
water electrolysis that has clean, abundant precursors and zero emission. However, current water electrolysis is hindered by the slug-
gish kinetics and low cost/energy efficiency of both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In this
regard, electrochemical synthesis offers prospects to raise the efficiency and benefit of water electrolysis by fabricating advanced
electrocatalysts and providing more efficient/value-adding co-electrolysis alternatives. It is an eco-friendly and facile fabrication
method for materials ranging from molecular to nano scales via electrolysis or other electrochemical operations. In this review, we
firstly introduce the basic concepts, design protocols, and typical methods of electrochemical synthesis. Then, we summarize the ap-
plications and advances of electrochemical synthesis in the field of electrocatalytic water splitting. We focus on the synthesis of
nanostructured electrocatalysts towards more efficient HER, as well as electrochemical oxidation of small molecules to replace OER
for more efficient and/or value-adding co-electrolysis with HER. We systematically discuss the relationship between electrochemi-
cal synthetic conditions and the product morphology, selectivity to enlighten future explorations. Finally, challenges and perspec-
tives for electrochemical synthesis towards advanced water electrolysis, as well as other energy conversion and storage applications

are featured.
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evolution reaction

1 Introduction water electrolysis has attracted great research atten-

Hydrogen is one of the most promising sustainable tions as a promising sustainable route for its simple,

fossil-free fuels nowadays to meet the challenges of ~ green and abundant precursor (just water)™ !, and

growing global industries, increasing energy demands,
and arising climate changes for its highest gravimetric
energy density (142.351 kJ-g™) and clean combustion
process (only water produced)!'?!. Although being
eco-friendly, over 95% of nowadays hydrogen is gen-
erated by reforming of fossil-fuels, which is a costly
and CO, emitting process obstructing the sustainable

[4, 5]

ecology . Alternatively, hydrogen evolution via

high compatibility with renewable electricity (wind
turbines, photovoltaics, etc.)?. Nevertheless, there re-
main many constraints on the journey of water elec-
trolysis hydrogen production towards practical appli-
cations. For example, significantly higher energy in-
puts than the thermodynamic equilibrium are always
required due to the insufficient diffusion, activation

barrier, poor energy efficiency, etc. in practical cases.
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Moreover, while platinum is recognized as the most
efficient electrocatalyst for hydrogen evolution reac-
tion (HER)™, its preciousness and high cost hinder it
from large-scale applications, and there remains lack-
ing cost-effective electrocatalysts with high durability
and activity to replace noble metals. Therefore, de-
veloping advanced catalysts and electrolytic systems
is pivotal in this field.

Explorations in water electrolysis have benefited
greatly from nanomaterials!"l. The large specific sur-
face area, enriched edge/corner active sites, as well as
rationally designed composites have greatly boosted
the efficiency, durability, and cost-efficiency of HER
electrocatalysis. Among various nano synthetic
routes, electrochemical synthesis, or electrosynthesis,
is a facile, efficient, and green approach®, It applies
electrical potentials between conducting electrodes,
which drive analytes in the electrolyte to be oxi-
dized/reduced at electrode-electrolyte interfaces to
form products. It has many advantages over other
chemical and thermochemical approaches, such as
that (i) the process is usually green without the need
of hazardous chemicals or high energy input; (ii) the
reactions are usually facile and can be well controlled
by the potential, current, precursor concentration, etc.
and therefore well-engineered nanomaterials and
composites can be obtained; (iii) nanostructures/het-
erostructures can directly grow on conductive sub-
strates like carbon and platinum™" '2, Various nano-
materials of metals, alloys, and metal compounds
have been electrochemically synthesized with low
costs, novel designs, and superior catalytical perfor-
mances, which have contributed significantly to wa-
ter electrolysis both in terms of new catalyst develop-
ment and mechanism investigation.

Despite great efforts in developing advanced elec-
trocatalysts towards practical HER, the overall pro-
ductivity of water electrolysis is also governed by the
anodic oxidation. Conventional water electrolysis has
oxygen evolution reaction (OER) as the anodic reac-
tion, which usually has higher activation barrier and

13, 14

more sluggish kinetics than HER!™ . Moreover, the

0O, generated by OER is less valuable and may con-

taminate H, as a gas impurity, leading to low overall
efficiency and profit for hydrogen production!. The
mixture of H,, O,, and catalysts may also generate ac-
tive oxygen species to degrade the electrolysis de-
vice. These factors hold the back of water electrolysis
towards real applications. In view of this, electro-
chemical synthesis also provides novel solutions by
introducing other anodic electrochemical oxidations
to replace OER and form hybrid co-electrolysis systems
with HER (also called chemical-assisted HER)['*- !> 19,
Indeed, in addition to nano fabrications, electrochem-
ical synthesis can also be extended to small molecules
via direct redox reactions at electrode/electrolyte in-
terfaces!"”. Various anodic electrochemical syntheses
like the oxidation of hydrazine and alcohols, which
have highly water soluble precursors, lower poten-
tials and faster kinetics than OER, no competition
with HER, inhibits gases crossover, and/or form val-
ue-added products, have been employed to replace
OER, forming redox couples with HER. Such hybrid
electrochemical synthetic systems can therefore pro-
duce H, in greener and more efficient ways with oth-
er possible economically viable products'® "1,

In short, electrochemical synthesis has played an
important role in electrolytic hydrogen evolution and
is promising to contribute further. Herein, we sum-
marize explorations in electrochemical synthesis as-
sociated with electrolytic hydrogen generation. We
firstly introduce fundamental aspects, design proto-
cols, and typical methods of electrochemical synthe-
sis. Then, we summarize the electrochemically syn-
thesized electrocatalysts for HER (Figure 1), which
include platinum group metals (PGMs), transition
metals (TMs), alloys, and transition metal compounds
including oxides (TMOs), dichalcogenides (TMDs),
phosphides (TMPs), carbides (TMCs), and others.
After that, various electrochemical oxidations of small
molecules are discussed as alternatives to OER to-
wards more efficient and/or value-adding co-electro-
lytic hydrogen production, including the alcohol oxida-
tions (AORs), carbohydrate oxidations (CHOORS),
amine oxidations, aldehyde oxidations (AhORs), water
oxidation (WOR), and hydrazine oxidation (HzOR),
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urea oxidation (UOR), ammonia oxidation (AmOR).
We focus on electrochemical synthetic methodolo-
gies and parameters, including the system design, the
reaction potential, current, substrate, electrolyte com-
position and concentration, electrocatalysts, etc. with
tailored outcomes. This is complementary to previous
reviews in this field, which rather focused on electro-
chemical synthesis of nanomaterials itself or for other
applications™ "', or electrocatalytic organic synthe-
sis associated with hydrogen production ">, Last-
ly, we also discuss the challenges and perspectives in
electrochemical synthesis towards more efficient hy-
drogen generation as well as other energy conversion
and storage applications. The electrochemical syn-
thetic strategies and examples summarized herein,
therefore, provide guidance for future explorations.

2 Basic Aspects and Protocols of Ele-

ctrochemical Synthesis
2.1 Fundamental Aspects of Electrochem-
ical Synthesis

Electrochemical synthesis, also called electrosyn-
thesis, is performed by applying electricity between
two or more electrodes separated by an electrolyte,
therefore inducing diffusion of analytes towards the
electrode surface and oxidizing/reducing them at the
interfaces. It has a long history since 1800, when the
first voltaic pile and water electrolysis was created-
indeed, water electrolysis is also a form of electro-
chemical synthesis of H, and O,®!. A basic electro-
chemical synthesis system consists of a cathode and
an anode, merged in an ionically conducting elec-
trolyte and connected electrically to an external pow-
er supply. During an electrochemical synthesis, the
anode/cathode is positively/negatively charged by the
external power source, attracting oppositely charged
species in the electrolyte to form electrical dou-
ble-layers on the electrode surfaces. Once the redox
potential of the analyte is reached, the anode extracts
electrons from the interfacial species and oxidizes it,
analogous to an oxidizing agent, while the cathode
provides electrons to the species and reduces it, simi-
lar to a reducing agent. The key parameters govern-

ing an electrochemical synthesis are therefore the
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Figure 1 Scheme of the electrochemical synthesis associated
with water electrolysis hydrogen production. The left side lists
electrochemical syntheses of HER electrocatalysts, including
PGMs, TMs, alloys, TMOs, TMPs, TMDs, TMCs, and others.
The right side summarizes electrochemical oxidations of small
molecules to form co-electrolysis with HER, including HzOR,
UOR, AmOR, AORs, CHOORs, amine ORs, AhORs, and
WOR. (color on line)

electrifying method, electrolyte concentration and
composition, and electrode surface. The reaction
temperature, pressure, and atmosphere also show in-
fluences on the reaction.

With the abovementioned characteristics, electro-
chemical synthesis has several advantages over
chemical and thermochemical routes, which are:
(1) more eco-friendly without the needs for oxidants/
reductants as well as reduced/oxidized wastes; (ii)
energy saving with milder reaction temperatures and
pressures; (iii) highly engineerable reaction processes
and parameters, and therefore high controllability/
selectivity over products; (iv) easily scaled up with
greater potentials for practical applications. Also, it
has some drawbacks, such as that (i) complete elec-
trochemical devices are required, which can be ex-
pensive and hard to maintain; (ii) supporting elec-
trolytes can be required and bring additional cost;
(iii) ion exchange membranes can be required to di-
vide cells with metal catalysts and/or dual elec-
trolytes/products; (iv) reactions are limited on conduc-

tive interfaces.
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2.2 Constructing an Electrochemical Cell
for Synthesis

A successful electrochemical synthesis relies on
the proper design of the electrochemical system. As
shown in Figure 2a, an electrochemical synthetic sys-
tem usually consists of an electrolyte tank, a power
supply, a working electrode (WE) to carry the desired
reaction, a counter electrode (CE) to close the electric
circuit, an electrolyte to ionically conduct electricity,
and sometimes also contains a reference electrode
(RE) to steadily monitor the potential change, a sepa-
rator to separate the cathode and anode, etc. The
electrolyte can be further disassembled into solvents
and solutes (analytes, supporting electrolytes, addi-
tives). The most often used electrochemical cell se-
tups are the two- and three-electrode setups. The
two-electrode setup is the most basic form of an elec-
trochemical cell, in which the energy is directly applied
between the WE and the CE. The electrodes balance
their potentials automatically to meet the redox reac-
tion, and the overall potential difference meets the
applied potential. Contrarily, in three-electrode se-
tups, the potential is applied to the WE, which is re-
ferred to the constant potential of the RE. The CE’s
potential is adjusted such that the WE-RE potential
difference meets the desired input and the electro-
chemical circuit is closed. As such, three-electrode
setups demonstrate the WE’s efficiency rather than
the overall cell efficiency, while two-electrode tests

can determine the actual efficiency of an electrochem-
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ical device.

As a part of the interfacial system, the electrode
material, which conducts electricity and carries redox
reactions, undoubtedly plays a key role in electro-
chemical synthesis. As mentioned above, the nature
of electrochemical synthesis requires electrodes to be
conductive and as the substrate of reactions. For a
particular electrochemical system, the electrode needs
to be electrochemically and chemically stable within
the operation potential window. The frequently used
electrodes include platinum and carbon as both the
cathode and anode, mercury, lead, and silver for the
cathode, as well as nickel, magnesium, aluminium,
iron, and zinc as the anode®®. Each of the electrodes
has its pros and cons, which have been well reviewed
elsewhere!®). Additionally, various catalysts can be
loaded on the conducting electrode surface to pro-
mote more efficient redox reactions. Choosing the
right material and even the right surface is critical for
the success of an electrochemical synthesis.

Another dominating component of electrochemical
synthesis is the electrolyte. Carrying on electrochemi-
cal reactions at the interface, several factors need to
be considered to choose appropriate electrolytes: (i)
the proton activity, which influences the reduction of
radical anions and proton elimination from oxida-
tion-generated radical cations; (ii) the electrochemical
window, which should be larger than the operational
potential range of an electrochemical synthetic system;

(iii) the dielectric constant, which controls the elec-
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Figure 2 a) Scheme of an electrochemical cell consisting (solid lines) a tank, a WE, a CE, a power supply, an electrolyte, and possibly

(dash lines) a RE, an additional voltameter, a separator, and supporting electrolytes. b) Scheme of a typical non-divided cell (left)

and a divided “H” cell (right). (color on line)
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trolyte dissociation and thus influences its resistance.
The main solvents nowadays include: (i) water, which
is most widely involved in various inorganic systems
but poorly dissolves organic species; (ii) alcoholic sol-
vents, which are good at conducting anodic oxidation
with themselves being reduced at the cathode; (iii)
amine-based solvents, which have been used usually
in reduction and for highly basic species; (iv) ace-
tonitrile (ACN), which has been popular for all types
of reactions for its wide electrochemical window and
high conductivity; (v) N,N-di-methylformamide (DMF)
and dimethyl sulfoxide (DMSO), which have good
solubility to many organic and inorganic compounds.
There are also many other solvents with special char-
acters being used for electrochemical synthesis,
which have been summarized elsewhere!®.

During syntheses, conductive analytes in the elec-
trolyte could be consumed as precursors. Therefore,
supporting electrolytes should be added as charge
carriers™. The choice of supporting electrolytes de-
pends on their solubility, interactions in solvents, and
compatibility with the redox reaction. Perchlorate
(ClOy), tetrafluoroborate (BF,), hexafluorophosphate
(PF¢), and trifluoromethanesulfonate (CF;SO;’) an
ions are good candidates for supporting anions for
their high oxidization resistance, while the latter
three offer additional high stability. Lithium (Li") and
sodium (Na') cations are stable and hardly reduced,
thus working well as supporting cations. Neverthe-
less, they may co-precipitate with the synthetic prod-
ucts on the electrode surface, and sodium salts are
rarely soluble in organic solvents. Metal-free choices
can be quaternary ammonium cations (NR*, R could
be Me, Et, Bu, etc.), which also facilitate the dissolu-
tion of organic species in water.

Depending on the reaction to be performed, and
the need to separate electrolytes and analytes, elec-
trochemical synthesis can be carried out in a unified
cell or divided cell. As shown in Figure 2b (left), in
an undivided cell, the electrolyte can move freely to
the cathode or the anode, which is facile and easily
adapted for electrochemical synthesis with only one

stable target. Howe ver, undivided cell fails in cases

that both oxidation and reduction proceed with de-
sired products (co-electrolysis), or the analytes, prod-
ucts, intermediates, etc. can undergo further unde-
sired reactions with each other or the electrodes. Un-
der such conditions, it is necessary to divide the cell
with a diaphragm so that the catholyte and anolyte do
not meet each other. Conventionally, such divided
cells often adopt a “H” shape and are referred to as
the “H-cell” (Figure 2b, right).

Based on the desired product, electrochemical syn-
thesis can happen on either the cathode, anode, or
both, which influences the construction of the syn-
thetic system. During electrifying, the anode is elec-
tron-lacking and tends to gain electron from reactants
and oxidize them. Electrochemical syntheses of metal
oxides, nitrides, etc. with higher valance state from
pure metal, lower valance metal compounds, etc.

21 Oxidations of small molecules

happen at the anode
towards more value-adding products like AORs,
CHOORs, and WOR also take place here!'® !, Con-
trarily, the cathode is electron-rich and offers electron
to reactants to reduce them. Therefore, electrochemi-
cal reduction towards pure metals, metal compounds,
hydrogen, as well as organic compounds, etc. with
lower valances are done on the cathode® 7-2* %], De-
pending on the electrode of target, the counter-reac-
tion on the opposite electrode may originate from the
solvent, sacrificial agent, or other additives in the
electrolyte that should have no pollutant to the prod-
uct. It is also possible to have parallel electrochemi-
cal syntheses at both electrodes with desired products,
or even combinations of reactants at both electrodes
into single products!®. This often takes place for the
synthesis of molecular products and is referred to as
co-electrolysis. It is worth mentioning that, in elec-
trochemical exfoliation introduced later, due to the
different definitions of cathode and anode, that the
reaction happens is in the opposite way: the cathode
attracts anions and intercalates them to exfoliate it-
self, while the anode plays with cations.

2.3 Electrical Operations for Synthesis and

Hydrogen Evolution Analysis

With appropriate synthetic systems, various electro-
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analytical methods can be applied to perform the syn-
thesis or investigate synthetic mechanisms. Based on
the electrical parameter under control, most of the
electroanalytical methods can be categorized into ei-
ther potentiostatic or galvanostatic.

Potentiostatic operations like cyclic voltammetry
(CV) and chronoamperometry apply controlled po-
tentials to cells during electrochemical analyses. CV
tests apply a constant potential ramp and record the
current response (Figure 3a). Initially, it is merely ca-
pacitive since no charge transfer happens. Once the
analyte’s redox potential is reached, it is reduced/ox-
idized, and the current peak is observed. After that,
the current drops, with which reactions still happen
but decrease due to the depletion of reactants near the
interface. When the potential is reversely swept, a
corresponding redox peak could be captured if the
redox product is stable and remains to be converted
back. Due to the requirement of more complicated
setup and longer reaction time, CV is less used in real
electrochemical synthesis. Nevertheless, the informa-
tive spectrum allows one to acquire the reaction po-
tential, overpotential, kinetics, reversibility, route, etc.
and thus understand reactions electrochemically.
Therefore, CV is seldom absent in analysing synthet-
ic mechanisms or hydrogen evolution performances,
especially for those of organic electrochemical syn-
theses with multiple products. During analyses, the
sweep is often one way from smaller to larger poten-
tials, which is therefore called linear scanning
voltammetry (LSV). LSV is basically the early parts
of CV including the capacitive initiative and sharply
raised redox park (Figure 3b).

As shown in Figure 3c, chronoamperometry is to

)
Current

Potential
Potential

Time Time

fix the electrochemical system at certain potentials
and records the time-dependent response of current.
It requires simpler electrical functionality and thus
equipment than CV, and is intensively employed in
electrochemical synthesis, especially in electrodepo-
sition and small molecule syntheses with multiple po-
tential steps and products. Moreover, the /-i curve
contains reaction kinetics information of electro-
chemical synthetic processes, especially for analyte
adsorption, which can be mathematically extracted.
Therefore, it is often combined with CV, etc. for
electrochemical analyses?".

If the cell current is controlled, the operation is
called galvanostatic. Galvanostatic charge/discharge
(GCD) is a typical method by applying a constant
current to the electrochemical cell and measuring the
potential change over time (Figure 3d). During GCD,
the potential changes with time due to the formation
of an electrical double-layer. When the potential of a
redox reaction is reached, the potential is flattened
into a plateau and the redox reaction takes place. As
the reaction proceeds towards the equilibrium, the
activity decreases and the potential drifts to the sec-
ond redox plateau. During GCD processes, the cur-
rent can be tailored to control the reaction rate and
thus the product particle size, morphology, etc!®!.
Therefore, it is often used in electrochemical synthe-
ses with sole products, or nanomaterial syntheses that
structure, morphology, and/or size matters. It is also
used in electrochemical exfoliation, modification, etc.

In practical, electrochemical synthesis can be per-
formed either potentiostatically or galvanostatically.
While real systems are usually multi-step with side

reactions, controlling the potential leads to full control

Current

Potential
Potential

Time Time

Figure 3 Typical potential/current-time curves for a) cyclic voltammetry, b) linear scanning voltammetry, ¢) chronoamperometry,

and (d) galvanostatic charge/discharge test. (color on line)
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of the synthetic reaction and therefore higher selec-
tivity. Nevertheless, this also leads to longer reaction
time and more complicated setup. Contrarily, gal-
vanostatic methods are faster and simpler, but may
lead to a mixture of multiple products and therefore
lower selectivity.

2.4 Typical Electrochemical Synthesis Met-

hods

Being properly organized as abovementioned, ele-
ctrochemical syntheses are usually conducted using
four typical methods: direct electrochemical oxida-
tion/reduction, electrodeposition, electrochemical ex-
foliation, and electrochemical modification.

Direct electrochemical oxidation/reduction is the
most basic form of electrochemical synthesis. It in-
volves oxidation and/or reduction of reactants from
the electrolyte or on the electrode surface, directly at
the electrode/electrolyte interface. The product, either
in gas phase released from the cell, in liquid phase
mixed in the electrolyte, or in solid phase precipitat-
ed into the electrolyte/on to the electrode, is collected
and purified after the reaction. This simple method is
usually used for molecular materials synthesis, of
which the product usually adopts gaseous or liquid
format!”,

If the product is in the form of a thin film, coating,
or nano-decoration on the electrode, the method is
usually referred to as electrodeposition, or electro-
plating®-Y. It has a long history over two centuries
that originally used to apply metallic coatings on con-
ductive surfaces™. Nowadays, electrodeposition is in-
tensively used to grow metals, ceramics, and even or-
ganic coatings on conductive substrates (electrodes)
with varying thicknesses, compositions, and nanos-
tructures to build novel catalysts. The substrate of
electrodeposition can also be part of the catalyst ma-
trix to form advanced composites. During electrode-
position, the reaction rate and the product size,
nanostructure, morphology, density, etc. can be well
controlled by tailoring the electrifying method, depo-
sition current, potential, electrolyte, additive, as well
as temperature, pressure, etc. with the interplay of

many physiochemical factors like crystallography and

mass transport behind.

In addition to those direct methods, electrochemi-
cal syntheses can also be performed combining with
other electrochemical systems. Electrochemical exfo-
liation is a typical synthetic method to fabricate lay-
ered nanosheets™ !, It is performed by electrochemi-
cally introducing foreign species, often metallic
cations and various anions, into the interlayer space
of layered materials, which causes structural expan-
sion and loosens the interlayer binding, thus can ex-
foliate them into single- or few-layer nanosheets. The
intercalation is usually performed with a battery-like
setup, and both conductive and nonconductive layered
nanomaterials such as graphene™, transition metal
compounds®®!, phosphorus®”, etc. can be exfoliated.
The thickness, defect density, etc. can be controlled
by tailoring reaction parameters like intercalation
species, potential, current, time, electrolyte composi-
tion, exfoliation method, etc.

Apart from new material fabrication, electrochemi-
cal methods have also been intensively used to modi-
fy the property of existing materials®. Electrochemi-
cal modification is to regulate the physical and chem-
ical properties of materials via electrochemical treat-
ments, usually in an electrochemical device (battery,
etc.)-like setup. Compared to other methods, it has
milder processes, easier and more precise control, as
well as lower chemical and environmental hazards.
Various electrochemical modification approaches like
intercalation (like exfoliation) and conversion have
been developed, which can tune the electronic struc-
ture, crystal phase and crystallinity, lattice strain, size

and boundary, etc. of the material.

3 Electrochemical Synthesis of Nano-
materials for Hydrogen Evolution
Reaction

3.1 Metallic Electrocatalysts

As demonstrated by the volcano plot and many re-
search works, Pt group metals (Pt, Pd, Ru, Ir, Rh) have
superior HER catalysing performance with much
smaller hydrogen adsorption energy compared to most

other materials™ ¥, Considering the high cost of these
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metals and the interfacial nature of water electrolysis,
thin films, nanoparticles, etc. with large surface
area-to-volume ratios are desired. Such nanomaterials
can be readily fabricated via electrodeposition ¥,
Compared to traditional electrodeposition in cyanide-
based toxic electrolytes, water and deep eutectic sol-
vents that are greener, nontoxic, electrochemically
more conductive, and more soluble to metals have
been good alternatives for the electrodeposition of

42-45

metallic catalysts™*]. As shown in Figure 4, Bard’s
group electrodeposited Pt clusters on bismuth ultra-
microelectrode using fimol -L~"-level PtCl¢~ aqueous
electrolytes™!. The resulted Pt clusters show sizes of
up to 9 atoms, which are precisely controlled by the
plating pulse of suitable duration and the low precur-
sor concentration with limited diffusion rate. Once
deposited, Pt clusters clearly show activity towards
HER, which is not seen with bare ultramicroelec-
trode.

The size, shape, and facet of noble metals, which
are the three key factors influencing their HER activi-
ty, can be well controlled in electrochemical synthe-
sis by adjusting parameters like the charging proto-
col, electrolyte composition and concentration, and
additive*]. For example, Bard’s group electrode-
posited Pt single atom, clusters with one to five
atoms, and nanoparticles up to ~ 10 nm radius on ul-
tramicroelectrodes by controlling the electrolyte con-
centration and deposition time (Figure 5a-¢)¥. The

HER kinetics increases as the Pt size increases from a

single atom to ~ 4 nm cluster and then reaches a
plateau. This is due to a kinetic size effect changing
the H" adsorption energy, which approaches the bulk
performance at larger enough cluster sizes (Figure
5d)3, Other nanostructures like porous Pt, Pt nano-
pines, etc. have also been achieved by controlling the
template, ionic concentration, and current density
during electrolysis (Figure 5e, )% *# Taking the
porous Pt film developed by Schmidt’s group as an
example, the process involves a two-step reduction of
PtCl, during electrodeposition, while simultaneous hy-
drogen evolution causes the porosity development*”.
The pore size and conductivity of the porous Pt are
controllable by tailoring the deposition potential and
additive concentration (Figure 5g-n). Kiani et al. in-
troduced CO into the reduction of Pt ion to metallic
Pt, leading to significantly reduced deposition amount
but much improved mass activity with 31 mV over-
potential (the additional potential than the equilibrium
required to drive a reaction) and 35 mV -dec™ Tafel
slope (correlation factor between the reaction kinetic
and the overpotential) at 10 mA -cm™™, The superior
activity than commercial Pt/C (27.8 mV at 20wt%Pt)
is likely induced by the enriched Pt(111) surface in
the product with maximum tolerance against CO ab-
sorption.

Along the way of catalysts’ nano dispersion, vari-
ous supporting materials also contribute significantly
during both the electrochemical synthesis and the
electrocatalysis. They offer electrically conducting
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son. Reproduced with permission from Ref. 46. Copyright 2019 American Chemical Society. e-f) Scheme (e¢) and SEM image (f) of

porous Pt layer electrochemically grown on the Pt cathode. g-j) SEM images of porous Pt obtained from the same electrolyte under

different potentials. k-n) SEM images of porous Pt obtained under the same potential at different additive concentrations. Repro-

duced with permission from Ref. 47. Copyright 2021 Springer Nature. (color on line)

connections to link nanosized catalysts to the external
circuit, and high surface area to enlarge the catalyz-
ing interface. Currently, the most widely used sup-
porting materials are various carbon materials such as
carbon nanotube ® 1, graphene™- ®, and activated
carbons®!, for their high electrical conductance and
specific surface area. For example, Laasonen et al.
electrochemically deposited sub-nano clustery Pt on
the surface of SWCNT, achieving similar HER per-
formance to commercial Pt/C with more than 60-fold
heavier loading (Figure 6a-d)™. The curved structure
of thin SWCNT greatly stabilizes Pt clusters and
therefore contributes to the atomic-scale dispersion.
Apart from carbon materials, other substrates like
metal foam, Ni;N®, polypyrrole (PPy), poly(3,4-
ethylenedioxythiophene) (PEDOT)™], have also been
attempted in electrochemical synthesis. In addition to
high electrical conductance, these substrates also pro-
vide other functions like facilitating water dissocia-
tion and/or hydrogen intermediate generation towards
advanced HER (Figure 6e-h). It is also possible to be
substrate-less and electrochemically generated metal

nanoparticles at liquid-liquid interfaces to catalyze hy-

drogen evolution in situ'"%. By constructing a water/
1,2-dichloroethane immiscible system, Girault’s group
has in situ synthesized Pt and Pd nanoparticles at the
interface by electroreduction of PtC1 or PAC1,> with
DMFC as the electron donor under the interfacial
Galvani potential difference®. The resulted nanopar-
ticles are adsorbed at the interface and show catalytic
properties with a 0.55 V positive polarization.

Apart from being used solely, electrochemical syn-
thesis may also integrate with other methods to achieve
novel and/or hierarchical structures™". For example,
Qin’s lab electrodeposited Pt on solvothermally pre-
synthesized WO;-on-Cu foam (WO;@CF)™. The pro-
cess uses bulk Pt as the precursor and utilizes its oxi-
dation, dissolution during acidic OER and reduction
during HER, resulting in a PtCu alloy on WO;@CF
nanostructure with well-controlled Pt loading (Figure
7a-c). The PtCu/WO;@CF electrocatalyst shows ul-
trahigh Pt mass activities of 1.35 and 10.86 A -mg™y
at 20 and 100 mV overpotentials, respectively, which
are 27 and 13 times higher than those of commercial
Pt/C catalysts, respectively (Figure 7d-f). The origin of

such excellent performance is the enhanced reactivity



B4k (). Electrochem.) 2022, 28(10), 2214012 (10 of 31)

Atomically dispersed Pt
c @ Hydrogen

N evolution reaction
W @ (HER) g
@ ~_Z

e

¢

Y

j (mA em?)
Z
£

GRater 24 h
PIC

SWNT

08 04 03

o2

E (V) versus RHE

-504

oo /£
/

504

Current density(mA cm )

-200-
0.2 -01 ) 0.1
Potential (V vs. RHE)

Figure 6 a) Schematic representation of the atomically dispersed Pt on curved CNT surface catalysing the HER. b) Polarization

curves of CNT, graphite, their activated counter parts, and commercial Pt/C, in a 0.5 mol -L™" H,SO, solution with Pt foil as the

counter electrode. The inset shows the activation setup. c-d) Bright field (c) and corresponding high-angle annular dark-field
(HAADF) (d) images of a CNT bundle after activation. Reproduced with permission from Ref. 59. Copyright 2017 American

Chemical Society. €) Scheme showing the electrodeposition of Pt on Ni;N and the synergetic HER mechanisms of Ni;N/Pt. f-g)
SEM (f) and HRTEM (g) images of Ni;N/Pt. Inset in (g) is the selected area electron diffraction (SAED) patterns of Ni;N/Pt. h) HER
activity of Ni;N/Pt in 1 mol-L™" KOH compared with various control groups. Reproduced with permission from Ref. 64. Copyright

2017 John Wiley and Sons. (color on line)

and number of active sites by the hollow sphere
structure, as well as the hydrogen spillover effect by
the synergy between WO; and Pt. Xiao et al. utilized
the electrolysis method to produce Pt nanoparticles
and carbon quantum dots (CQDs) simultaneously in
a double Pt wire setup in proprylene carbon-
ate-based electrolytes and merged them onto carbon
nanotube (CNT) in subsequent solvothermal treat-
ment). The two-step synthesized Pt-CDQs/CNT de-
monstrates 35.3 mV overpotential at 10 mA -cm? for
HER, comparable to commercial Pt/C catalyst even
at much lower loading (0.81wt%). By tuning the
electrolysis potential, type of supporting electrolyte,
etc. the amount and size of Pt NPs and CQDs can be
defined.

To date, noble metals are still the most effective
HER electrocatalysts with low overpotentials and fast
kinetics. However, their low abundance and high cost
prevent them from being commercially applied even
under reduced overall usage with small nanoparticles.
To this end, alloying engineering to enhance the
catalytic performance and further minimize the noble

metal usage has been intensively investigated as a

promising alternative strategy!”™!. Electrochemical
synthesis has also contributed significantly to this
field. For example, Pellicer’s group developed Fe-Pt
mesoporous thin films through micelle-assisted elec-
trodeposition, which have tailored roughness and Fe
content with different metal substrates (Figure 8a-c)™.
Ultra-smooth surface with evenly distributed meso-
porous and high Fe content (21wt%) can be obtained
on Au substrate, which shows —7 mV overpotential at
10 mA-cm™in 1.0 mol - L™ KOH alkaline electrolyz-
er. Various transition metal-based alloys can also be
electrochemically fabricated with advanced HER

75-78

performances ™™, Chung’s group electrodeposited
Au,Cu,y_, foams with controlled ratios by controlling
the precursor concentration, and then galvanically dis-
placed some of the Cu atoms™. During the process,
the Au serves as a buffer to release the mechanical
stress and prevent the detachment. Therefore, the tai-
lorable Pt@Au,Cu,y_, electrocatalysts show advanced
catalytic performance in an alkaline electrolyzer. Dick
et al. developed a generalized nanodroplet-mediated
electrodeposition method to synthesize alloys of up to

8 metallic elements (high-entropy metallic glasses),
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Figure 7 a) Scheme of the solvothermal-electrodeposition process for preparing PtCu/WO,@CF. b-c) representative SEM (b) and
TEM (c) images of PtCu/WO;@CF. The zoomed images 1 and 2 (right) in (c) are the enlarged feature in the yellow squares 1 and 2
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and commercial Pt/C at different potentials. f) Tafel plots of PtCu/WO;@CF and other control catalysts from the LSV result. Repro-

duced with permission from Ref. 71. Copyright 2022 John Wiley and Sons. (color on line)

which provides tunable water electrolysis catalysing
performance based on the properties of compositional
metals (Figure 8d-g)™. By tuning the precursor con-
centration in nanodroplet, precise control of the alloy
stoichiometry can be achieved, with which the CoFe-
LaNiPt alloy demonstrates superior water electrolysis
performance.

In addition to alloy catalysts, nonprecious metals
such as Ni® %81 Co® ag well as their alloys™*),
have been attempted as even cheaper alternatives and
electrochemical synthesis has also been utilized for
preparing them™!. For example, Lee et al. prepared
Ni nanowires by porous alumina templated galvanic
electrodeposition, which has a high aspect ratio of
100 and large electrocatalytic active Ni(111) surface,
therefore delivering good catalytic performance ™!,
The structure, surface area, and edge facets of the
electrode posited TM are tailorable with the deposi-
tion potential, similar to noble metal electrochemical
syntheses, therefore adjusting the HER catalytic per-

formances®.

3.2 Metal Compound Electrocatalysts

Another low-cost yet efficient strategy to catalyze
HER is to use non-noble metal compound electrocat-
alysts for their earth abundancy, high accessibility, as
well as tunable compositions and properties. To date,
great breakthroughs have been accomplished in de-
veloping transition metal-based compounds for HER
catalyzing, including TMOs, TMNs, TMCs, TMDs,
TMPs, TMBs, etc. as well as their composites*, Ele-
ctrochemical synthesis plays important roles in fabri-
cating and exploring these materials with novel
nanostructures and/or mechanisms.

TMOs have been intensively studied and used in
electrocatalysis. They are one of the most promising
candidates for HER so far, for their cost-efficiency,
stability, accessibility, and sustainability. However,
their intrinsic low electrical conductivity and the
need for a large surface area make them usually pro-
ceed with small nanostructures, conductive dopants,
and/or integration with conductive substrates. This is
especially suitable for using electrochemical synthesis.



MLk (J. Electrochem.) 2022, 28(10), 2214012 (12 of 31)

—e— Au surface
st

——

——10™

j_(mAem®)

30

zglh MESOPOrous
; Fe-Pt

100"
pure mesoporous Pt

.180 " L \ L s s s
035 030 -025 -020 -0.15 -0.10 -0.05 0.00 0.05

E vs. RHE (V)
f
Nanodroplet Electro-shock

R 70 collision reduction 1,2-DCE Water -
‘é i nanodroplet BA
§ 60 l I Metal salt GO
3 ] d A precursors

50 HEA!-G-NP

B —_— vi T
100 ms oA
40 ' I l I ' I ' l ' —
1420 1421 1422 1423 1424 1425 § e Sn e
Time (s)
g -
Anodic i Cathodic
" H,0 ' H, _
§ q
£ IS
S o
& 51 -5 <
E E
b Sy
o H,0
-0
10 T T T T T v T v T . L] L L] b Ll L T . L) b T
2.2 2.0 1.8 1.6 1.4 00 -02 -04 -06 -0.8 -1.0

E- iR (V vs. RHE)

= HEMG === HOPG
Pt® Fe® Ni@ La© Co ®

E-iR(V vs. RHE)

Figure 8 a-b) SEM (a) and confocal (b) images of mesoporous Fe-Pt film electrodeposited on Au. ¢) LSV curves of the Fe-Pt film
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images of a CoFeNiLaPt NP with high-resolution EDS images and SAED pattern indicating an amorphous microstructure. g) Elec-

trocatalytic water electrolysis test of CoFeNiLaPt NP (turquoise curve) and each of its components. Reproduced with permission

from Ref. 79. Copyright 2019 Springer Nature. (color on line)

For example, Zhang’s group constructed ultrathin
NiFe layered double hydroxide nanosheets with
W-doping via a facile electrodeposition process (Fig-
ure 9) ¥, By putting carbon paper (CP) into an aque-
ous electrolyte containing the metal ions, nanosheets
can in situ grow on its surface at —1.0 V vs. Ag/AgCl.
Adding W*® into the electrolyte leads to W doping,
which enhances the electrical conductivity. As a re-
sult, the NiFeW/CP exhibits only 239 and 115 mV
overpotentials at 10 mA -cm™ for OER and HER,
respectively, as a bifunctional catalyst in 1 mol L™
KOH. Ma et al. fabricated ultrathin nanosheet arrays
of Co;0, and Co(OH), via a two-step electrochemical

synthesis protocol: electrodeposition of CoggsSe and
then anodic oxidation/cathodic reduction, which
effectively catalyze the overall water electrolysis in
alkaline and neutral electrolyzers®™,

In addition to TMOs, TMPs have gained increasing
attentions as promising HER catalyzing candidates in
recent years for their high proton-trapping ability of
highly electronegative P atoms™!, which are very ca-
pable of electrochemical synthesis®*. For example,
Sun et al. developed a facile potentiodynamic electro-
deposition method using common cobalt sulfate and
sodium hypophosphite monohydrate'®!. By applying
consecutive linear scan between —0.3 and -1.0 V vs.
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trol groups. Reproduced with permission from Ref. 87. Copyright 2021 American Chemical Society. (color on line)

Ag/AgCl, they evenly deposited amorphous Co-P
film on a copper foil under rotation, stirring condi-
tions and N, atmosphere. The as-prepared catalyst
exhibits good performance of -94 and 345 mV over-
potentials, 42 and 47 mV -dec ™ Tafel slopes at 10
mA -cm™ for HER and OER, respectively. With this
bifunctional catalyst, the overall water splitting can
be performed over 1.56 V with a 69 mV -dec™ Tafel
slope and 100% FE, rivaling the mature IrO,/Pt-C
system. Using this technique, they further deposited
uniform Co-P on copper foam, which shows good bi-
functional catalyzing performance towards both HER
and 5-hydroxymethylfurfural oxidation, discussed in
a later section,

To date, TMD is one of the largest groups of mate-
rials engaged in electrochemistry. Various materials
like MoS,*190 WS,101193rd-row TMDs!™, etc. with
fascinating structures and electronic states have been
electrochemically synthesized and modified to cat-
alyze HER better. For example, Shaijumon’s group
synthesized luminescent MoS, quantum dots via an
electrochemical etching method®. They put bulk MoS,
in aqueous solutions of 1-butyl-3-methyli-midazoli-
um chloride ionic liquid and lithium bis-tri fluo-
romethylsulphonylimide to electrochemically etch it
towards quantum dots. A good size control over the
quantum dots can be achieved by tuning the applied
potential and electrolyte composition. The MoS,

quantum dots demonstrate a small Tafel slope and
high exchange-current density for HER in 0.5 mol-L™
H,SO,, which is due to a large number of active edge
sites in quantum dots. The crystal structures (hexago-
nal, trigonal, rhomboedric) and therefore the elec-
tronic configuration of MoS; can also be adjusted via
electrochemical synthesis approaches!™!. Cui et al.
built nanostructured MoS, into a battery-like system
and utilized its interlayer expansion during lithium
intercalation to exfoliate it from semiconducting 2H
phase to metallic 1T phase (Figure 10)!, The result-
ed catalyst demonstrated 200 mA -cm™ HER current
density at only 200 mV overpotential.

TMCs have received huge attention as HER cata-
lysts in recent years for their high-cost efficiency,
electrical conductivity, chemical and thermal stabilities,
and similar electrochemical peculiarity to Pt-based cat-
alysts!® 7 Tn 2018, Wang’s group electrochemical-
ly synthesized N-doped Mo,C nanoparticles through
a one-step solid-state electrolytic reduction®!. The
mixtures of MoS, and carbon precursors are elec-
trolytically reduced in molten CaCl, at 850 °C, lead-
ing to a series of Mo,C materials. Using PPy as the
carbon precursor leads to N-doped Mo,C with near-
spherical nanoparticle morphology. The N doping
facilitates active center exposure and modifies the
nanoparticle electronic property, therefore leading to

a low onset potential of 78.1 mV and a Tafel slope of
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59.6 mV -dec! for HER in 0.5 mol -L™' H,SO,, as
well as high activity and stability in a broad pH range
(0 ~ 14). Furthermore, the synthesis method can be
extended to other TMCs like NbC, TiC, and WC!®),
In addition to the abovementioned transition metal
compounds, some other catalysts like metal-organic
frameworks (MOFs)™® " and hydroxyphosphates'?
have also been electrochemically attempted. For ex-
ample, Gong’s group synthesized terephthalate (tp)
-based MOFs of transition metals through a one-step
electrodeposition™?. Being used as HER catalyst, the
Ni;(OH),(H,0),(tp), shows only 60 mV overpotential
at 10 mA -cm~, which is comparable to commercial
Pt/C catalyst. With the help of scanning electrochem-
ical microscopy (SECM), Hod et al. achieved localized
electrosyntheses of Al,(OH),-TCPP and HKUST-1
MOFs!". The general SECM-assisted electrochemical
synthesis setup involves SECM tip as the working
electrode and Pt wire as the counter and reference
electrodes. During synthesis, the SECM tip was cy-
cled between —0.55 to —1.75 V versus Pt to reduce

H,O into OH~, which deprotonates the H,TCPP
ligands and reacts with ALO; to release AI**. The
Al,(OH),-TCPP MOF then forms locally at the sub-
strate-tip gap due to the high local concentration.
SECM was also used to evaluate the electrocatalytic
activity of the MOFs by scanning over the surface
~10 wm above the catalyst and recording the tip cur-
rent corresponding to H, generation kinetics.
Electrochemical composition of multiple catalysts
is a promising approach towards more efficient hy-

drogen production!"'*'"]

. For example, Sun, et al. de-
veloped a two-step electrodeposition-electropolymer-
ization strategy to fabricate polyaniline-coated nickel
on nickel foam (PANI/Ni/NF) (Figure 11a)M%. They
firstly electrodeposited Ni nanoparticles onto NF,
which shows porous microsphere morphology bene-
fited from simultaneously generated H, bubbles.
Then, they used the Ni/NF as the working electrode
to perform electropolymerization of aniline at a 0.5
mA -cm™ current density for 1000 s, leading to a uni-

form PANI coating layer (Figure 11b). The resulted
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Figure 11 a) Scheme of the two-step electrodeposition-elec-
tropolymerization preparation of PANI/Ni/NF. b) SEM image
of PANI/NI/NF. ¢) LSV plots of PANI/Ni/NF with control
groups in 1.0 mol- L™ KOH. Reproduced with permission from
Ref. 119. Copyright 2018 American Chemical Society. (color

on line)

PANI/Ni/NF demonstrated superior HER catalyzing
activity of 72 mV overpotentials at 10 mA -cm™ than
bare Ni or PANI (Figure 11c). Such electropolymer-
ization strategy can also be extended to nickel phos-
phides and sulfides. Wiley’s group fabricated Cu-Pt
core-shell nanowires by electroplating Pt onto Cul',
The electroplating minimizes galvanic replacement
and retains the electronic conductance of Cu, there-
fore eliminating the need for conductive substrates.
As such, the Cu-Pt nanowires exhibit mass activities
up to 8 times higher than the commercial Pt/C elec-
trode, while the films are robust and flexible. In consid-

ering the sluggish kinetics of alkaline HER, Markovic
et al. composited clustery Ni(OH), onto Pt electrode
by electrodeposition!?". The resulted Pt-Ni(OH), com-
posite demonstrated an 8-fold enhancement in the ac-
tivity, revealing the dual-site reaction mechanism: an
oxide holds water dissociation and a metal facilitates
H~ adsorption, association, and H, desorption.

Apart from fabricating materials, electrochemical
approaches are also efficient in tuning the properties
of existing electrocatalysts'*®!. This includes but not
limited to the tuning of electronic structure!'? ',
crystallinity and phase™* '), lattice strain!®, etc. For
example, Yang’s group electrochemically modified
the electronic structure of IrO, nanoparticles by par-
tially reducing Ir(+4) and trace depositing Pt using a
CV process!"™. This lowers the hydrogen adsorption
energy of IrO, and thus promotes its HER kinetics.
As a result, the as-prepared Pt-IrO,/carbon with 36.6
g - cm e, shows excellent HER activities of 5,
22, and 26 mV overpotentials at 10 mA -cm™ in 0.5
mol - L™ H,SO,, 1.0 mol-L~" KOH, and 1.0 mol -L"*
phosphate buffer solution, respectively. Without ex-
foliating them, Cui, et al. continuously electrochemi-
cally tuned the electronic structure of vertically
aligned MoS, nanofilms by intercalation of Li into
the interlayer!™. As a result, the interlayer distance,
Mo oxidation state, the 2H-to-1T phase ratio, and
therefore the HER catalytic activity can be continuously
tuned. They also utilized the interlayer distance
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battery electrode to control the strain and therefore
the performance of Pt nanoclusters deposited on it
(Figure 12)0%9, They deposited Pt nanoclusters onto
pre-lithiated lithium cobalt oxide (LCO) electrodes,
then continuously controlled their lattice strain by
electrochemically switching the charging and dis-
charging states. As a result, lattice compression and
tension of ~ 5% can be achieved for individual Pt
nanoclusters, which leads to 90% enhancement and
40% suppression of the catalytic performance, re-
spectively.

4 Electrochemical Oxidations of

Small Molecules towards Cocataly-

sis with Hydrogen Evolution

4.1 Sacrificial Agent Oxidations

A straightforward way to beat the sluggish OER
for more practical water electrolysis hydrogen gener-
ation is to replace it using faster oxidations with
smaller onset potentials and less contaminating prod-
ucts. Various organics molecules such as hydrazine
and urea have been attempted as the sacrificial agent
for less energy-intensive hydrogen evolution!™®. For
example, hydrazine is a good candidate of sacrificial
agents for HER. It is industrially significant, wa-
ter-miscible, and has lower oxidation potential (-0.33
V vs. normal hydrogen electrode (NHE), same for the
following reactions, unless specified) with no catalyt-
ical- or environmental-poisoning products!*'*), The
HzOR simply cracks hydrazine into nitrogen and water
with the aid of hydroxide groups. Using a bifunctional
Ni,P catalyst, the two-electrode electrolyzer with 1.0
mol-L™ KOH and 0.5 mol -L™ hydrazine achieves 500
mA -cm? high current density at only 1.0 V, with high
stability and nearly 100% Faradic efficiency (FE) for
HER, far suppressing the counterpart without hy-
drazine (Figure 13a-c)!"*. Various bifunctional cata-
lysts like CoSe, and RuP, have been developed with
advanced HZOR-HER performances™*"4, Apart from
alkaline electrolyzers, hydrazine also serves the sacri-
ficial role well in seawater electrolysis, a more cost-
effective and grid-scale approach to hydrogen pro-

duction, by beating the chlorine evolution with its

lower potential™>"*#, On NiCo/MXene-based electro-
des, it reports a 9.2 mol -h™ - gcat™ hydrogen genera-
tion rate with a low electricity cost 0f2.75 kWh-m= of
H, at 500 mA -cm™, which is 48% lower than the com-
mercial alkaline water electrolysis (Figure 13d-f)t™,
The device can be further made into self-powered by
integrating with direct hydrazine fuel cells or solar
Cells[l35, 139, 140]'

After the pioneering sacrificial HER attempt ['*7,
various other sacrificial agents like urea"* ammo-
nia"", and sodium borohydride with high water solu-
bility and lower oxidation potentials have also been
intensively attempted to replace the OER. For exam-
ple, combining with UOR in the bifunctional CoMn/
CoMn,0, catalyzed alkaline electrolyzer, HER shows
only -0.069 V to reach 10 mA -cm™, with only 1.51 V
two-electrode cell potential (Figure 14a, b)!'", The
urea is oxidized into nitrogen, carbon dioxide, and
water during the process. While urea is abundant
from various wastewater, UOR-mediated water elec-
trolysis offers an efficient and adaptable route for
simultaneous hydrogen evolution and wastewater
treat ment, both economically and ecologically (Fig-
ure 14¢) 14 14150 Another frequently used sacrificial
reaction is AOR, which converts ammonia with hy-
droxide groups into nitrogen and water!™ """, Tt is
also industrially important, environmentally friendly,
and more thermodynamically favourable than OER
(-0.77 V). With a PtRu bimetallic bifunctional catalyst,
HER shows 37.6 mV over potential at 10 mA -cm™,
with the AOR as the counter reaction at an overall cell
potential of just 0.72 V in an alkaline electrolyser!.
4.2 Value-Adding Electrochemical Oxida-

tion of Small Molecules

Although sacrificial agents efficiently promote hy-
drogen evolution by reducing the overall potential
and powering the kinetics, they increase the cost of
water electrolysis without any valuable product but
just CO, and N,, etc. As such, a more economical and
efficient approach is to introduce oxidations that are
more favorable than OER, meanwhile convert sacrifi-
cial precursors into value-added products™® ¥, This
usually lies in the oxidation of various less-valuable
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hydrogen production by renewable-powered seawater electrolyzer with sea water and industrial hydrazine sewage as feeds. f) LSV

curves of hydrazine-assisted water electrolysis hydrogen productions compared to alkaline water electrolysis. Reproduced with per-

mission from Ref. 135. Copyright 2021 Springer Nature. (color on line)

small molecules towards more industrially important
intermediates and/or products. Alcohol (ethanol, ben-
zyl alcohol, ethylene glycol, etc.) oxidations repre-
sent a big group of organics electrochemical synthe-
sis, which adds oxygens to and/or remove hydrogens
from the hydroxylated carbons towards carboxylic
acids, ketones, aldehydes, etc. or even CO and CO, at
lower potentials than OER!"® ), They have been in-
tensively investigated in direct alcohol fuel cells and
alcohol-assisted water electrolysis (electrochemical
alcohol reforming) for their cost-effectiveness in
converting many petroleum and biomass-derived
feedstocks into value-added chemicals under mild
potentials (Figure 15a)!*'®, Taking ethanol as an ex-
ample, it usually shows lower onset potentials than
other alcohols and can save up to 92% energy con-
sumption for hydrogen generation than that with alka-
line water"*'®], Using metallic or oxide catalysts, an
ethanol-assisted water electrolyzer can generate hy-
drogen with 10 mA -cm™ and more than 98% FE at

potentials lower than 1 V, compared to more than 1.5
V of alkaline water electrolysis (Figure 15b, ¢)!'¢* 16,
Simultaneous with HER, the ethanol can be oxidized
to acetates and ethyl acetate that are more valuable
than O,, and therefore further improve the efficiency
of water electrolysis!' ' 1% Glycerol is also a fre-
quently studied value-adding sacrificial agent, which
is a low-value-added-by-product of biodiesel"™. It can
be electrochemically oxidized to lactic acid, a kind of
important industrial intermediate with high value,
with glyceraldehyde as the intermediate at a theoreti-
cal potential of 0.69 V, far lower than the 1.23 V of
OER!"*] Catalyzed by a bifunctional Ni-Mo-N on
carbon cloth, the alkaline HER-GOR electrolyzer only
needs 1.36 V to achieve 10 mA -cm™, 0.26 V lower
than alkaline water electrolysis without glycerol ™,
The electrolyzer yields H, with 99.7% FE and formate
with 95% FE, marking a much more efficient and pro-
fitable process than conventional water electrolysis.

While ethanol oxidizes to relatively simple prod-
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ucts, oxidation of other alcohols often leads to com-
plicated products like carboxylic acids, carbon ates,
ketones, and their mixtures. This is due to the multi-
step nature of AOR, which leads to thermodynamical-
ly uphill intermediates with high kinetic barriers and
retards the complete oxidation of alcohols. Finetuning
the electrocatalyst allows selective oxidation towards
desired products!™ ", For example, catalyzed by a
PdAg alloy on Ni foam with tailored adsorption ener-
gy and d-band centre, a 92% high FE is achieved for
selective ethylene glycol oxidation (EGOR) to glyco-
lic acid at 10 mA -cm™ with only 0.57 V potentialt”",

Recently, electrochemical synthesis-assisted HER
has attracted much attention and many other val-
ue-adding biomass-derived compounds like carbohy-
drates!"™", amines"”>'™, and aldehydes®* ' * have
been attempted. For example, glucose is one of the
most abundant biomass-based chemicals and an im-
portant industrial precursor for commodity chemicals
like sorbitol and glucaric acid (GRA)!"". Electroche-
mical oxidation can convert glucose into abundant
products like fructose, 5-hydroxymethyl furfural
(HMF), carboxylic acids, etc. by direct oxidation,
isomerization, dehydration, etc!"™. Compared to tra-
ditional chemical oxidation or microbial fermenta-
tion, it eliminates the requirements of high-pressure
0O, and hazardous oxidants, can be performed under
milder conditions, and produces fewer by-products
via tuning reaction parameters. It is suitable especially

at a small scale and the cost efficiency can be even

higher with the lower price of renewable electricity™®.
With lower oxidation potential (0.05 V) than OER,
glucose oxidation can efficiently couple with HER to
generate H, at the cathode and GRA at the anode
simultaneously towards higher economic efficiency,
from both hydrogen and GRA production points of
view!'™ 8181 Tn 2020, Yu’s group designed nanos-
tructured NiFe oxides and nitrides as bifunctional
catalysts for glucose-assisted water electrolysis, with
which the glucose oxidation demonstrates superior
1.13 V onset potential and 19 mV -dec™ Tafel slope,
leading to an 87% higher FE and 83% yield for GRA
production (Figure 16)1'". The two-electrode elec-
trolyzer with NiFeO, as the anode and NiFeN, as the
cathode delivers 200 mA -cm™ high current density at
only 1.48 V, leading to a 54% cost reduction com-
pared to current chemical approach.

Another typical example is the oxidation of HMF®,
It is the dehydration product of reducing sugars and is
used in the food industry. It can be electrochemically
converted to 2,5-furandicarboxylic acid (FDCA),
which is an important monomer for polymeric fabri-
cations, by oxidizing the terminal hydroxylated car-
bon and aldehyde group into carboxy groups at a
lower potential than OER. Therefore, it can couple
with hydrogen evolution™ ¥, For example, Sun’s
lab developed a 3D Ni,P nanoparticle arrays on nickel
foam (Ni,P NPA/NF) bifunctional electrocatalyst to
couple HMF oxidation with HER in an alkaline elec-

179]

trolyzer (Figure 17a-¢)!'™!. The system achieved a
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high current density of 50 mA -cm ™ with a voltage
200 mV smaller than the counterpart without HMF
added. The FE values for both HER (100%) and HMF
oxidation (98%) are high, together with the high cata-
lysing stability, indicating the superiority of this sys-
tem. They also used an electrodeposited Co-P electro-
catalyst to achieve a 20 mA -cm™ current density at
1.38 V for HMF oxidation with 90% FDCA yield in
a 1.0 mol -L™" KOH electrolyzer with 50 mmol - L~
HMEF®, The two-electrode system with bifunctional
Co-P achieved 20 mA -cm™ at 1.44 V with nearly
100% FE, superior to that with O ER. In addition,
other furan compounds like furfuryl, furfural alcohol

have also been demonstrated by Sun, et al. to have fa-
vorable oxidation than water, with lower onset poten-
tials and non-polluting, value-adding products (Fig-
ure 17f, g)!*,

In addition to organic electrochemical synthesis,
H,0, is an extremely valuable inorganic commodity
chemical. Nowadays, it is mainly produced based
on the catalytic reduction of oxygen, named the an-
thraquinone process, which is not sustainable with
scarce catalysts and high energy consumption®.. Alter-
natively, the electrochemical synthesis of H,O, is a
more eco-friendly route via oxygen reduction (0.68 V)
or water oxidation (1.77 V)1 The latter could be
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Figure 16 a-b) SEM images of the NiFeO,-Ni foam (a) and NiFeN,-Ni foam (b). c-f) The LSV (c, ¢) and Tafel slopes (d, f) of
NiFeO, and NiFeN, for HER (c, d) and GEOR (e, f) in 1 mol-L" KOH with glucose concentration of 100 mmol- L™ under 5 mV -s™
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ysis at 1.4 V cell potential. Reproduced with permission from Ref. 172. Copyright 2020 Springer Nature. (color on line)
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highly effective by reforming the only precursor,
water, into H, and H,O, simultaneously within one
electrolyzer, after competing with the lower potential
OERM™1 For example, MacFarlane et al. demon-
strated water electrochemical oxidation over a MnO,
catalyst, producing both H, and H,O, without O, evo-
lution™?. The reaction took place in a butyl ammoni-
um bisulfate electrolyte, which works together with
the catalyst leading to only 150 mV overpotential at 1
mA -cm ™, and helps to stabilize the H,O, by solva-
tion. Facilitated by solar energy, Sayama et al. were
able to further reduce the reaction potential even low-
er than the theoretical one!™. They designed a photo-
electrode system with a WO,/BiVO, photoanode,
which achieves 54% selectivity and 2 mmol -L™" ac-
cumulation for H,O, at 5 °C in 2.0 mol - L' KHCO;
electrolyte.

5 Future Perspectives

Despite numerous achievements that have been
down, there remain many challenges and opportuni-
ties along the journey of electrochemical synthe-
sis-assisted water splitting towards practical applica-
tions.

Firstly, although many electrodeposition and elec-

trochemical exfoliation strategies have been devel-
oped to fabricate effective water electrolysis cata-
lysts, they are usually unfeasible for advanced nano-
structures and compositions. This is especially true
for transition metal compounds, which usually adopt
complicated compositions and crystal structures,
nanostructures beyond the scope of conventional
electrochemical synthesis. Considering the inherent
limitations of those methods, developing novel and
interdisciplinary electrochemical synthesis systems
with new reaction designs and/or introducing charac-
ters from other electrochemical systems (batteries!,
capacitors!'™, etc.) into synthesis processes, is desired
to open new avenues for electrochemical synthesis in
water electrolysis and other fields.

Secondly, although co-electrolytic hydrogen pro-
duction has been proven an efficient alternative to in-
trinsic water electrolysis, and many sacrificial or val-
ue-adding routes have been developed, discovering
and developing new co-electrolysis systems with lower
energy consumption, faster kinetics, and more valu-
able processes is always desired. There remain many
attractive electrochemical oxidation processes like

CO, oxidation!™, and nitrogen oxidation!* " with
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Figure 17 a-b) SEM images of the Ni,P-based catalyst. c-d) LSV curves of Ni,P-based catalyst in 1 mol-L~ KOH with/without 10
mmol - L' HMF under 2 mV -s™ scan rate for HMF oxidation (c) and HMF-assisted water electrolysis (d). €) The FE for both hydro-
gen and FDCA generation as shown in (c, d). Reproduced with permission from Ref. 179. Copyright 2016 John Wiley and Sons.
f-g) LSV curves of the oxidations of furfuryl alcohol (FFA) (f) and furfuryl (FF) using a Ni;S,-based catalyst. Insets show the chemi-
cal formula. Reproduced with permission from Ref. 180. Copyright 2016 American Chemical Society. (color on line)
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favoured lower potentials and/or value-adding prod-
ucts that are promising for co-electrolysis with HER
but hindered by some inherent limitations. Integrat-
ing these reactions with HER will bring co-electrolyt-
ic hydrogen production to a new height. Moreover,
efficient separation and purification of the co-elec-
trolysis products are also key factors for their practi-
cal applications.

Thirdly, although intensive mechanism investiga-
tions have been done on the original water electrolysis
consisted of HER and OER, working principles of
co-electrolysis systems are different from those and
remain poorly attained. In co-electrolysis systems,
more than one kind of analytes are added, and more
than one kind of products are obtained. The catalyz-
ing mechanisms of anodic oxidations, the interactions
of chemical species, and their influences on HER
should be brought to the forefront to better under-
stand and therefore develop co-electrolysis systems
towards more efficient hydrogen and value-adding
species production. In situ and operando characteri-
zation such as X-ray spectroscopy and TEM, as well
as theoretical analysis such as DFT and MD can be
pivotal in revealing the scientific basis!'” ", More-
over, the oxidations of biomasses and nucleophiles
could be enlightening in this field.

Fourthly, in addition to exploring and optimizing
co-electrolysis reactions, designing advanced cata-
lysts for the systems is of equal importance. Consid-
ering the wide variety of co-electrolysis systems, no
general catalyst may be available and specific cata-
lysts should be designed for specific systems. Cur-
rently, most of the co-electrolysis systems are driven
by bifunctional catalysts, which catalyze both HER
and oxidations within one uniform system. With a
deeper understanding of various electrochemical ox-
idations, specific catalysts for the anode, or bifunc-
tional catalysts that are specifically efficient for the
designated system with high activity, selectivity, and
durability should be developed, accompanied by the

mechanism investigations.

6 Conclusions

This review summarizes the current status of

elect rochemical syntheses applied in the field of
water electrolysis hydrogen production, both in terms
of fabricating novel electrocatalysts and developing
OER- alternating co-electrolysis systems. In the pa-
per, the concepts of electrochemical synthesis and
various protocols, methods for building appropriate
synthetic systems are firstly introduced. For fabricat-
ing nanostructured HER catalysts, electrodeposition,
electrochemical exfoliation, as well as electrochemi-
cal modification have been utilized to synthesize
metallic catalysts including noble metals, alloys, tran-
sition metals, and metal compound catalysts includ-
ing TMOs, TMPs, TMDs, TMCs, MOFs, etc. The ef-
fects of tuning the synthetic potential, current, time,
solvent, supporting electrolyte, additive, and sub-
strate, etc. have been discussed. In terms of replacing
OER for co-electrolytic HER, both sacrificial oxida-
tions like HzOR, UOR, AmOR, and value-adding
electrosynthesis like AOR, CHOOR, AhOR, WOR,
etc. have been summarized. Lastly, we discussed cur-
rent challenges and opportunities for electrochemical
synthesis towards practical electrolytic hydrogen pro-
duction as well as other electrochemical applications,

which provides guidelines for future research.
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