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A green and sustainable energy route to produce hydrogen and other oxidation products with maximized
values deserves more attention than common water electrolysis. The search for alternative pathways is
motivated not only by the need to reduce electricity consumption but also by the desire to produce valuable
chemicals sustainably. Value-added anodic reactions (VAARs) can replace the kinetically sluggish oxygen
evolution reaction (OER) in electrochemical energy conversion systems to pair with cathodic hydrogen
evolution reaction (HER) and fulfil the growing demand for green hydrogen and chemicals. In this review,
electrocatalysts for value-added conversion reactions such as iodide oxidation reaction (IOR), poly-alcohol
Received 26th January 2023, oxidation reaction (AOR), chitin oxidation reaction (COR), urea oxidation reaction (UOR), and hydrazine
Accepted 27th April 2023 oxidation reaction (HzOR) are systematically summarized. Electrocatalysts, such as single atom catalysts (SACs),
DOI: 10.1039/d3ey00017f transition metal oxides/hydroxides, heteroatom doped carbon support, and self-supported mixed alloy oxide,
that promote various value-added anodic reactions are summarized. Finally, an outlook on the future
rsc.li/eescatalysis challenge in new value-added electrolysis is proposed.

Broader context

The increasing energy consumption and associated environmental pollution are a challenge for human society, triggering a global demand for clean energy in the future.
Thus, hydrogen (H,) is expected to become an integral part of all sectors of the global economy because of its high density and lack of greenhouse gas emissions, and has
attracted more and more attention. Hydrogen generation is paired with oxygen evolution reaction (OER) in a traditional water electrolyzer. However, its energy efficiency
is low due to the sluggish kinetics of OER. To overcome this problem, a combination of value-added anodic reactions (VAARs) and hydrogen evolution reactions (HER) is
regarded as one of the most appealing methods of lowering the production costs of green and sustainable hydrogen energy generation and value-added chemicals. There
are various cathodic reactions, including HER, CO, reduction reaction (CO,RR), nitrogen reduction reaction (NRR), and electrochemical hydrogenation (ECH), which can
be paired with value-added anodic reactions (VAARs) to develop novel value-added electrolysis processes (VAEs). Moreover, the most important features in designing
electrocatalysts are based on improving their electrocatalytic activity, selectivity, and stability, which could reduce the cost of clean hydrogen energy generation and value-
added chemical production, and mitigate the need for further separation and purification of the target products. As a result, this review intends to address the most
critical issue in harnessing the benefits of selective value-added anodic reactions and the common advantages of VAARs coupled with HER. Continued research efforts
are required to reach the global goal of net-zero emissions by 2050 and to allow addressing the mitigation actions pushed ahead by the Paris Agreement.

1. Green and sustainable route to of Sommo.diti(eis, als1 W.ell as an increaillsellin energif1 consumpFion
. and associated pollution, posing a challenge to human society,
produce value-added chemicals

sparking demand for green and sustainable energy.'™ A new
strategy is urgently required to reduce the cost of commodities,
energy consumption, and pollution. Hydrogen (H,) is expected
to become an integral part of all sectors of the global economy

Rapid industrial and population growth, as well as the recent
pandemic (COVID-19), has resulted in price spikes for a variety
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advanced approach for addressing the energy crisis and envir-
onmental pollution issues. Hydrogen generation is paired with
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kinetics of OER. Recently, the selective electrooxidation to
substitute OER has become a promising strategy, because the
voltage input of the electrolyzer can be reduced and the
products generated at the anode possess greater value com-
pared with the cheap oxygen (O,) product (Fig. 1a).”'® Alter-
native value-added anodic reactions (VAARs) with lower
oxidation potential can be achieved at a lower full-cell voltage
to produce green and sustainable hydrogen with a lower energy
supply by avoiding O, generation."* Thus, value-added conver-
sion reactions have been developed that use easily oxidizable
species such as alcohol oxidation," iodide oxidation," chitin
oxidation," oxidative polymerization and plastic waste
upgrading,'® urea oxidation'®'” and hydrazine oxidation."® As
a result, the value-added anodic reaction coupled with the
hydrogen evolution reaction is an environmentally friendly
and sustainable approach for producing value-added chemicals
while improving energy conversion efficiency (Fig. 1b). This
review summarizes the recent advances in the electrocatalytic
performance of value-added anodic reactions towards various
products. The driving forces, or motivation, for developing
green, sustainable, safe, and durable electrolysis systems with
low cell voltages, high value-added chemicals, and green hydro-
gen production efficiencies are discussed. An overview of the
techno-economic analysis and environmental impact feasibility
for value-added anodic reactions with specific cell designs are
also included. Finally, an outlook on future challenges in
developing electrocatalysts for new value-added electrolysis is
proposed.

2. Challenges for value-added anodic
reactions coupled with hydrogen
evolution reaction (VAARs-HER)

The difficulty with VAARs-HER is that the overpotential of the
anodic reaction increases significantly with increasing overall
current density, wherein the competing anodic OER might
occur and thus decrease the selectivity for the value-added
product. Another challenge in VAARSs is the selection of suitable
raw materials and the search for efficient, selective, long-lived,
and earth-abundant electrocatalysts. In some cases, separating
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and purifying the organic and inorganic products generated
during electrolyte generation can be complicated and expen-
sive. Most important is selecting suitable organic and inorganic
substrates well soluble in water and having a lower theoretical
potential than OER to avoid competition and reduce electrolytic
efficiency.

The VAARs usually involve oxidation processes of organic
and inorganic species with multiple electrons and intermediate
transfer reactions, which inherently have sluggish kinetics and
complex development paths. One criterium for successful
VAARSs is to react with lower theoretical potential than OER.
Therefore, rational design and development of new catalysts
with abundant and well-defined active sites for VAARs are
critical for efficient production of green hydrogen energy and
value-added products. Traditionally, noble metal-based cata-
lysts (Pt, Pd, Ru, and others) have been used to oxidize organic
and inorganic substrates."”>' However, their scarcity and
excessive cost limit their widespread use. In recent years,
various design strategies for base metal electrocatalysts have
been developed to improve their electrocatalytic activities and
selectivity for value-added anodic reactions, such as hybrid
material engineering, alloying, defect introduction (defect engi-
neering), heteroatom doping (doping engineering), strain engi-
neering, morphology regulation, etc. Typical electrocatalysts
include transition metal nitrides, sulfides, phosphides, oxi-
des/oxyhydroxides, and alloys. In addition, extensive research
should be conducted to replace OER with organic oxygenation
reactions in the future. Thus, oxygen from water can be
transferred to organic substrates to produce value-added oxy-
genated chemicals at the anode and fully utilize the hydrogen
and oxygen elements of water.

3. Techno-economic and
environmental perspective

The value-added anodic reaction of organic and inorganic
substrates (precursors) could yield valuable chemicals of sig-
nificant economic importance, generating additional revenue
and providing a more cost-competitive alternative. Thus, we
reviewed some basic techno-economic assessments of effective
coupling of VAARs-HER/CO,RR to provide some indicative

© 2023 The Author(s). Published by the Royal Society of Chemistry
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information on the economic value and environmental impact explored the technical feasibility and economic viability by
of this process on a larger scale. Value-added anodic reactions creating a fully automated synthesis framework to guide pro-
coupling the HER are promising approaches for simultaneously cess simulations. They concluded that coupling the CO,
producing chemicals and generating clean H, with safety, reduction process, which results in the production of formic
high selectivity, and environmental friendliness.”” Further- acid, n-propanol, acetaldehyde, allyl alcohol, glycolaldehyde,
more, such electrochemical synthesis of organic and inorganic and ethylene glycol, with alternative value-added anodic reac-
molecules (such as glycolate, formate, acetate, iodine, etc.) tions such as biomass oxidation, which results in the formation
is less environmentally harmful than conventional non- of ethyl acetate, acetic acid, formic acid, glycolic acid, and
electrochemical industrial processes. The electrochemical tech-  oxalic acid, constitutes an excellent means for improving FE,
nique is typically performed at room temperature and pressure, current density, and overpotential. If both cathode and anode
minimizing the use of hazardous chemical oxidants. Nowadays, reactions are considered, the economic feasibility of CO,RR/
the techno-economic analysis emphasizes that combining the HER coupled with VAAR technology could be assessed more
HER with value-added organic and inorganic oxidation has profitably and reasonably. Profitability was calculated using the
significant economic feasibility. Hwang et al® and Verma relative ratio of levelized cost of chemicals (LCC) to market
et al.*® demonstrated that anodic electro-oxidation of iodide price, where LCC represents the lowest selling price without a
and glycerol substituting O, evolution reaction (OER) reduces margin. Techno-economic analysis****® has suggested that sub-
electricity consumption by around 50%. Notably, the search for stituting OER with VAARs can reduce full-cell voltage and
alternative pathways was motivated by the need to decrease produce salable products from both cathode and anode of
electricity consumption and the desire to use an abundant or the cell. In general, the levelized costs of chemicals (LCC) of
sustainable feedstock (biomass and its derivatives, chitin, etc.). HER/CO,RR coupled with OER are higher than the market
For example, glycerol is particularly promising in this regard prices due to low oxygen market price and higher cell potential.
because it is a cheap byproduct of industrial biodiesel and soap Meanwhile, there is a possibility that the HER process will be
production.”*® Thus, the proposed co-electrolysis concept coupled, resulting in the generation of green hydrogen energy
makes good use of this byproduct (anodic oxidation of glycerol) and value-added chemicals such as formic acid, acetate, glyco-
and, at some point, could enable both bio-based and valuable late, and iodine using the same parameters (FE, current den-
molecule-based economies (Fig. 2a). In 2019, Lee et al”” sity, and overpotential) and having lower levelized chemical
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Fig. 2 (a) The use of glycerol from biodiesel production in electrochemical CO, conversion to value-added chemicals.*? (b) Levelized costs of
chemicals (LCC) of HER-OOR (coupled HER with organic oxidation reaction or HER-VAARs) and CO,RR-OER are compared with their market price
determined via global sensitivity analysis through current density, FE, and overpotential. The light gray band represents the levelized cost of hydrogen
with various types of PEC and PV-E technology. (c) Levelized cost of chemicals of CO,RR paired with 10 different OOR (organic oxidation reactions to
produce value-added products) processes. Reproduced?” Copyright (2019), with permission from Springer Nature.
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costs (LCC) than the market price. However, a few VAARs-HER
systems, because of the price of products being much lower
than that of raw materials and due to the volatility of the
products such as benzaldehyde, benzoic acid, and acetone,
have proven to be economically not feasible. Therefore, the
effective coupling of value-added electrolysis could not only
improve the efficiency of H, generation, but also lower value-
added product levelized chemical costs (LCC) (Fig. 2b and c). As
shown in Table 1, the market price for some value-added
products of the anodic reaction has not been able to establish
itself, as indicated by the wide range of reported market prices.
Moreover, the price of both the product and the organic and
inorganic substrates (raw materials) may change significantly if
reliable technology is introduced in the future.

Environmental security, energy resource conservation,
and sustainable energy production are the most pressing
issues confronting the world today. Power consumption is
constantly increasing as a result of population growth and
industrialization.*>*° Today, most hydrogen is “gray”, which
could be from hydrocarbons, most commonly natural gas
(steam reforming), which emits CO,. On the other hand, green
hydrogen is created using renewable energy, typically through
water electrolysis, and emits no pollutants. The issues are
addressed by developing alternative methods for obtaining
clean energy and value-added chemicals through the electro-
chemical synthesis of easily oxidized organic/inorganic com-
pounds and generating H, in a more environmentally friendly
manner. Thus, the environmental impact of value-added ano-
dic reactions paired with HER is lowering the capital costs and
avoiding the use of fossil fuels as raw materials, thereby
avoiding net greenhouse gas emissions into the atmosphere.
In addition to designing anodic catalysts, coupling alternative
value-added anodic reactions with HER is critical for improving
full cell energy efficiency and economic feasibility, and advan-
cing value-added electrolysis technology to a more practical
level, where new systems, new electrocatalysts and cell-designs
remain to be explored. Importantly, the goal of this section is to
screen the potential viability of VAARs-HER/CO,RR processes
for future deployment based on indicative values rather than to
present comprehensive techno-economic modeling of electro-
oxidation processes. This allows researchers to identify and

Table 1 Possible value-added anodic reactions that can be covered with HER/CO,RR, based primarily on the works of Na et a
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develop the most relevant set of processes to achieve carbon-
free emission in future.

4. Coupling energy-saving anodic
oxidation for promoting hydrogen
production

Developing more profitable chemicals to replace oxygen at the
anode reduces the practical cost of producing green hydrogen
energy. Selecting suitable organic and inorganic oxidative sub-
strates (raw materials) is critical in developing design strategies
for value-added chemical and energy-efficient H, production.
First, the organic and inorganic oxidative substrates should be
soluble in water at room temperature and have lower theore-
tical potentials than OER, improving the overall electrolytic
efficiency and avoiding interference from OER. Furthermore,
these anodic oxidation reactions should be able to convert
organic and inorganic oxidative substrates into value-added
products or alleviate the problem of wastewater pollution
(examples: urea, hydrazine, plastic waste, and chitin) while
maintaining high selectivity and conversion efficiency, and
achieving simultaneous cathode H, production. In the mean-
time, these organic and inorganic oxidative substrates have
abundant natural reserves (biomass and their derivatives).
Neither these selective oxidative substrates nor their products
should interfere with HER at the cathode.**"** Enormous efforts
have been made to reduce the energy barrier of the anodic
oxidation reaction for energy-saving hydrogen production by
developing low-cost, earth-friendly high-performance electro-
catalysts for value-added anodic reaction coupled with HER.*?
In the following sections, we will briefly review and discuss
recently reported green and sustainable routes for value-added
electrolysis coupled with HER, which could generate products
at the anode that have a higher value than cheap O, products.

4.1 Iodide oxidation reaction (IOR)

Environmental pollution and energy crisis have become
increasingly important issues in recent years. Molecular hydro-
gen is a diatomic molecule and the two atoms are joined by a
strong covalent bond (bond energy 436 kJ mol ‘). Thus,

['28 L 31

and A. Vass et a

Product price Production
Reactant Reactant price ($ per Kg) Product ($ per Kg) E° (Vsug) (Mt per year) Ref.
Deionized water 0.02-0.1 Oxygen 0.024-0.04 1.23 2 32 and 33
Hydrogen peroxide 0.56-0.58 1.78 2.8
Ethylene glycol 0.83-1 Glycolic acid 1.84 —0.334 0.04 34
Oxalic acid 1.4 —0.455 0.19
Methanol 0.34-0.49 Formic acid 0.97-1.08 —0.258 0.95 35
0.3 Formaldehyde 0.37-0.74 0.465 18 33
Glycerol 0.16-0.80 Glyceraldehyde 2.11 0.35 33, 36 and 37
Dihydroxyacetone 2.0 0.33 0.004 38 and 39
Benzyl alcohol 1.92-3.47 Benzaldehyde 1.18-2.11 0.193 0.09 40
Ethanol 0.4 Acetaldehyde 1.0 0.193 1.7 33
Acetic acid 0.68-0.92 —0.334 10 41
1,3-Propanediol 2.20 Acrylic acid 2.25-2.88 0.248 5.2 41
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molecular hydrogen is a safe (not explosive) and zero-carbon-
emission energy carrier for the global future. Electrochemical
water splitting is a simple and efficient technology that can
occur with OER at the anode and HER at the cathode, but with
high overpotentials due to the sluggish anodic OER, which
results in low energy conversion efficiency. People have recently
begun to look for innovative and long-term hybrid water
electrolysis strategies. In this regard, the iodide oxidation with
a relatively low equilibrium potential of 0.54 V is promising. Its
anodic oxidation products, iodine and NaOH, have a wide
range of industrial catalysis applications that are very similar
to transition metal-catalyzed reactions.*®*” The oxidation pro-
duct of iodide in an alkaline solution is always oxy-iodide,
which is widely regarded as an effective additive to salt for
iodine deficiency compensation and is used as a catalyst
for electrochemical synthesis,”® as a pharmaceutical,*® as a
food supplement,*® and in photography, medicine, and many
others.”*”"

The inorganic substrate (Nal) is the raw material for the
anodic cell, which is separated by a Nafion membrane from the
cathodic cell, where water splitting takes place. In this way, a
two-electrode configuration is set up and coupled with the
electrocatalyst as the anode and Pt/C as the cathode to oxidize
iodide and supply electrons to the cathode side for water
splitting. The iodide oxidation reaction coupled with HER
produces iodine and delivers electrons to the cathode side
to produce hydrogen. Finally, in the case of IOR-assisted
HER electrolysis, the first step can be the iodine evolution
reaction to deliver electrons at the cathode, and then hydrogen
evolution reactions can take place. In the case of iodide oxida-
tion reactions, the process consists of two half-reactions (from

eqn (1)-(3)):
Anodic reaction: 2I (o) — I, + 267 E°=0.54V (1)
Cathodic reaction: 2H'(,q) + 2~ — Hyg E°=0.00V (2)
Overall reaction: 2H' (4q) + 21 (aq) = L + Hyy  (3)

Importantly, it is challenging to fabricate active and durable
electrocatalysts for IOR-based electrolysis from the same low-
cost precursor materials. After extensive research, our group
discovered that electrocatalysts could be easily synthesized
from metal oxides, single atoms, and metal-free carbon materi-
als, such as ruthenium-tin surface alloy oxide (RuSn SAO),"
self-supporting RuTiO oxide alloy,> defective carbon-supported
single-atom Mo-N,/d-C electrocatalyst,”® and graphite-based
carbon fiber paper (CFP).>* These electrocatalysts have abun-
dant active sites and a delocalized electron system which play
an important role in the adsorption, activation, and desorption
of iodide ions at the catalytic sites, which are favorable for
the production of valuable iodine and green hydrogen energy
at a lower operating voltage. Especially another major advance-
ment in this field of research has been reported - a
systematic approach to developing a RuTiO oxide alloy on 3D
web-like titania via a hydrothermal route followed by a
calcination process (Fig. 3a). The self-supported RuTiO electro-
catalyst requires an ultralow cell voltage of 1.01 V to achieve

© 2023 The Author(s). Published by the Royal Society of Chemistry
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10 mA cm™? and excellent durability in a 36 h test without
degradation, indicating that the electrocatalyst could be used
as a robust anode in IOR-based electrolysis for value-added H,
production (Fig. 3b). The excellent activity of RuSn SAO enables
it to be the best catalyst for IOR toward energy-saving hydrogen
production. Its two-electrode acidic electrolyzer requires a cell
voltage of only 1.07 V to afford 10 mA cm ™2, which is 0.51 V less
than that required for OER to reach the same current density
(Fig. 3c). Moreover, in 2022, the value-added anodic reaction of
iodide and the hydrogen evolution reaction were coupled into
an electrochemical cell using a defective carbon-supported
single atom Mo-N, electrocatalyst to provide a record current
density of 10 mA cm™? at 0.77 V and a Tafel slope of 25.58 mV
dec™* with exceptional stability over time in acidic media and a
higher hydrogen generation rate of 0.1063 mL g., ' min '
(Fig. 3d and e). Recently, a metal free-based carbon fiber paper
(CFP) graphite structure with a delocalized 7 electron system
exhibited fast charge transfer with physically adsorbed iodide
ions, resulting in remarkable IOR performance and an onset
potential of 0.54 Vgyg for the IOR, close to the theoretical
iodide oxidation potential (Fig. 3f and g).>* As shown in Fig. 3h,
the polarization curves of the IOR, UOR, and OER, which have
the potential to drive a current density of 20 mA cm ™2, are 1.30,
1.33, and 1.54 Vgyg, respectively. Interestingly, the single-atom
(such as defective carbon-supported single-atom Mo-N, electro-
catalysts) and metal-free carbon fiber paper (CFP)-graphite
structures showed not only excellent IOR performance (requir-
ing a potential of 0.77 and 0.54 Viyg to achieve a current
density of 10 mA cm ™2, respectively) but also 50-65% lower
energy consumption compared to conventional OER-based
water electrolysis. In addition, we believe that electrocatalysts/
electrodes grown directly on conductive substrates (3D web-like
titania and nickel foam) could ensure close contact between
them and promote the penetration of the electrolyte and
transfer of iodide, thereby leading to improved IOR activity.

4.2 Alcohol oxidation reactions

In modern chemistry, renewable feedstocks have received a lot
of attention as alternatives to petroleum-derived materials.”®"”
Considering the limited reserves of fossil fuels, developing
efficient technologies for biomass conversion to value-added
chemicals and clean hydrogen energy is critical.>®>® Alcohol
oxidation reaction (AOR) of diols and poly-alcohols is an
excellent means for producing high-value-added chemicals at
the anode with low electricity consumption on hydrogen gen-
eration at the cathode.>®*° Glycerol is low in price and more
easily electrochemically oxidized than water.®* Glycerol oxida-
tion reaction (GOR) is an important anodic reaction among
alcohol oxidation reactions, since glycerol is an abundant
byproduct from industrial biodiesel and soap production.
One crucial point is the selective oxidation reaction, which
can predict the reaction path to produce high-cost multiple
oxygenated carbon used in the chemical and pharmaceutical
industries. Thus, the US Department of Energy (DOE) has listed
glycerol, a byproduct of the biodiesel industry, as one of the
top ten biomass-derived platform molecules for producing

EES Catal., 2023,1, 413-433 | 417
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(a) Schematic illustration of the synthesis self-supported ruthenium-titanium mixed alloy oxide on 3D web-like titania. (b) Comparison of the LSV

re) and commercial RuO,.>? (c) LSV of RuSn SAO for IOR and OER.*

(d) Comparison of the LSV of the Mo-N,4/d-C single-atom catalyst in 0.1 M HCLO,4 with Pt/C, MoO,-MoOs, and NCs. (e) lodine and triiodide production

of the Mo-N,/d-C single-atom catalyst.>® (f) LSV curves of CFP as an ele
illustration of the IOR on a graphite structure with delocalized = electrons.>*

high-value chemicals.®” In particular, glyceraldehyde, glyceric
acid, and dihydroxyacetone are regarded as high-value chemi-
cals of economic interest and are widely used in the cosmetics
(as an ingredient in sunless skin tanning lotions), pharmaceu-
tical, and food industries.®

Ethylene glycol (EG) is a renewable material and a diol-
alcohol produced by heterogeneous hydrogenation of cellulose
(biomass-derived resources). It is a non-toxic, high boiling
point, energy dense, and reactive material.®*"*® Bimetallic
catalysts or a mixture of catalysts (single-atom, dual-atom,
and nanoclusters) seem to be suitable for the electrooxidation
of EG into C, and C; products compared to Pd alone (Pd-based
nanoparticles). For instance, Qin et al.®” demonstrated that Pd-
PdSe heterostructure nanosheets have distinct electronic and
geometrical structures in which unconventional P-d hybridiza-
tion interactions and the tensile strain effect jointly reduce the
activation energy of the C-C bond and favor C1 products.
Bambagioni et al.®® and Marchionni et al.®® have explored the
selective electrooxidation of EG by Pd-(Ni-Zn)/C or Pd-(Ni-Zn-P)/C

418 | EES Catal., 2023,1, 413-433

ctrocatalyst for IOR and OER in a three-electrode system. (g) Schematic
(h) Polarization curves of the IOR, UOR, and OER over Ni-Co(OH), NSAs.>®

and Pd nanoparticles to offer mixtures of value-added products
in an alkaline medium. At the same time, the ternary catalyst
PtPdBi/C demonstrated that adding foreign atoms to platinum
reduced the catalyst’s ability to break the C-C bond, most likely
due to the dilution of the surface platinum atoms.®® Interest-
ingly, Coutanceau et al. developed Bi-modified Pt and Pd
nanocrystals for producing hydrogen and value-added chemi-
cals from polyol solution.”” One of the most active catalysts
reported, PtyBi/C, demonstrated an onset potential as low as
0.3 Vgug, With a hydrogen production rate of around 0.11 and
0.23 Nm® H, h™" m~? with an electrical energy consumption of
1.3 or 1.65 kW h (Nm?® H,)™" at 0.55 V and 0.7 V, respectively.
Compared to traditional water splitting systems, 56-66% elec-
tricity energy could be saved. Chen et al stated that ‘“the
conversion of different bio-derived alcohols not only increases
the versatility of the electrolysis process for H, generation with
energy saving, but also leads to generation of valuable chemi-
cals from the large variety of products that can be obtained by
the electrooxidation of such poly-alcohols” (Fig. 4).”* Moreover,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrooxidation of poly-alcohol (glycerol and ethylene glycol) via value-added anodic reactions (VAARs) and generation of green hydrogen

energy at the cathode.

Shi et al. developed selectively glycolic acid produced by electro-
oxidation of EG in alkaline medium on an anode electrocatalyst
of AgPd/NF (Pd acts as a catalytic site, while Ag acts as a
structural site), for cathodic (Pt plate) hydrogen production
with a faradaic efficiency of 100%.

Our group recently synthesized a dual single-atom catalyst
(DSAC) Pd-N,/Cu-N, for EGO. It possessed excellent glycolate
selectivity (above 88%) in an alkaline solution with an onset
oxidation potential as low as 0.6 Vgyg, compared to commercial
Pd/C, as shown in Fig. 5a-c. The DSAC Pd-N,/Cu-N, showed
synergistically improved electrocatalytic performance, with a
high current density of 83.92 mA ¢cm > and a high faradaic
efficiency value (>80%) for glycolate at 1.0 Vgyg. Pt single
atoms on a titanium oxide support (PtSAC/TiO,) were synthe-
sized via a hydrothermal-assisted co-precipitation method,
which is simple, fast, and efficient. The strong metal-support
interaction (SMSI) between Pt and TiO, and the availability of
identical Pt active sites enhanced the catalytic selectivity of
PtSAC/TiO,. PtSAC/TiO, maintained a higher oxidation current
density, thus providing better electrocatalytic activity and sta-
bility. More importantly, the faradaic efficiency of PtSAC/TiO,
reached a maximum of 99.7% at 0.7 Vggg and gradually
decreased with increasing applied voltage, as shown in
Fig. 5d and e. The EG oxidation reaction mechanism on the
DSAC Pd-N,/Cu-N, and PtSAC/TiO, in alkaline media can be
divided into two consecutive events: EG oxidation into glycolate
and further oxidation of glycolate into formate, as shown in
Fig. 5f.

Approximately 70 million tons of polyethylene terephthalate
(PET) are produced annually for packing and textile,*® with only
a small amount of plastic waste being recycled via the mechan-
ical method. Chemical recycling methods such as hydrolysis,”
methanolysis,”* and glycolysis’* result in the recovery of mono-
mers without structural deterioration. The recycled products
can then be converted into value-added energy products via
value-added anodic reactions (VAARs) coupled with hydrogen
evolution reactions (HER). As a result, plastics have been over-
looked as starting oxidative substrates, such as ethylene glycol

© 2023 The Author(s). Published by the Royal Society of Chemistry

(EG),”®”® for producing both value-added chemicals and green
hydrogen (H,) in a single system. Interestingly, as the proverb
says, “Kill two birds with one stone,” the electroreforming of
waste plastics offers a green and sustainable route for electro-
catalysis for the production of value-added chemicals and the
generation of renewable hydrogen energy, as well as the con-
current elimination of plastic waste. Erwin and colleagues
reported a photo-reforming strategy for converting PET waste
into clean H, fuel and oxygenates (formates, glyoxal, and
acetate) under mild conditions.”®”® Compared to the conven-
tional plastic recycling strategies (e.g., mechanical methods)
and chemical reclaim methods draw more benefits from waste
by catalytically converting it into high-quality monomer sub-
units or upcycling it into value-added products. The efficiency
and selectivity of the catalysts, as well as the process’s sustain-
ability and profitability, would be critical for the success of
these approaches.

CoNi, ,sP/NF, CoNi;N/CC,"” and Pd-modified nickel foam
electrodes can achieve electroreforming of EG into formate at
the anode and hydrogen generation at the cathode. One must
ensure that the operating stability of CoNi, ,5P/NF is evaluated
with different potential and time, which could be at 1.7 V gyg
for 39 h and 1.5 Vyyg for 33 h giving high faradaic efficiency
(FE) and formate selectivity (80-90%). Furthermore, the FE of
the Co-Ni;N/CC bifunctional electrocatalyst for the oxidation of
EG to formic acid can reach over 92% with an optimized
potential of 1.30 Vryg and a current density of 50 mA cm™?
in only 12 hours. However, CoNi, ,sP/NF maintains a current
of approximately 350 mA cm ™2 at 1.7 Vpyg and 180 mA cm ™ > at
1.5 Vgug for 39 and 33 hours, respectively. This indicates that
CoNij »5P/NF has high stability for EG oxidation and maximum
energy conversion efficiency (Fig. 5g-j). The Pd-modified Ni
foam also exhibited excellent performance (400 mA cm™ > at 0.7
Vrue) and produced terephthalate and carbonate (Fig. 5k).
Importantly, a zero-gap membrane-electrode assembly (MEA)
flow reactor is being developed to convert EG into formate
while also producing H, using CoNi, ,sP/NF as both cathodic
and anodic catalyst (Fig. 51). The most critical aspects of

EES Catal, 2023,1, 413-433 | 419
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curves of Pd-N4/Cu-N4 with/without EG in the electrolyte solution. (c) Faradaic efficiency of the glycolate (blue) and formate (orange) produced by the
catalyst Pd-N,/Cu-N4.8° (d) CV curve before and after the stability test on PtSAC/TiO». (e) Faradaic efficiency on PtSAC/TIO, (upper one) and PtNP/TiO,
(lower one).®! (f) Reaction pathways of electrochemical oxidation of ethylene glycol in alkaline media. (g) Schematic illustration of the synthesis of the Co-
NizsN/CC electrode and its use for simultaneous PET upcycling and hydrogen production. (h) LSV curves to achieve different current densities for the
coupled Co-NizN/CC electrodes i |n 1.0 M KOH or PET hydrolysate solution.®? (i) Polarization curves for water splitting and EG electrolysis in a MEA flow

reactor at a scan rate of 10 mV s~

! (j) Faradaic efficiency and productivity as a function of current density for EG oxidation.™

(k) Schematic illustration of

the electroreforming of PET into high value-added chemicals and H, fuel.®* () A zero-gap membrane-electrode assembly (MEA) flow reactor developed

to convert EG into formate.'®

ethylene glycol-assisted HER are producing value-added che-
micals and clean energy and reducing severe environmental
and biological threats. Finally, the discussion concluded that a
green and a sustainable route toward simultaneous plastic
waste elimination (recycling of plastic waste), electrochemical
synthesis of value-added chemicals, and production of green
and renewable hydrogen energy should be pursued. Since the

420 | EES Catal., 2023,1, 413-433

(AOORs).
metallic catalysts
selective AOORs.

are promising candidates

product distribution of electrocatalytic alcohol oxidation is
always very complex, how to develop an electrocatalyst with
a robust and highly selective feature to a targeted product
is an important topic for anodic organic oxidation reactions
It is suggested that dual single-atom or multi-

for highly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.3 Chitin oxidation reaction (COR)

In the long run, various biomass components can be used as
sustainable carbon resources for producing organic chemicals,
and green chemistry has played a significant role in advancing
this field.** While cellulose, lignin, and lipids have all been
extensively studied, the chemical transformation of chitin is
still in its early stages.®®®°®° Chitin is the most abundant
natural amino biopolymer and accounts for 20-30 wt% of
crustacean shells.”

Chitin is used in electrooxidation coupled with HER for the
cogeneration of acetate and green hydrogen energy, which can
then be upgraded to a more valuable single-cell protein. Under
alkaline conditions, chitin oxidation reaction (COR) is more
favorable than OER in terms of thermodynamics and kinetics.
Yan et al.°" reported that chitin produced 38.1% more acetic
acid than cellulose, which was more than a two-fold increase.
Furthermore, a 47.9% yield was obtained directly from crude
shrimp shells. Interestingly, they achieved 100% conversion of
chitin into acetic acid with no complicated purification and
separation of the product on the anode since the product was
almost pure acetate.”” The bottom line here is that COR offers
significantly sustainable environmental benefits since chitin is
a major component of solid waste® and is coupled with HER to
generate commodity chemicals. Li et al.'® reported that a
hierarchical porous nickel (hp-Ni) electrocatalyst is more effi-
cient towards chitin oxidation to produce acetate with a yield of
over 90% at the anode and green hydrogen energy generated at
the cathode. The electrode has a highly porous structure with
pores ranging in size from nanometers to millimeters, which
greatly facilitates mass transport, and gas diffusion in the
exposed active sites (high-valent nickel species) that may be
responsible for the high current density observed.”* The N-
acetyl-glucosamine (NAG is a chitin oligomer) nucleophilic
oxidation reaction (NOR) current with 2.2 ¢ L™' NAG as the
reactant leaps at around 1.24 Viyg, which is lower than the OER
onset potential of 1.49 Viyg. The low onset potential of the NOR
indicates that Ni** can selectively oxidize NAG. The value-added
electrolysis process is scalable and safe for renewable resource
upceycling (ocean-based biomass) and green hydrogen produc-
tion for a sustainable energy future (Fig. 6).
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5. Pollutant oxidation reaction

Coupling pollutant-assisted oxidation (usually organic sub-
strates) with hydrogen production might allow a more sustain-
able and economically viable solution. Although such reactions
produce low-value-added products, they have shown great
potential for decomposition of urea and hydrazine-rich waste-
water in solving environmental problems and producing high
green energy for energy conversion (direct urea fuel cell and
direct hydrazine fuel cell). In this section, we will have a brief
summary of the recent progress in urea and hydrazine oxida-
tion reaction-assisted hydrogen production systems.

5.1 Urea oxidation reaction (UOR)

Environmental pollution and energy scarcity are two major
issues that threaten sustainable human development in the
coming decades.”” Urea is abundant in industrial wastewater
and human and animal urine and has dual pollution and
resource characteristics. Without prompt and reasonable treat-
ment, ammonia, nitrite, nitrate, and nitrogen oxides produced
by urea pollute the air and groundwater, endangering human
health and safety. On top of that, with the rapid development of
electrochemistry technology, urea has proven to be an effective
hydrogen storage chemical due to its high gravimetric hydro-
gen content of 6.71 wt%.%>°° As a result, designing a device that
can treat urea wastewater while utilizing urea’s energy potential
is promising. Pollutants may contribute to harmful cyanobac-
terial blooms, which are enhanced by nitrogenous wastes from
protein metabolism of mammals and agricultural wastewater
(urea).”” After treatment, wastewater (urea-containing) could
form some flocculant species (hydroxy complexes, polynuclear
hydroxy complexes, hydroxides) with strong pollutant adsorp-
tion capacity (adsorption of suspended solids, heavy metal
ions, organic matter).”® However, it must be investigated
whether other pollutants are also formed during the oxidation
reaction of urea. In the anodic oxidation reaction, urea is
directly oxidized to nitrogen. For instance, Stevenson et al.”
reported that the nanostructured LaNiO; perovskite coated on a
carbonaceous powder as an electrocatalyst tends to restructure
and become poisoned by CO, produced during prolonged
cycling. This shows that urea is directly oxidized to N, and
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Fig. 6 The electrochemical scheme of chitin/NAG into acetate with a yield of over 90% in value-added electrolysis (a reaction pathway that produces

acetate as the main product).
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CO,. However, CO, causes carbon emissions, a greenhouse
effect and poisoning of the catalyst by carbon species.

Urea oxidation reactions can use urea from free urea waste-
water sources and have low thermodynamic potentials
(0.37 Vgug)- In the case of Ni,Fe(CN)g, for example, the coop-
erative action of the two active sites of Ni and Fe is responsible
for the conversion of urea into ammonia and carbon dioxide."*
At the same time, Fe is responsible for transforming ammonia
into nitrogen. This catalysis results from synergistic catalysis
between the Ni and Fe sites, achieving a 100 mA cm™? anodic
current density at 1.35 V. Moreover, multichannel nanorods
in situ grown on nickel foam (Ru/P-NiMoO,@NF) exhibit
bifunctional activity with a working potential of 0.23 V for
3000 mA cm > HER and 1.46 V for 1000 mA ¢cm > UOR.'
One advantage of Ru/P doping is that it can modulate the d-
band center, allowing for simultaneous reactant adsorption
and product desorption on the active materials on the exposed
surface. As a result, the rate of urea purification-based
hybrid seawater splitting, traditional water splitting, and low-
energy hydrogen production is increased by the highly active
doped Ru/P-NiMoO,@NF electrocatalyst. The self-supporting
O-NiMoP/NF electrode exhibits highly efficient bifunctional
activity towards HER and UOR due to the modulated electronic
structure and nanotube array (i.e., enhanced electron/mass
transfer) architecture of O-NiMoP (Fig. 7a-c)."**> Furthermore,
no additional binder (Nafion) or conductive agent (activated
carbon) is required between the active material and the con-
ductive substrate, ensuring maximum active material mass
loading.'” Chen et al.'® developed novel hollow nanorod
arrays (HNRAs) made from CoNiP nanosheets (NiCOPNSs@
HNRAs), and the distinct HNRAs enable fast transport and
short diffusion paths for electroactive species and high UOR

(b)

150
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catalytic activity. The catalyst’s nature is the driving force
behind the reduction in energy consumption for hydrogen
and urea production from wastewater purification. As a result,
the NiCoPNSs@HNRAS’ unique nanostructure can improve its
electronic structure and large surface area, potentially signifi-
cantly increasing its electronic density and optimizing the
energy barrier of the CO*/NH,* intermediates of UOR (Fig. 7d
and e). A series of reactions occur on the electrocatalysts’
exposed surface, including adsorption, surface reaction, and
desorption. Zhang et al. conducted computational calculation
studies for charge distribution between W and Ni atoms to
understand the benefit of charge-transfer interaction between
W and Ni atoms in facilitating the UOR process. The most
interesting aspect of UOR is that wastewater purification
(reduce the urea content of wastewater) can be done at the
anode via direct or mediated charge transfer, in addition to the
production of low value-added products (N,, CO,, and H,0) and
the great potential for highly efficient production of green
hydrogen energy (Fig. 7f).'*®

5.2 Hydrazine oxidation reaction (HzOR)

Hydrazine is highly toxic and carcinogenic, posing a significant
risk to human health. The threshold of hydrazine in surface
water should be strictly restricted to protect the ecosystem.'%®
However, hydrazine is also an important chemical reagent
widely used as an industrial raw material for the synthesis of
organic and inorganic compounds, a corrosion inhibitor, a
component of photography chemicals, fuel for fuel cells, and
rocket fuel."* " Recently, electrochemical oxidation of some
active organic and inorganic substrates such as hydrazine,
urea, polyalcohol, chitin, and iodine has shown great potential
to replace the anodic OER.'"? In particular, when compared to
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(a) Schematic illustration of the preparation of O-NiMoP/NF. (b) Polarization curves for the OER and UOR of O-NiMoP/NF in 1.0 M KOH + 0.5 M

urea with a scan rate of 5 mV s~ (c) Polarization curves of O-NiMoP/NF electrodes in HER||UOR and HER||OER coupled syster‘ns.m2 Reprinted with
permission Copyright 2021, Wiley-VCH. (d) LSV plots of Pt/C||NiCoP NSs@HNRAs and Pt/C||Pt/C two-electrode systems for overall urea electrolysis in an
alkaline solution. (e) LSV plots of overall electrolysis for Pt/C||NiCoP NSs@HNRAs in 1.0 M KOH with or without 0.5 M urea.°® Reprinted with permission
Copyright 2021. (f) Charge density difference of Ni-WOx. Reprinted with permission.®” Copyright 2021, Wiley-VCH.
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Fig. 8

(a) Schematic illustration of the formation process of Mo-NizN/Ni/NF through a facile two-step synthetic route. (b) Comparison of LSV curves and

cell voltages for OHzS and OWS.Y (c) The voltage differences (AV) between HER and HzOR or OER on NiCo@C/MXene/CF in different electrolytes.*°®
(d) HzOR polarization curves of NIOOH@CoCu CH, NiOOH/NF and CoCu CH/NF.*8 (e) LSV curves of the MoNi@NF couple in different solutions *?!
(f) Comparison of TOF of hydrazine decomposition of CoNi—LDH, CoNi-R, CoNi-R-O, and CoNi-R-5.11°

UOR the hydrazine oxidation reaction (HzOR: N,H, + 4OH™ —
N, + 4H,0 + 4e”) has a lower theoretical voltage of 0.33 Vgpg, @
higher power density, and faster electrooxidation kinetics.'**™*>
Moreover, the HzOR provides a ground-breaking strategy for
energy-saving hydrogen production while also adding extra func-
tionality such as degrading N,H, contaminated wastewater, and
low value-added products like water (H,0O) and nitrogen (N,), with
no carbon dioxide green-house gas.'*%'

Recently, it was revealed that a topotactic transformation
process of mixed alloy oxide, LDH (layered double hydroxide),
and metal organic framework (MOF) materials to self-
supported metal nanoparticles can occur via various techni-
ques (hydrothermal, calcination, and so on) and these nano-
particles have unique properties of high dispersion and
stability."'”'*®* These nanoparticles as electrocatalysts have
shown significant electrochemical performance (activity, selec-
tivity, and stability) in hydrazine degradation. For instance, the
Cu;Ni,-N system described by Mai et al. demonstrated bifunc-
tional activity, with an overpotential of 71.4 mV at 10 mA cm >
for HER in 1 M KOH and a working potential of 0.5 mV for
HzOR in 1 M KOH/0.5 M N,H,, which could be attributed to the
rich Cu,N/Ni;N interface.'*® Fan et al. reported a Co-NizN
heterostructure array with increased HER capacity due to the
interface transfer effect.'®® Furthermore, a synergistic effect is
demonstrated, which may be due to the conductive CoNi alloy
as the core providing the highway for electron transfer and the
CoNisulfide shell providing highly exposed active sites for
hydrazine electrooxidation."*® On the other hand, heteroatom
substitution (Fig. 8a and b), as exemplified by Mo doped NizN
and Ni-heterostructure porous nanosheets grown on Ni foam
(Mo-Ni3N/Ni/NF), could lead to outstanding bifunctional elec-
trocatalytic performances toward both HzOR and HER.""” The
hybrid seawater electrolyzer (HSE) achieved a high current

© 2023 The Author(s). Published by the Royal Society of Chemistry

density of 500 mA cm > under alkaline conditions when using
NiCo@C/MXene/CF and an ultralow cell voltage of 0.31 V. An
anion exchange membrane (AEM) separates the identical anode
and cathode, allowing for energy-saving hydrogen production
from seawater as well as simultaneous hydrazine degradation
(Fig. 8¢c)."°® In comparison to NiOOH, and CoCu CH grown
directly on nickel foam, NNOOH®@CoCu CH is the most promis-
ing self-support electrocatalyst for large-scale hydrogen produc-
tion via water electrolysis using the hydrazine oxidation
reaction (Fig. 8d)."® Fig. 8e shows the comparison of LSV curves
for overall value-added splitting (VAS) and overall seawater
splitting, where the use of HzOR to assist hydrogen production
can visually improve the value-added electrolysis efficiency after
the addition of hydrazine (N,H,)."*' Topo-transformation of
CoNi-LDH arrays was used to create the CoNi-sulfide shell on
the surface of the CoNi-alloy network. As a result, the resulting
CoNialloy@CoNi-sulfide (CoNi-R-S) has the highest TOF (turn-
over frequency) value, confirming that the presence of CoNi-R-S
significantly increases the rate of hydrazine decomposition
when compared to CoNi-oxide and CoNi-LDH (Fig. 8f)."*°
Though the coupled value-added anodic reaction (UOR and
HzOR) with HER which could produce less valuable chemicals,
they have the potential to solve the problem of serious environ-
mental pollution and eutrophication of water resources.

6. Rational design of electrocatalysts
for value-added anodic reactions

122,123

In general, surface

structure,'**

electrode surface composition,
and electrolyte composition*>>®
good electrocatalytic performance, as the reaction occurs on
the exposed surface of electrocatalysts. The main value-added

are vital for
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anodic reaction (VAAR) catalysts reported to date can be divided
into single atom catalysts (SACs), transition metal (mixed
metal/oxide heterojunction), hetero-elements including non-
metal (S, P, N, and B) doped carbon-based support, and
bimetallic alloy electrocatalysts. In addition, special attention
has been given to self-supported three-dimensional electroca-
talysts. The first approach involves introducing a second metal
into the transition metal (TM) network to create selective
intermetallic compounds with more selectivity toward specific
anodic oxidation reactions. The coordination chemistry of the
elemental metals changes after the formation of an interme-
tallic compound, resulting in an alteration of both metals’
electronic environments, which could favor the electron/mass
transfer due to the band overlap. Moreover, electrons are
partially transferred to the element with lower orbital energy,
causing the d band center to shift relative to the Fermi level,
affecting the adsorption properties of intermediates and
directly influencing the material’s catalytic activity.'"> The
introduction of a second metal into the TM network could
result in the formation of an intermetallic compound. Thus,
the altered coordination structure of intermetallic compounds
provides more active sites, changes the adsorption properties of
intermediates, and improves material corrosion resistance.
Recently, various intermetallic compounds have been shown
in the methanol oxidation reactions without CO poisoning of
the catalytic site for the production of formic acid and CO. An
intermetallic catalyst avoiding CO poisoning depends on the
chemical and electronic nature of the introduced metals.'%*3*
TM oxides (NiO, CoO, CuO) can efficiently catalyze the alcohol
oxidation and water oxidation processes.'** TMs exist as oxides
in either higher or lower valence states depending on the
nature of the metals and electronic geometry. On top of that,
heteroatom (S, P, N, and B) doped carbon-based supports could
improve the electronic structure of electrocatalysts to produce
value-added chemicals and hydrogen.”** The hetero-atom
doped carbon-based electrocatalysts can facilitate the oxidation
process of organic and inorganic substrates by generating
electronegativity between carbon and hetero-atoms.'** The
electronic structure of the active site, which could be regulated
by introducing different hetero-atoms to coordinate with the
metal atoms, affects the coordination configuration and charge
density of the metal centers (active sites). For example, the N-
doped substrates significantly increase the charge of the metal
atoms (single/dual atoms), and B- and P-doped substrates
provide multiple active sites on the exposed surface.’** Lu
et al. reported an ultrafast method for successfully engineering
the surface of Ni foam into a hydrophilic S-doped Ni/Fe
(oxy)hydroxide layer with multiple levels of porosity and with
a large surface area and numerous active sites. In terms of site-
selectivity governed by the S-doped NiFe-LDH/NF, it could be
regulated by the local charge distribution of the Ni atoms,
leading to the formation of Ni** sites with excellent activity and
thus favoring the interfacial catalytic reaction.*® Thus, the
organic and inorganic substrates can easily access the active
sites to produce value-added chemicals and green hydrogen
energy. Recent studies have shown that 3D PdCu alloy
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nanosheets enable highly selective partial oxidation of ethanol
into carboxylate coupled with HER."*” The Pt-Ru alloy-based
catalyst showed remarkable CO tolerance as CO oxidizes on the
Ru active surface due to its oxophillic nature.”*® Our group
developed a new approach to a self-supported ruthenium-
titanium mixed alloy oxide electrocatalyst on 3D web-like
titania.>” In the end, the most important issues in designing
electrocatalysts are electrocatalytic activity, selectivity, and sta-
bility which could reduce the cost of production of value-added
chemicals and hydrogen generation. Especially, if the electro-
catalyst is more selective for one specific target product, then
no further separation and purification of the product is needed.
We briefly highlight the non-precious metal electrocatalysts
that exhibit remarkable catalytic performance and even outper-
form the precious metal-based electrocatalysts for hydrogen
production (Table 2). For instance, in 2023, a self-supported
electrocatalyst was fabricated via an ultrafast solution combus-
tion strategy which could be highly dispersed on FeNi oxide
heterojunction anchored on nickel foam (Fe,O3/NiO is labeled
Fe-NF-500) and required only a low potential of 1.472 V to
achieve an industrial scale current density of 600 mA cm™>."*°
Moreover, the current density of Co(OH),@HOS/CP was
70 mA cm ™~ at 1.66 V, which is 4.78 times higher than that of
conventional water splitting (HER and OER), indicating the
boosting of hydrogen generation and high selectivity for metha-
nol to value-added formate oxidation (MFO).'*® Besides,
some other non-precious metal electrocatalysts also have
excellent UOR, HzOR, and MOR faradaic efficiency, such as
NizSe,/M00,@Ni;,Ps,'"' Mo-Ni;N/Ni/NF,'"” and Mo-CoN,,"*
respectively.

The benefits of selective value-added anodic reactions were
briefly discussed above, and the common advantages of VAARSs
paired with HER are summarized below. The exploration of
suitable value-added reactions at the anode would give addi-
tional advantages over the conventional water splitting process,
while addressing other energy-related applications, such as
high-efficiency hydrogen energy generation, high-value-added
chemical production, and pollutant degradation. Moreover,
products generated through value-added anodic reactions
(VAARs) have higher values than cheap O, gas. As a green
and a sustainable route toward simultaneous plastic and global
shellfish waste (rigid polymeric structure of raw biomass)
elimination, electrochemical synthesis of value-added chemi-
cals and production of green and renewable hydrogen energy
should be pursued. The new direction to use the rigid poly-
meric structure of raw biomass as a raw material for value-
added electrolysis is being investigated and coupled with
hydrogen evolution reaction or CO,RR to reduce the full cell
energy requirement at both sides of the value-added
electrolyzer.” Furthermore, electrocatalytic hydrogenation
(ECH) has sparked tremendous interest in recent years as a
viable alternative to the hydrogenation process involving dihy-
drogen (H,). Instead of producing hydrogen at the cathode,
ECH uses water as a hydrogen source to produce high-value-
added chemicals from unsaturated organics (alkene and alkyne
substrates)."® As shown in Scheme 1, various cathodic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Recently reported electrocatalysts for the value-added anodic reactions with HER including IOR (iodide oxidation reaction), EGOR (ethylene
glycol oxidation reaction), COR (chitin oxidation reaction), MOR (methanol oxidation reaction), GOR (glycerol oxidation reaction), UOR (urea oxidation

reaction), and HzOR (hydrazine oxidation reaction)

Potential at Tafel slope

Rxn Anode electrocatalysts ~ Substrate Conc. Value-added products Anolyte 10mAcm > (V) (mvdec ') FE (%) Ref.
IOR RuTiO-550 0.1 M Nal TIodine (I,) 0.1 M HCIO, 1.01 N/A 100 52
RuSn SAO 0.1 M Nal TIodine (I,) 0.1 M HClO, 1.07 40 100 13
Single atom Mo-N,/d-C 0.1 M Nal Todine (I,) 0.1 M HCIO, 0.77 25.58 99.8 53
Carbon fiber paper (CFP) 0.1 M Nal TIodine (I,) 0.1 M HCIO, 0.59 47.78 N/A 54
Ni-Co(OH), 0.33 M KI TIodine (I,) 1 M KOH 1.36 47 N/A 55
EGOR Dual single atom 1M EG Glycolate (>80% selectivity) 1 M NaOH 0.6 N/A N/A 80
Pd-N,/Cu-N, and formate
Single atom Pt/TiO, 0.5 M EG Glycolate and formate 0.1 M NaOH  0.489 N/A 99.7 81
Pd-Ag/NF 1M EG Glycolate 1 M KOH 0.57 N/A 100 72
Modified Pd/NF 1 M EG (PET) Carbonate (CO527) 1M KOH 0.7 N/A 98 83
CONiy ,5P/NF 0.3 M EG (PET) Formate (>80% selectivity) 1 M KOH 1.8/100 mA cm > N/A N/A 15
CoNi;N/CC 1 M EG (PET) Formic acid 1 M KOH 1.46/50 mA cm ™2 78 N/A 17
COR hp-Ni/NF 3.5 M chitin Acetate 1 M KOH 1.45 N/A 100 14
MOR  Pty/Tiy.sWo.2NOy 0.5 M methanol (MeOH) Formate and formaldehyde 0.5 M KOH 0.7 93 N/A 144
Fe,03/NiO/NF 1 M MeOH Formate 1 M KOH 1.65/500 mA cm™2 N/A 98 139
Co(OH),@HOS/CP 3 M MeOH Formate 1 M KOH 1.385 N/A 100 140
Mo-CoN, 3 M MeOH Formate 1 M KOH 1.356 42 100 142
GOR Ni-Mo-N/CFC 3 M glycerol Formate 1 M KOH 1.3 87 95 116
MnO,/CP 0.2 M glycerol Formate 0.005 M H,SO, 1.36 N/A 53 145
Cu-Cu,0/CC 0.5 M glycerol Formate 1 M KOH 1.21 N/A 100 146
UOR NiF3/Ni,P @CC 0.33 M urea N,, CO, and H,0 1 M KOH 1.36 33 N/A 147
Ni;Se,/MoO,@Ni,P5 0.5 M urea N,, CO, and H,0O 1 M KOH 1.277 53.8 97.4 141
Ni@C-250 0.5 M urea N,, CO, and H,0 1 M KOH 1.5/100 mA cm ™2 43 N/A 148
NizN/Niy ,Mo0g gN 0.5 M urea N,, CO, and H,O 1 M KOH 1.328 34.5 N/A 149
Ni;Se,@CuSex/CF 0.5 M urea N,, CO, and H,0 1 M KOH 1.49/100 mA cm > 87 N/A 150
NiCoPNSs@HNRAs 0.5 M urea N,, CO, and H,0 1 M KOH 1.35/50 mA cm ™2 47 N/A 104
C0S,-MoS, 0.5 M urea N,, CO, and H,O 1 M KOH 1.29 N/A N/A 151
Ni,Fe(CN)g 0.33 M urea N,, CO, and H,0 1 M KOH 1.35/100 mA cm ™2 N/A 90 100
O-NiMoP/NF 0.5 M urea N,, CO, and H,0 1 M KOH 1.55 54 N/A 102
HzOR Mo-Ni;N/Ni/NF 0.05 N,H, N, and H,0 1 M KOH —0.3 45 100 117
Rh,P uNSs 50mM N,H, N, and H,0 0.5 M H,S0, 0.377 33.4 N/A 152
NiOOH@CoCu CH 0.5 M N,H, N, and H,0 1 M KOH —0.031 108 N/A 18
NiCo@C/MXene/CF 0.5 M N,H, N, and H,0 1 M KOH 0.31/500 mA cm ™2 73 N/A 108
MoNi@NF 0.5 M N,H, N, and H,0 1 M KOH 0.54/21000 mA 60.7 100 121

cm

The numbers in parentheses are the current densities (mA cm™2). ~ represents the value estimated from the LSV curves. FE: faradaic efficiency;
NF: nickel foam; CF: copper foam; CP: carbon paper; CC: carbon cloth; CFC: carbon fiber cloth; uNSs: ultra nanosheets; HOS: hydroxysulfide
nanosheet; HNRAs: hollow nanorod arrays; N/A: not available; PET: polyethylene terephthalate.

Value-added Electrolysis (VAE)

Hydrogen Evolution Reaction (HER)
Electrocatalytic hydrogenation (ECH)
CO, Reduction Reaction (CO,RR)
Nitrogen Reduction Reaction (NRR)
|

lodide Oxidation Reaction (IOR)
Alcohol Oxidation Reaction (AOR)
Chitin Oxidation Reaction (COR)
Urea Oxidation Reaction (UOR)

Cathodic Reactions Value-added Anodic Reactions

Scheme 1 Concept of value-added electrolysis.

reactions including HER, CO,RR, NRR, and ECH can be paired
with value-added anodic reactions (VAARs) to develop novel
value-added electrolysis processes (VAEs), which will be the
necessary foundation to reach the global goal of net-zero
emission by 2050. Research in developing energy-efficient,
highly selective and durable electrocatalysts is extremely impor-
tant for new value-added electrolysis processes but is still in the
early stages. Understanding the reaction mechanism of an
electrochemical reaction is essential to design and develop a

© 2023 The Author(s). Published by the Royal Society of Chemistry

novel electrocatalyst. However, most of the electrochemical
reactions in a value-added electrolysis process are very compli-
cated and involve multistep reaction mechanisms. Existing
ex situ and in situ analytical techniques might not be sufficient
to explore their mechanisms.

7. Proposed mechanism

Different reaction mechanisms may be involved in electrocata-
lysis systems with different reactants, electrocatalysts, and
electrolytes. However, the oxygen evolution reaction (OER) is
a process of electrocatalytic oxidation of water to molecular
oxygen that involves four proton-coupled electron transfers and
0-0 bond formation, with unfavorable kinetics and requiring a
significantly large overpotential to speed up the reaction. In the
case of OER, water oxidation’s primary goal is to extract
electrons and transport them to the cathode side to produce
hydrogen, which may be the most desirable byproduct of water
splitting. As was confirmed by recent studies, the OER generally
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occurs on the hydroxide, (oxy)hydroxide, or oxide layer formed
in situ on the exposed surface of the electrocatalyst.">*'>* The
main intermediates observed in the OER are O*, HO*, and
HOO*. As for the OER mechanism of transition metal oxide
(TMO) catalysts under alkaline electrolytes, M—-OH species are
first adsorbed and transformed into M-O species through
oxidation at the metal sites to which they are coordinated.
Following this, the mechanism can proceed by coupling two
neighboring M-O species to form O=O bonds or the nucleo-
philic attack of water by the M-O species to form M-OOH
species. These M-OOH species formed can subsequently be
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oxidized to form M-OO species that are replaced by water in the
subsequent process, allowing the release of oxygen (O,), and
providing free surface sites (regenerating the catalytic active
sites) for the next cycle, as illustrated in Fig. 9a.">> In particular,
all of the reaction steps in water nucleophilic attack (WNA in
eqn (6) and (7)) are assumed to involve proton-coupled electron
transfer (PCET). Likewise, the path of interaction of intermole-
cular O-O coupling (12 M in eqn (11) and (12)) starts with the
formation of the same metal-oxo species; however, the final
O, release is enabled through the interaction of two separate
metal-oxo species under alkaline and acidic conditions."*">®

,\
E
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bond (d-m Inluuhnn between Au 5d orbital and 1 orbital of phenyl group)
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Fig. 9 (a) Proposed oxygen evolution reaction (OER) mechanisms for various transition metal oxides under alkaline conditions.**® (b) Proposed

reaction mechanism of alcohol oxidation, example illustrations of the reaction processes for benzyl alcohol oxidation on Au/CoOOH. The
optimized geometries of reaction intermediates on Au/CoOOH are also displayed.*®* (c) Proposed reaction mechanism of iodide adsorption and
iodine on the Mo-N,/d-C surface.>® (d) The schematic UOR catalytic mechanism using the CoS,-Mo$S, Schottky electrocatalyst.*>! (e) Thermo-
dynamic equilibrium potential vs. reversible hydrogen electrode (RHE), for oxygen evolution reaction (OER), iodide oxidation reaction (IOR), urea
oxidation reaction (UOR), glycerol oxidation reaction (GOR), ethylene glycol oxidation reaction (EGOR), chitin oxidation reaction (COR) and
hydrogen evolution reaction (HER).
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The proposed OER pathways under alkaline conditions are
summarized as follows (from eqn (4) to (7)):

OH +M — MOH + e~ (4)

MOH + OH™ — MO + H,0 + e~ (5)
MO + OH  — MOOH +e~ (WNA) (6)
MOOH + OH™ — MOH +e~ (WNA) (7)

Overall reaction: 4OH™ — O, + H,Oyy) + 4e” (0.401 V vs.
SHE, pH 14)

The proposed OER pathways under acidic/neutral condi-
tions are summarized as follows (from eqn (8) to (13)):

M +H,0 > MOH +H' + e~ (8)
MOH — MO + H,0 + e 9)

MO + H,0 — MOOH + H' + e~ (WNA) (10)
MOOH —» M+ 0, +H +e~ (WNA) (11)
MO + MO —» M-0-O-M (12 M) (12)
M-0-O-M — 2M + O, (12 M) (13)

Overall reaction: 2H,O(;) — O, +4H" +4e™ (1.229 Vvs. SHE, pH
0)

According to the researchers, the rate-determining step
(RDS) for OER is either the peroxide formation step or the step
involving O, evolution from the peroxide.'**®® However, the
actual RDS in the OER mechanism is still obscure. As a result,
additional research using in situ spectroscopic techniques or
density functional theory (DFT) calculations is required.

On the other hand, there is no clear cut or general mecha-
nism for coupled VAARs-HER systems. However, great effort
has been made to develop value-added electrolysis processes by
designing appropriate electrocatalysts for selective value-added
anodic reaction coupled with HER to generate green hydrogen
gas and value-added chemicals. Still, different issues could not
be solved, especially when biomass fuel is used. We believe that
a clear mechanism is vitally important for system optimization,
electrocatalyst design, and raw material selection. This section
illustrates three value-added electrolysis mechanisms: AOR,
IOR, and UOR.

Firstly, the reaction begins with the adsorption of benzyl
alkoxide on the exposed surface of Au (acts as a catalytic site),
as shown in Fig. 9b. When the potential is raised, the adsorbed
benzyl alkoxide (Ph-CH,O *) is converted to nucleophilic Ph-
CH,0*, and an electron is transferred to Au. Then, electrophilic
OH*, generated at specific potentials (0.856 Vgyg on Au and
1.216 Vgyg on CoOOH), attacks Ph-CH,0* to generate benzal-
dehyde (Ph-CHO*) via the proton-electron transfer process.
Then, by spontaneous hydration, Ph-CHO* is converted to Ph-
CH(OH),*, which is then reacted with OH* to give Ph-C(OH),*
and finally Ph-COOH*. The generation of OH* for both Au and
Au/CoOOH is the rate-determining step (RDS) in benzyl alcohol
oxidation, with Gibbs free energy changes (G) of 0.856 eV and
1.216 eV, respectively. Therefore, OH* can be generated on Au

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at a lower potential than that generated on CoOOH in Au/
CoOOH.

Secondly, as shown in Fig. 9c, in the case of the proposed
iodide oxidation reaction mechanism, all of the iodide ions are
sequentially adsorbed before the surface reaction proceeds on
the exposed surface of the active site (Mo). The charge density
of the Mo atom is further tuned to a higher oxidation state,
where it collaborates with the surrounding N atoms to boost
iodine production. According to the DFT calculation results,
the defective Mo-N, model outperforms the reference Pt
catalyst regarding iodine production consistent with the elec-
trochemical results. As a result, the formation of defects on
carbon supports is critical for molybdenum atom catalysis
of IOR.

Finally, the mechanism of urea electrooxidation reaction
(UOR) at the molecular level (Fig. 9d) indicates self-driven
charge transfer across Co and Mo in enhancing the UOR-
assisted HER system. Furthermore, the CoS,/MoS, heterointer-
face promotes the formation of a local electrophilic/nucleophi-
lic region that intelligently adsorbs chemical groups of the urea
molecules, lowers kinetic barriers, and activates chemical
bonds. When UOR occurs on the exposed surface of the
electrocatalyst (CoS,/MoS,), the “electron-withdrawing” group
of carbonyl (acts as an electrophilic region) is heavily absorbed
on the negative region, whereas the “electron-donating” group
of amino (acts as a nucleophilic region) is heavily absorbed on
the positive region, facilitating urea molecule decomposition.
As a result of the charge distribution on the surface regulated
by Mo, high UOR activities and accelerated UOR kinetics were
observed. This fascinating study shows how charge-distribution
modulation can create high-efficiency electrocatalysts for green
hydrogen energy production and pollutant degradation (gen-
erate safe gases such as N, and CO,).

In the end, the VAARs-HER strategy allows the use of anodic
reaction to produce chemicals of interest with added value and
clean hydrogen at the cathode at a much lower overall applied
voltage as shown in Fig. 9e.

7.1 Mechanism investigation for IOR-assisted HER

To illustrate the working mechanism of the Mo-N,/d-C SAC and
non-metallic carbon fiber paper (CFP) graphite structure, elec-
trocatalysts were employed to exhibit the free energy of IOR. We
have designed two models for the Mo single-atom catalyst
according to the experimentally observed structural features.
First, the pyrrolic nitrogen (pyrrolic-N) dominates in the N-
doped carbon material, and the coordination number of Mo-N
is 4, resulting in an abundant and well-defined Mo single atom
anchoring four pyrrolic-N in the model (Mo-N,/C). Second, the
Pt (111) surface as the reference model was constructed based
on its popular crystalline plane. AG; and AG, to the corres-
ponding free-energy diagram were calculated to know the
mechanism of different active sites for IOR. AG; represents
the reaction free energy of Nal to adsorbed I (I*), and AG, is the
reaction free energy of I* to L,*. Interestingly, the Mo-N,/d-C
model reveals a slightly stronger AG; than the Mo-N4/C model
and Pt (111)-Top. Based on the DFT calculation the Mo-N,/d-C
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adsorption and iodine desorption on different catalyst surfaces.*®? (c)

Calaculated DFT of the metal-free based catalyst on IOR and the charge analysis

between graphite and 31~ was performed in comparison with (d) that between Pt and 3I™. (e) The profiles of the potential energy surface (PES) for 317/

I, + 17 +2e~/I*~ + 2e~ on the graphite surface.>* (f) Schematic diagram of IOR in a H-type double cell with a proton exchange Nafion membrane.

can significantly reduce AG, (Fig. 10a and b), which could be
due to the existence of the defect, to properly tune the charge
density of the active site (Mo-N, sites). In the end, the defective
Mo-N, mode has advantages in producing I, in the IOR
compared with the Pt catalyst, which agrees with the electro-
chemical results. Peng et al. adopted non-metallic carbon fiber
paper with graphite structure has multiple adsorption modes to
turn three iodide ions (317) into one triiodide ion and investi-
gates the oxidation mechanism on the exposed surface of CFP
graphite electrocatalyst.>® The charge analysis was introduced
to describe the interaction between graphite and 31™ in detail,
as shown in Fig. 10c and d. First, the 31" of the most stable
adsorption mode can undergo a proper charge transfer with the
n orbital graphite system and it was found that the iodide ions
can physically adsorb on graphite and donate a charge to an
undeformed graphite structure (Fig. 10c). For comparison the
charge analysis between metallic Pt (111) and iodide ions is
considered. The Pt (111) surface and iodide ions showed strong
electron transfer to form strong chemical bonds, which could
inhibit I, formation compared with graphite (Fig. 10d). Second,
the formation reactions of I, + I and Iy~ on the exposed
surface of graphite are examined via electron analysis. In the
end, the adsorbed I, molecule can further couple with another
neighboring iodide ion to form a triiodide ion (I;7). Fig. 10e
shows a profile of the potential energy surface (PES) describing
3" > I, +1" +2e” — I3~ +2e on the graphite surface. Based
on the DFT analysis, the most stable adsorbed iodide ions (I")
can undergo dimerization to form the iodine (I,) molecule with
a tiny barrier of 0.08 eV. Then, the adsorbed iodine is further
coupled with the iodide ion to form the triiodide ion with an
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energy barrier of 0.12 eV. Moreover, the overall reaction is
exothermic, with a reaction energy of —0.43 eV, indicating that
it is a spontaneously favorable reaction. A schematic of the
entire process is shown in Fig. 10f. In addition, there are two
separate compartments in which iodine and hydrogen evolu-
tion reactions could occur. Thus, hydrogen gas is generated in
the cathodic compartment, while iodine is generated in the
anodic compartment via coupled VAARs-HER, which can be
catalyzed by a single-atom Mo-N,/d-C electrocatalyst. For simul-
taneous iodide oxidation and HER, single-atom Mo-N,/d-C
requires only 0.77 VRHE to reach the benchmark current
density of 10 mA cm™>. This remarkable study has promoted
research on green hydrogen generation via the IOR-assisted
HER system.

8. Summary and perspectives

This review has summarized and discussed recent advances in
value-added electrolysis processes in which value-added anodic
oxidation reactions are coupled with hydrogen evolution reac-
tion for producing hydrogen and high-value chemicals while
utilizing renewable energy. Meanwhile, recent advances in the
rational design of electrocatalysts for value-added anodic oxida-
tion reactions including iodide oxidation reaction (IOR), alco-
hol oxidation reaction (AOR), chitin oxidation reaction (COR),
urea oxidation reaction (UOR), and hydrazine oxidation reac-
tion (HzOR) are also reviewed and discussed.

The most pressing issue is to develop more value-added
electrolysis processes and the corresponding electrocatalysts to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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help achieve the global goal of net-zero emissions by 2050. To
bring the coupled system for value-added electrolysis (iodide
oxidation reaction, poly-alcohol oxidation reaction, chitin oxi-
dation reaction, urea oxidation reaction, and hydrazine oxida-
tion reaction) with HER to a practical level, we must address the
related technological, economic, and environmental issues, On
top of that, the most important performance metrics, such as
total current density, faradaic efficiency of different products,
stability, and overpotential of value-added chemicals, should be
reported for comparison of published works and predict the
levelized cost of chemicals at various technology levels. Thus, in
terms of technology and economics, a general techno-economic
analysis model for coupled electrolysis is urgently required to
include value-added anodic products and assess the economic
feasibility of the developed system. Such a coupled electrolysis
process drew more scientific attention in conjunction with
cathodic HER, and we expect the same will be true for CO,RR,
NRR, and ECH.

Another challenge is the rational design of value-added
anodic electrocatalysts to improve the electroactivity, selectiv-
ity, and durability. This should include the electrocatalysts’ key
thermodynamic and kinetic requirements and the costs for
economically affordable large-scale applications. An optimized
example could also minimize the subsequent separation costs
and purification of byproducts from the targeted product. The
activity could be achieved by designing multi-metallic single
atom/nanoparticle electrocatalysts to provide more active and
robust sites on the exposed surface. Bimetallic catalysts or a
mixture of catalysts (single-atom, dual-atom, multimetallic
single atom, and nanoclusters) could be promising candidates
for various reactions in future value-added electrolysis pro-
cesses, because their active sites are not easily poisoned by
passivated oxides on the exposed surface due to the synergetic
effect. Combining hetero-active sites and/or coordination
environment design could provide insights into optimizing
catalytic and structural active sites. Although value-added elec-
trolysis is a green and sustainable approach, its research is still
at the infant stage. Meanwhile, the anodic and cathodic reac-
tions in value-added electrolysis processes are always very
complex and involve many reaction pathways or intermediates.
Improving their activity and targeted product selectivity is hard
without understanding their reaction mechanisms. Many
in situ spectroscopic and structural techniques such as X-ray
absorption spectroscopy, Raman spectroscopy, IR spectroscopy,
X-ray diffraction, etc. have been developed to investigate the
reaction mechanisms of electrochemical reactions. However, a
single in situ technique is probably insufficient to resolve their
complex reaction mechanisms. The development of multiple
in situ complementary techniques combined with computa-
tional approaches will be extremely important for investigating
either anodic or cathodic reaction mechanisms for future value-
added electrolysis processes.

The separation and purification of anodic value-added
products is important for industrial applications. Generally,
the target value-added product’s separation and purification
involves liquid-liquid extraction, distillation, recrystallization,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

and gas chromatography (GC). Importantly, one or multiple
methods are usually used in combination during the practical
operation process, according to the nature of the target value-
added products (such as solubility, polarity, melting, and
boiling points) required to be separated and purified. The most
common separation strategies to separate the compounds of
value-added products are liquid-liquid extraction'® and
precipitation.” Especially, the organic solvent extraction tech-
nique is based on the higher affinity of some compounds
towards some solvents (depending on the polarity of the frac-
tion and acid-base separation), which results in a phase
transfer that allows the selective separation of value-added
products. Most importantly, the cascade splitter is activated
to use the products from the cathode as organic and inorganic
raw materials for the anode. For example, methanol generated
at the cathode may be used as a raw material for anode
oxidation to produce formic acid. The solution is converted
into target anode products through an oxidation reaction.

We believe that several approaches to achieve VAARs-HER/
CO,RR coupling exist, including the incorporation of CO,RR
into already existing technologies (for example, chloralkali and
chlorate electrolysis, organic electrosynthesis (such as benzene
to benzoquinone)), oxidation of industrial waste (“sacrificial
agents”), the production of raw chemicals such as hydrogen
peroxide in large quantities, and generation of fine chemicals.
However, more effort is required to develop novel and opti-
mized co-electrolysis systems capable of producing high-purity
and high-concentration value-added products easily and
economically.
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