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Electroreforming injects a new life into
solid waste

Yingxin Ma,? Yu Zhang, (2 ** Wenfang Yuan,” Mengmeng Du,’ Sailei Kang® and
Bocheng Qiu (2 *@

The drive to upgrade the system capacity for renewable electricity, coupled with relieving our reliance on
the finite fossil resources, promotes the exploration for economically competitive and environmentally
friendly technologies that can steer the conversion of the renewable feedstocks into fuels, chemicals, and
materials. An appealing remedy is to utilize ubiquitous solid waste (e.g., biomass and plastics) as platform
precursors to synthesize valuable chemicals used globally on a daily basis. Although the defined
functionality of biomass differs from that of plastics, they share considerable structural similarities in
terms of the polymeric nature and the type of bonds connecting the constituent monomers, thereby
establishing an intimate correlation between their valorization routes. Electroreforming methodology
towards upgrading of biomass and plastic wastes into commodity chemicals coupled with hydrogen
evolution is thus viable and meanwhile remains intriguing. In this review, we draw parallels between
electrochemical valorization of biomass and plastics, with a focus on elucidating the state-of-the-art
catalysts for each documented reaction and evaluating their corresponding techno-economy. In parallel,
the pretreatment methodologies for raw solid waste and the progress in computational simulations and
operando spectroscopies are reviewed in detail. We conclude with a comprehensive discussion of the
emerging challenges for catalyst and reactor optimization, large-scale operation, and technology
flexibility and compatibility.

The relentless growth of biomass and plastic solid waste in the environment is causing an ecological crisis, which promotes the exploration of new approaches

to reclaim the value of biomass and plastics. Electroreforming driven by renewable electricity has inherent abilities to initiate redox via a small electric potential

difference between electrodes and to reduce negative impacts of solid waste on the environment, thereby circumventing the harsh conditions required to

overcome the energy barrier using thermal inputs. This review draws similarities between electrocatalysis on biomass and plastics as both substrates are of low-

cost and recalcitrant, and meanwhile highlights the innovation in catalyst design and mechanism investigation of solid waste deconstruction and upcycling. By

side-by-side comparisons, we reveal the strengths and limitations of electroreforming of biomass and plastic waste streams and how lessons drawn from

previous literature can be applied to improve biomass and plastic reclamation. Taken together, we aim to reduce the severe global burden of biomass and

plastics of the ecosystem and further investigate the impact of electroreforming on a carbon-neutral future.

1. Introduction

large fraction of global energy demand and their excessive
depletion contributes to the increasing levels of carbon foot-

Rapid population explosion and global economic growth over
the last few decades have elicited a conceivable discrepancy
between energy supply and demand.'™ Fossil fuel resources,
including coal, crude oil, and natural gas, have accounted for a
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print, as witnessed by the improved frequency and intensity of
climate catastrophes over the past decade.””® In this context,
how to develop a global-scale sustainable energy supply system,
while imposing no net CO, emission remains a huge challenge
faced by humanity today. Currently, new insights are gained to
diversify our energy sources and reduce our dependence
on fossil fuels by turning to renewable electricity resources
(e.g:, solar, tidal, wind, and hydroelectric energy), which play an
increasingly pivotal role in decarbonization of the industrial
and agricultural sectors.”™® Furthermore, their production
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methods are environmentally friendly and economically com-
petitive with conventional power evolution.'*'® However, their
temporal fluctuations and spatial separation of source and sink
enable a contribution to global energy supply of less than
10%, thereby inviting the exploration of feasible storage and
conversion technologies."® Hydrogen, a fuel extensively utilized
in the petroleum, chemical, and fertilizer industries, has been
frequently considered as a promising candidate to bridge the
gap between petrochemical resources and intermittent renew-
able energies."””° At present, hydrogen as an energy carrier is
mainly produced using carbon-intensive energy technologies
(i.e., natural gas steam reforming and coal gasification are
also known methods for producing gray and black hydrogen,
respectively). In spite of their low-cost and well-developed
features, they are CO, emitting processes (830 Mt CO,, produced
annually) and suffer from high temperature requirements and
a large energy input.”’”** In other words, hydrogen fuel is
environmentally friendly only when utilizing low-carbon power
technologies for its generation. To this end, benign-by-design
techniques with an emphasis on instinctively attaining envir-
onmental sustainability have been developed to realize H,
generation in a cost-effective manner.>*

Electrochemical water splitting with net-zero greenhouse
gas emission provides a way to harness intermittent renewable
energies to produce green hydrogen, which thus offers a pro-
spect for the widespread deployment of H, during the global
energy revolution.”>>” Moreover, one of the benefits of
industrial-scale water electrolysis is that hydrogen obtained from
water electrolysis has a high purity (>99.9%), thereby avoiding
further purification treatment.”®** Thermodynamically, water
electrolysis requires a voltage of 1.23 V to drive the anodic oxygen
evolution reaction (OER) and cathodic hydrogen evolution reac-
tion (HER),*>*' whereas, as a matter of fact, the input voltage for
water electrolysis is substantially higher than 1.23 V (even beyond
1.8 V) owing to the sluggish kinetics of the OER.**** Moreover,
the gaseous oxygen produced at the expense of high electric
energy consumption only offers a lower market value relative to
the hydrogen fuel, which is deemed as a major hindrance to
economic viability of water electrolysis.>*” Therefore, a question
has been raised as to whether there exists an alternative to the
OER step.

Nearly half of greenhouse gas emissions are relevant to the
production of industrial and agricultural goods, among which
solid waste (e.g., plastic and biomass) is one contributor to CO,
emission.*®**® Taking post-consumer plastics as an example,
260 megatons (Mts) of plastic waste produced annually brings
about significant damage to the natural ecosystem, agricultural
production and human health once discarded into the
environment,**™ and given the fact that the mass of CO,
footprint from plastic incineration is three times higher than
that of plastics, the potential CO, emission embodied in plastic
waste accounts for 2% of global CO, emission.***> Moreover, if
the current trend continues, greenhouse gas emissions from
irresponsible consumption of plastics are projected to account
for approximately 15% of the global carbon budget by 2050.*¢
Beyond plastics, biomass wastes, including animal feed, crop

© 2023 The Author(s). Published by the Royal Society of Chemistry
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straws, and wood, are also recognized as renewable and earth-
abundant resources and their annual global production is as
high as 100-140 gigatons (Gts)."” Nevertheless, most of the
biomass resources always ends up with incineration or decom-
position by microorganisms, which is typically a CO,-emitting
process and also there is a waste of carbon resources. As a
matter of fact, both plastics and biomass are utilized as feed-
stocks for production of valuable chemicals via chemocatalytic
processes,*® thereby reclaiming the carbon resource present in
plastics and biomass. Note that raw plastics and biomass need
be converted into their derivatives with water-solubility via
pretreatment prior to electrochemical upgrading. In particular,
assuming that the inherent carbon content in solid waste is
nearly 50% (on a dry basis, 47-51 wt% carbon within biomass
and 60-90 wt% carbon within plastics), 140 Gts of solid waste
produced annually (i.e., at least 70 Gts of the carbon content)
are sufficient to meet the global demand of gasoline, diesel,
and jet fuel by factors of 45, 63, and 185 times, respectively.* It
is therefore advisable, if not imperative, to exploit and devise
reliable economically viable strategies for upcycling of solid
waste, which contributes to reducing carbon footprint while creat-
ing economic values. A less-ambitious alternative, but deemed
more feasible, is electroreforming of solid waste derivatives,
namely cathodic HER from water splitting paired with anodic
oxidation of organics over electrocatalysts. Thus, electroreforming
of solid waste derivatives produces valuable commodity chemicals
and H, fuel, while offering a favorable thermodynamics of oxida-
tion relative to water electrolysis.”® > Moreover, the high anodic
potential requirements of the OER result in a wide potential
window to implement organic oxidation prior to water oxidation.
For example, the electrooxidation of biomass-derived 5-hydroxy-
methylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA) and
ethylene glycol (polyethylene terephthalate derivative) to formic
acid has been incorporated as the anode reaction with lower
potentials of 0.118 and 0.128 V versus the reversible hydrogen
electrode (vs. RHE) under standard conditions, respectively,
compared to that of the OER (1.23 V).>>** On the other hand,
electrochemical valorization of waste streams can complement
the widely adopted mechanical recycling, avoiding the require-
ment of post-consuming polymers that can be only converted to
lower quality products. In light of this, solid waste electrore-
forming with the objective of reducing energy consumption and
adding product value can be a viable alternative to substitute the
energy-intensive water electrolysis or industrially implemented
technologies required to produce commodity chemicals.
Reforming of solid waste derivatives has been promoted
electrochemically with the advantage of the potential use of
renewable electricity as the energy input compared to the thermal
route, thus receiving remarkable attention of the scientific com-
munity followed by witnessing the rapidly increased number of
studies in this domain. Accordingly, a series of reviews focusing
on electroreforming of biomass waste have been published
recently, covering different aspects of biomass electrochemical
valorization: emerging electrocatalysts, strategies to improve the
productivity and selectivity, and summing up the impressive
achievements made thus far.>® In parallel to this, a number of
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reviews concerning upcycling of plastic waste using photo-
catalysis, electrocatalysis, and mechanochemistry have been pub-
lished, with a focus on catalyst design and structure-activity
interaction analysis.”®® Regrettably, despite a great deal of
structural similarities between biomass and plastics, there are
no traceable published reviews concerning electrochemical upcy-
cling of both biomass and plastic waste. Most notable is the
missing link between biomass and plastic upgrading processes,
especially pretreatment methodology that is a prerequisite for the
electrochemical conversion of raw biomass and plastics, which
remains less-mentioned in previous reviews.®' ®* In this regard, a
comprehensive and critical review concerning electroreforming of
biomass and plastics is extremely needed, with a focus on
the shared design of the state-of-the-art electrocatalysts for
each documented reaction (Fig. 1). In parallel, composition
deconstruction of solid waste, the state-of-the-art pretreatment
methodologies, technical superiority and economic evaluation of
electroreforming technology are also discussed in this review.
Moreover, we discuss how to investigate the reaction mechanism
using operando spectroscopy combined with computational simu-
lations and how some lessons learnt from previous literature can
be applied to further study. We conclude with a thoughtful
discussion of technoeconomic challenges for industrial imple-
mentation of this still-nascent technology and further directions
of fundamental research that remain crucial to boost the produc-
tivity and selectivity via an economically competitive way.

2. Solid waste deconstruction and
pretreatment
2.1 Composition and availability of solid waste

The major compositions of solid waste involve biomass, plastic,
and other wastes (e.g., paper, cardboard, glass, metal, and
rubber), of which the remaining residues except for biomass
and plastic are out of the scope of this review to be elucidated in
detail and the readers may refer to review articles specializing
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Illustration of electroreforming of solid waste (e.g. biomass and plastic) using renewable electricity.

on these wastes.®®” Here, we aim to provide a description of the
structure and sources of biomass and plastic (Fig. 2). Although
biomass and plastic present substantial structural similarities in
terms of the polymeric nature and the type of bonds connecting
the constituent units, for clarity, their chemical compositions and
the availability of each documented ingredient for electroreform-
ing are separately presented in this section.

Biomass evolving from biological photosynthesis using
available atmospheric CO, and water as feedstocks and solar
light as primary energy is acknowledged as the only sustainable
source of organic carbon in Earth.®® As for the chemical
constituent of biomass, their elemental distribution varies
significantly even among the vegetal biomass (e.g., food wastes
and agriculture residues). It is estimated that vegetal source on
a dry basis comprises of 47-51 wt% carbon, 41-43 wt% oxygen,
6 wt% hydrogen, and the remaining sulfur and ash accounting
for less than 10 wt%.%® In general, lignocellulosic biomass,
including hardwood, softwood, grass, and agriculture waste,
represents the most abundant form of terrestrial biomass.”®”*
The lignocellulosic biomass serves as a feedstock consisting of
three major biopolymers: cellulose (35-50%), hemicellulose
(20-35%), and lignin (10-25%), as well as a small fraction of
proteins, lipids, and ash.””

Cellulose, a major ingredient of lignocellulosic biomass, is
constructed by the extensively repeated unit of disaccharide cello-
biose (namely the dimer of B-1,4-linked glucose) cross-linked via
the intramolecular and intermolecular hydrogen bond interactions
that tightly bind each constituent unit, which renders cellulose to
be rigid, semicrystalline, and even insoluble in most common
solvents.”® The degree of polymerization for cellulose, in the case
of woody biomass, is up to 10000, which is deemed as a huge
challenge for its depolymerization.”* Complimentarily, cellulosic
biomass features many polar hydroxyl groups and constitutes the
largest source of the organic carbon (>50%) in the biosphere,
which offers opportunity to obtain a large amount of intermediate
resources once it is depolymerized into water-soluble oligomers or
constituent monomers.”” The second most abundant ingredient,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical composition of solid waste that can be potentially valorized via electroreforming, mainly including plastics and biomass. Plastics involve
polyolefin (e.g., PE and PP), polyester (e.g., PLA and PET), polyether, and polyamide, and biomass is a source of protein, lipid, and lignocellulose (i.e.,

cellulose, hemicellulose, and lignin).

hemicellulose, appears to be a random and amorphous hetero-
polymer, which comprises six sugar monomers, including galac-
tomannan, xylan, glucuronoxylan, arabinoxylan, xyloglucan and
glucomannan, with xylan occupying the largest proportion.”®
Accordingly, hemicellulose contains many polar groups (e.g,
hydroxyl and aldehyde groups) and its degree of polymerization
ranges from 50 to 300, which is much lower than that of cellulose,
indicating a reduced difficulty in depolymerization.”” Lignin, a
major non-carbohydrate component, is recognized as a hydropho-
bic polyether with a complex and stable three-dimensional
configuration that renders it recalcitrant.”® A notable advantage
of lignin is its higher heating value, which is attributed to the lower
O content of 30 wt% than that of cellulose (49 wt%).” Finally, we
extend further into the remaining small fraction: lipids and
proteins. Lipids extracted from biomass are mainly made of
saturated and unsaturated long-chain fatty acids (=C,,) and
glycerides, both of which are hydrophobic and chemically inert,
thus being prone to form an oily phase that makes the separation
easier but the electroreforming more challenging.®® Proteins are
composed of long chain amino acid residues cross-linked in the
form of a three-dimensional network.®* Compared with lipids, the
protein components in biomass have not attracted wide attention
thus far as there is only a little traceable literature concerning
protein upgrading,® whereas the amino acid constituent in pro-
tein often functions as a feedstock for production of higher-value
commodity chemicals.

Switching focus to the synthetic polymers, plastic packaging
features convenience and practicality as well as major environ-
mental concerns. It is estimated that post-consumer plastic
packaging accounts for a small portion of global municipal
solid waste (12%), while the durability makes plastic waste an

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

increasing concern owing to its negative impact on the
884 In contrast to the lignocellulosic biomass,
most of the post-consumer plastic fails to be decomposed by
microorganisms and thus leads to their accumulation in the
environment. Plastic waste can be divided into four major
streams in terms of the type of bonds linking the monomeric
units: polyolefins with C-C linkages, polyesters and polyethers
with C-O linkages, polyurethanes with N-C-O linkages, and
polyamides with C-N linkages. Polyolefin plastic with long
hydrocarbon chains, including polyethylene (PE), polypropy-
lene (PP), polystyrene (PS), and polyvinyl chloride (PVC), occu-
pies a major portion of overall plastic production (>70%).%°
However, these plastics show unprecedented and severe chal-
lenges to upgrade them economically owing to their robust C-C
linkages that have extreme resistance to chemical/enzymatic
decomposition under mild conditions. Note that the C-C bond
is also the dominant linkage in phenol formaldehyde resin (PF)
that does not fall into the polyolefin category. Polyester, typified
by polyethylene terephthalate (PET) and polylactic acid (PLA), is
relatively easy to fully depolymerize into versatile platform
chemicals or their monomeric units that can be further che-
mically valorized, thereby indicating the potential possibility
for electroreforming.®*®” For example, PET is susceptible to
hydrolysis into ethylene glycol and terephthalate in a basic
medium, of which ethylene glycol as a platform molecule well
favors the chemical valorization and terephthalate can be recycled
back to PET for reuse via acidification and purification processes.*®
Of special note is PLA, which is well accepted as a biodegradable
polyester, but its natural degradation process requires a long period
of time in seawater and agricultural soil.***° Polyether plastic is
constructed using phenolic monomers via ether linkages, including

environment.
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epoxy resins (ERs), polyoxymethylene (POM) and poly(phenylene
oxide) (PPO). Taking ERs as an example,” benefiting from their
macromolecular nature, they function as anticorrosive coating
materials and engineering adhesives, with an annual global pro-
duction of up to 3.5 Mt. Polyurethane, a widely used polymeric
plastic linked by the carbamate ester groups, is synthesized from
polyols and isocyanates. The global polyurethane market size was
estimated at US$ 70.67 billion in 2020, with a projected increase to
US$ 95.24 billion in 2028.”> The remaining polyamides in plastic
streams are characterized by C-N linkages and produced via the
condensation reaction between amines and carboxylic acids. The
representative one in polyamide streams may be Nylon-66 that is a
highly crystalline polymer widely used in the automobile industry,
instrument manufacturing, and electronic engineering.”*** Such a
high degree of crystallinity for Nylon-66 endows it with high heat
resistance, high mechanical strength, and good ductility, but gives
rise to its insolubility in most solvents, which is a huge challenge
for electroreforming.

2.2 Pretreatment

The first challenge faced in upcycling of waste streams stems
from their chemical diversity and complexity (e.g., plastics,
biomass, and food residues), which impedes in many cases
the valorization process and meanwhile indicates the necessity
of pretreatment prior to electroreforming. Generally, develop-
ing ideal pretreatment strategies requires knowledge on the
composition of the mixed solid waste streams, and pretreat-
ment strategies should isolate the biomass and plastics from
the mixed waste and should be capable of depolymerizing the
sorted waste into its corresponding constituent units. On this
basis, some physicochemical pretreatment processes are first
carried out to separate plastics, cellulose, hemicellulose, and
lignin. For example, sink-float density separation that features
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robust apparatus of low complexity and high capacity is capable
of selective isolation of biomass and plastics from mixed
waste.'® The industrially adopted technologies, including
sorting, washing, and grinding steps, in combination with ultra-
sonic and supercritical fluid extraction used to remove certain
impurities, are then employed to recycle and further purify
biomass and plastics collected from density separation.'™

The next obstacle for raw biomass and plastic electroreform-
ing in an aqueous medium arises from their ultralow solubility
induced by the rigid polymeric nature. Taking lignocellulosic
biomass as an example, a prerequisite for lignocellulose valoriza-
tion is the depolymerization of its three major constituents:
cellulose and hemicellulose to water-soluble oligomers and mono-
saccharides and lignin to water-soluble oligomers and phenolic
units. In light of this, following the mechanical separation, the
sorted biomass and plastics need to be further depolymerized and
solubilized via chemical or biological routes, with the goal to
obtain oligomers with improved solubility or carbon-neutral
monomers that can be electrochemically upcycled.”>*****> By
having a close-up view of biomass and plastics, their substantial
compositional and structural similarities can be identified (Fig. 3).
Specifically, the overall structural frameworks of both biomass and
plastics are mainly based on the C-C, C-O, and C-N linkages,
which means that their cleavages are a prerequisite for obtaining
the soluble monomeric units. More to the point, biomass and
plastics are potentially capable of sharing the depolymerization
methodology (Table 1). For example, C-C linkages appear widely in
several common plastics, including PE, PP, PS, PVC, and PF, while
they play a crucial role in the construction of lignin and fatty acid
chains.'™® At present, the main depolymerization methods for
these waste streams are based on chemical cleavage of C-C bonds
using elevated levels of acids and bases, costly solvents (e.g., ionic
liquids), organocatalysts, high temperature, and high pressure,
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Illustration of the structural similarities between plastic and biomass in terms of the type of bonds connecting the constituent monomers.
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Table 1 The emerging strategies for pretreatment of plastics and biomass
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Polymer Linkage Pretreatment methodology Ref.
Polyethylene C-C Hydrothermal treatment using 6% HNO; at 180 °C 95
Polyethylene C-C Microwave (1200 W and 180 °C) heating in diluted H,SO, 96
Lignocellulosic biomass Cc-C Ionic-liquid-assisted deconstruction process 97
Polystyrene Cc-C Freeze-accelerated depolymerization reaction 98
Polypropylene Cc-C Ru/C-catalyzed hydrogenolysis at 200-250 °C under 20-50 bar H, 99
Polyethylene terephthalate Cc-0 Alkali-induced hydrolysis (concentrated KOH/NaOH ranging from 1 to 10 M) 100
Polyethylene terephthalate c-0 Microwave-induced alcoholysis using a ZnO catalyst 101
Polylactic acid Cc-0 Organocatalyzed reductive depolymerization 102
Cellulose Cc-0 Ball-milling processing in the presence of kaolinite catalysts 103
Lignin Cc-0 Using cellulose-derived solvent (cyrene) at 120 °C 104
Polyurethane N-C-O Hydrogenation using Ru catalysts in tetrahydrofuran solvent 105
Polyurethane N-C-O Marine-microorganisms-assisted depolymerization 106
Chitin C-N Using acidified molten salt hydrates (40 mM HCI and 60 wt% LiBr) at 120 °C 107
Polyamide C-N Hydrogenation using a Ru pincer catalyst at 150 °C under 70 bar H, 108

which inevitably increase the product cost."**™''® An economically

viable alternative, while deemed more effective, has been reported
by Lin et al.” who claimed that PS could be rapidly degraded in a
frozen aqueous solution. More specifically, PS particles were
converted into the excited state at the liquid interface between
ice crystals, which were further combined with dioxygen to form
singlet oxygen ('O,) that contributed to accelerating the
degradation of PS.

Analogous to C-C linkages, C-O bonds are also prevalent in
solid waste and serve as the major linkages not only in polyester
and polyether but also in cellulose, hemicellulose, and tri-
glycerides. Among these, polyesters and triglycerides domi-
nated by ester bonds easily implement hydrolysis into their
corresponding constituent monomers with an aid of dilute
alkali or acid treatment."*®'*° Additionally, thermochemical
approaches are widely employed to depolymerize polyester into
constituent monomers. Very recently, Hu et al.">* developed a
catalyst-free thermochemical depolymerization route that can
selectively steer the transformation from post-consumer PET
plastics to monomers by means of pyrolysis. The remaining
polyether, cellulose, and hemicellulose feature ether bonds.
Note that although glycosidic bonds in cellulose belong to a
special acetal-type ether bond, the nature of both the C-O bond
in lignocellulose and the ether bond in polyether is similar.'**
The dissociation energy of the ether bond is generally higher
than that of the ester bond, which is one reason why polyether
and cellulose undergo depolymerization in the presence of a
mass of concentrated and corrosive acidic/basic solutions."*®
Such a depolymerization process normally involves hydrolytic,
oxidative, and reductive steps, resulting in a widely distributed
feedstocks that make the subsequent separation operation
difficult. Alternatively, ball-milling processes in the presence
of mineral acids and solid acids have been proposed to convert
cellulose to water-soluble oligomers."%*'>*

Shifting the focus to C-N bonds, in general, C-N linkages
are mainly distributed in protein and chitin, as well as poly-
urethane and polyamide. The methods developed currently
towards pretreatment of polyurethane and polyamide are based
on pyrolysis and glycolysis.">>""*” As for chitin, the pretreatment
method typically includes two separate steps: deacetylation and

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

depolymerization, of which deacetylation frequently involves the
use of a large quantity of concentrated and corrosive alkali, thus
resulting in environmental concerns.'®” Alternative routes, such as
microwave-assisted treatment and freeze-pump-thaw cycles, have
been explored to promote the deacetylation process.'*® Following
the deacetylation process, depolymerization is carried out with the
assistance of acid, oxidizer, ultrasound, or plasma treatment.'*®
Compared with the separate operations for deacetylation and
depolymerization, mechanochemistry is a better option to pretreat
the recalcitrant raw waste, with the ability to integrate deacetyla-
tion and depolymerization process into one step. Moreover,
another notable advantage of mechanochemical methodology is
its ability to proceed in a solvent-free way, which avoids the
subsequent handling of wastewater. For instance, Yan et al*°
developed a solid-state mechanochemical strategy to convert chitin
to low molecular weight chitosan with enhanced solubility, in
which chitin underwent concurrent base-catalysed deacetylation
and depolymerization processes with the aid of ball-milling.

Basically, pretreatment is an essential first step towards
solid waste valorization, which remains as important as the
subsequent electroreforming, whereas pretreatment and elec-
troreforming in previous literature concerning waste upgrading
are separately investigated, a fact which is relevant to the direct
use of simple water-soluble molecules (e.g., alcohols and alde-
hydes) rather than raw waste in a rich body of literature. Future
studies should focus on the development of energy-saving and
cost-effective chemical pretreatment strategies that are compa-
tible with electroreforming processes, which is of paramount
importance in moving forward to a circular consumption of
solid waste and generation of renewable carbon-neutral plat-
form chemicals. Indeed, enzyme engineering has offered a
blueprint for depolymerization of the sorted polymers, espe-
cially polyester plastic, which provides solutions where mechan-
ical pretreatment is not possible and meanwhile contributes to
the production of water-soluble platform molecules that are
chemically valorized via electroreforming.’**™*** Last, but not
least, benefitting from a number of structural similarities
between biomass and plastics, the lessons learnt from develop-
ing pretreatment technologies for biomass depolymerization
can be applied to process plastic waste and vice versa.
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3. Comprehensive evaluation of
electroreforming technology

Hydrogen fuel, and, more broadly, commodity chemicals produced
via electroreforming of solid waste using renewable electricity can
serve as a uniquely dense and portable form of decarbonized
transportation fuel and an energy storage medium to overcome
the bottleneck of intermittent renewable energy. However, for
commercialization, electroreforming technology using solid waste
as the feedstock and renewable electricity as the energy input has to
be competitive with conventional energy evolution processes. Con-
sequently, the technical superiority, energetic analysis, and eco-
nomic assessment of solid waste electroreforming are proposed in
detail in this section, which is envisioned to provide critical
guidance for the future development of this still-nascent technology.

3.1 Technical superiority

Before assessing the technical superiority of electroreforming
for waste valorization, the strengths and limitations of several
conventional approaches (e.g. pyrolysis and fermentation) and
emerging technologies (e.g. photoreforming) need to be empha-
sized. The industrially implemented pyrolysis technology is cap-
able of converting mixed waste streams into crude oil that can be
further valorized into monomers for resynthesis of virgin-grade
resins in cooperation with polymer manufacturing, whereas the
pyrolysis process relies heavily on harsh conditions (e.g., elevated
temperature, high pressure, and use of toxic/costly catalysts)
required to deliver activation energy, thereby rendering the whole
concept energy intensive.'*® Another technology implemented in
industry is microbial fermentation that utilizes microorganisms
to metabolize lignocellulosic biomass for concurrent production
of bioethanol and hydrogen in a low temperature range (25-
65 °C),"*° but such a bio-based technology is currently incapable
of processing the mixed waste or plastics."*® Analogous to
fermentation, photoreforming is implemented by harnessing
photonic energy under mild conditions, such as ambient tem-
perature and in an aqueous reaction environment."*” Although
photoreforming allows complete mineralization of waste to CO,
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and concurrent production of hydrogen, it suffers from low solar-
to-chemical conversion efficiency, which is considered a large
obstacle for large-scale application.'*®

In comparison to the aforementioned three conventional
methodologies towards waste-to-chemical conversion, the electro-
chemical process presents unique strengths for solid waste valor-
ization (Table 2). To begin with, electrochemical synthesis
proceeds in an aqueous feedstock under ambient conditions
(i.e., low energy input, room temperature, and atmospheric pres-
sure), while enabling oxidative or reducing equivalent evolution
without external H, and chemical oxidants (water can be utilized
as a hydrogen and oxygen source in electroreforming of solid
waste). Secondly, electrochemistry can drive direct synthesis of
target products via a lower number of reaction steps by using
inexpensive starting materials and electrocatalysts and meanwhile
high activity and selectivity can be realized via tailoring the
electronic structure of catalytic sites. Thirdly, through tuning the
electric potential differences between electrodes, the driving force
for solid waste oxidation half-reaction is maneuvered accordingly,
thereby contributing to boosting the productivity and optimizing
the product distributions. Finally, in the particular case of inte-
grating electricity from renewable energy, one notable advantage of
electroreforming is its huge economic feasibility and environmen-
tal push for decarbonization of the global energy economy.

Thanks to the aforementioned advantages over pyrolysis,
fermentation, and photoreforming, electrochemical manufac-
turing has a well-established track record for upgrading bio-
mass-/plastic-derived platform chemicals on an industrial
scale. Electrosynthesis has made a breakthrough in aluminium
production via the Hall-Héroult process as early as the 1880s
and the chlor-alkali process has been industrialized since the
1890s.*%1°° The most representative one that has been com-
mercialized is the up-scaling electrosynthesis of adiponitrile
using acrylonitrile as a feedstock via electro-oxidative decarb-
oxylation and Kolbe coupling reactions, which has been
realized by Asahi Chemical, BASF, and Monsanto."*" Note that
the adiponitrile mentioned here is a key intermediate used
to synthesize polyadiohexylenediamine (Nylon-66).">> Other

Table 2 Technical superiority of electroreforming relative to other waste-to-chemical strategies

Electroreforming Photoreforming Pyrolysis Fermentation
Feedstocks Biomass, plastic Biomass, plastic Biomass, plastic Biomass
Temperature ~25°C ~25°C 300-900 °C 25-65 °C
Products H,, organics H,, organics, and CO, Crude oil H,, CH,, NH;, CO,, and
organics
Market prices (products) 1.0-580 $ per kg 0.6-100 $ per kg 0.67 $ per kg 0.5-6.8 $ per kg

CO, emission

0.97-4 kg COseq kg™ ' H,

0.8-9.0 kg CO,eq kg™ " H,

Strengths Utilization of renewable- Utilization of solar-energy;
electricity; coproduction of  high-purity H, evolution;
high-purity H, and high- simple setup; and mild
value chemicals; and high  conditions
yield and selectivity

Limitations Pretreatment required for Low solar-to-chemical
raw wastes; lab-scale conversion efficiency;
operation lab-scale implementation

Ref. 63 and 131-133 16, 134 and 135

898 | EES Catal., 2023,1,892-920

10-85 g COyeq MJ " crude
oil

Direct reforming of raw
waste; production of
high-energy-density bio-oil

Harsh conditions; high
energy input; purification
of crude oil; and CO,
emission

136-138

3.4-5.6 kg COypeq kg™ H,

Environment-friendly;
cost-effective; substrate
specificity; and low energy
consumption

Not compatible with
plastic or complex waste;
CO, emission

139-142
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impressive cases of industrial electrosynthesis processes include
the production of acetoin from butanone, 1,4-dihydronaphthalene
from furan, succinic acid from maleic acid, and arabinose from
gluconate.’® Of note, in spite of their clear-cut competitive
advantages over conventional routes that have gained more
research focus, most of the electrosynthesis processes are still in
the lab-scale stage (maybe proof-of-concept) and there is a long
way to go for electrochemical synthesis for its widespread use.

3.2 Energetic analysis

Shifting focus to the energetic analysis of electroreforming, the
thermodynamics plays a pivotal role in the industrial-scale
deployment of the solid waste electroreforming reaction. Taking
the OER as an example, the energetically demanding and
kinetically sluggish OER only contributes to O, with little value
(Fig. 4a)."®® By contrast, thermodynamically more favorable
solid waste oxidation at the anode aims to substantially improve
the energy efficiency of an electrolyzer and meanwhile offers
high-value products.'®” In this regard, providing fresh insights
from energetic perspectives is of vital importance for the future
advances of solid waste electroforming.

Regarding water electrolysis and solid waste electroreform-
ing, the chemical evolution induced by the synchronous trans-
fer of equivalent protons and electrons requires a rapid charge

Solid waste electroreforming

(]
g
e
=
@
£

membrane
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transfer to realize a high-efficiency performance during water
and solid waste electrolysis. Consequently, solid electrocatalysts
are always regarded as a driving force towards high-activity and
high-selectivity electrochemical processes. Besides, it should be
noted that the practical operational voltage for electrocatalysis is
higher than the thermodynamic potential (i.e., theoretical cell
voltage, U..;) owing to the resistance loss in the cell. The surplus
of potential is termed as overpotential, which manifests the
voltage required to surmount the activation barrier from the
anode (17,) and cathode (1), as well as the electrolyte’s inherent
resistance (nr)."®® Accordingly, the applied voltage can be
described as:

U= Ucell T Nat et Nir-

For water electrolysis (the Ue is 1.23 V), considerable efforts are
devoted to minimize the values of #,, 1., and . Specifically, n,
and 7. can be reduced by construction of highly active OER and
HER catalysts, respectively, while #;z is minimized by optimizing
the electrolytic cell, which has been witnessed by the increasing
literature concerning electrochemical water splitting.'*7%°

For electroreforming of solid waste, the operation principle
involves the HER and organic oxidation at the cathode and
anode, respectively, which indicates that the U, value varies
along with the thermodynamics of platform molecule oxidation.

bj/Acm'2
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Fig. 4 (a) Comparison of water electrolysis and solid waste electroreforming

. (b) Theoretical i-v plot for water electrolysis and organic electroreforming

according to the Butler—Volmer kinetics law. (c) Schematic illustration of a typical electrooxidation reaction.
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Table 3 Summary of the thermodynamics requirements for electroreforming of some typical platform chemicals

AHS and AGS Electron Power
Feedstock Products Equation (k] mol ™) Cell voltage transfer (kW h kgy ~") Ref.
Water H,/0, H,0 — H, + 1/20, 285.8 and 237.2  1.229 2 48.2-64.3 154 and 155
Methanol CO, CH;0H + H,O — 3H, + CO, 131.5 and 9.3 0.016 6 13.4 156 and 157
Formic acid CH;OH + H,O — 2H, + HCOOH 100 and 41.7 0.11 4
Ethanol co, C,H;OH + 3H,0 — 6H, + 2CO, 348 and 97.3 0.84 12 19.6-28.1 157-159
Acetic acid C,H;0OH + 3H,0 —» C,H,0, + 2H, 79.1 and 22 0.057 4
Glycerol CO, C3HgO; + 3H,O0 — 3CO, + 7H, 342.8 and 3.9 0.003 14 20.4-33 157, 159
Formic acid C3HgOs5 + 3H,0 — 3CH,0, + 4H, 248.3 and 102.9 0.13 8 and 160
Glyceral-dehyde C3;HgO; — C3HO;3 + H, 61.1 and 9.7 0.206 2
Glyceric acid C3HgO;3 + H,O — C3HO,4 + 2H, 88.7 and 35.1 0.091 4
HMF FDCA CeHeO5 + 2H,0 — C¢H,Os + 3H, 468.4 and 65.6  0.118 6 7.2-40.1 161-163
Ethylene glycol CO, C,H,0, + 2H,0 — 2CO, + 5H, 238.9 and 8.1 0.008 10 21.4 164
Formic acid C,H(0, + 2H,0 — 2CH,0, + 3H, 175.9 and 74.1  0.128 6
Glycolic acid C,Hs0, + H,0 » C,H,0; + 2H,  157.1 and 54.9  0.142 4

Notes: for the overall process under standard conditions, the reaction enthalpy (AH, e) and Gibbs free ene egy (A,GS) are calculated using the
(r

following equations: AHS
AHP, and AGP
respectively.'>*1%

Of note, owing to the composition complexities and a high degree
of polymerization of solid waste, pretreatment is required to
generate water-soluble oligomer or monomeric units that are
more malleable for catalytic conversion with regard to raw solid
waste. Here, we list 5 common platform chemicals (i.e. methanol,
ethanol, glycerol, ethylene glycol, and 5-hydroxymethylfurfural)
as building blocks that are typical biomass and plastic derivatives
and provide their oxidation thermodynamics parameters
(Table 3). Regardless of water electrolysis or organic electrore-
forming, an external energy input is required, as evidenced by
their corresponding Gibbs free energy change greater than zero
(AG > 0). However, the energy required to generate one mole of
hydrogen from electroreforming of organic molecules is far lower
than that from water electrolysis, which is a sign of the favorable
thermodynamics of solid waste electroreforming. For the actual
operation with the multielectron transfer and the solution ohmic
losses, to reach a current density of 1 A cm™ 2, water electrolysis
requires a thermodynamic potential ranging from 1.6 to 2.0 V
according to the Butler-Volmer kinetics law."*" For comparison,
electroreforming of organics derived from solid waste needs a cell
potential of less than 1.0 V (Fig. 4b)."®® Consequently, electro-
reforming of solid waste derivatives offers the additional benefit
of valuable chemicals at the anode paired with cathodic hydrogen
generation, which endows it with energy-saving, value-addition,
and cost-effectiveness advantages compared to water electrolysis
for high-purity hydrogen production.

3.3 Economic assessment

Following the discussion on the energetic analysis, techno-
economic evaluation for hydrogen evolution is carried out to
provide a basis for comparison between solid waste electroreform-
ing and water electrolysis. To begin with, electroreforming tech-
nology requires a lower electricity compared to water electrolysis
(Table 3) to produce 1 kg H,. Taking glycerol electroreforming as
an example, it has been proved that electrooxidation of glycerol as
an alternative to the OER contributes to reducing the electricity
input by up to 53%."> Another notable case from Deng’s group

900 | EES Catal, 2023,1, 892-920

= vpAHP (products) - vpAHE (reactants) and A;Gp,
indicate the stoichiometric number, standard enthalpy of formation, and standard Gibbs free energy of formation,

= vpAGf (products) - vsA, G (reactants), respectively, where vg,

reported that the electricity consumption to obtain 1 m® H, via
electroreforming of native biomass at 0.2 A cm™> was as low as
0.69 kW, which was 16.7% of the energy consumed for water
electrolysis under the same conditions."®® However, despite the
advantages of electroreforming over water electrolysis in terms of
energy consumption, it is estimated that the average cost of green
hydrogen ($4.5 kgHz_l) generated from electroreforming of solid
waste is currently far higher compared to the steam reforming
technology ($1.4 kgyy, ~ 1), a fact that is linked to the high invest-
ment required for grid electricity ($0.07 kW h™') and an electro-
lyzer. Moreover, even with using photovoltaic electricity instead of
alternative fossil-fuel-derived grid electricity, the cost of hydrogen
(82.2 kgyy, ") still goes beyond that of fossil-derived hydrogen.'™*
Of note, it is well acknowledged that the hydrogen generation
pathway should be comprehensively evaluated based on overall
cost as well as the environmental impact, that is, if the environ-
mental burdens from steam reforming are taken into account, the
price gap of hydrogen between electroreforming and steam
reforming will be further narrowed.'®> Apart from the reduction
of operating costs and carbon footprint, electroreforming of solid
waste also facilitates economical production of valuable chemicals
at anodes. Under this scenario, the economic feasibility of electro-
reforming technology should be assessed more profitably and
reasonably if both the cathodic and anodic reactions are taken
into consideration.

Here, the market prices of some typical raw materials derived
from biomass and plastics and their corresponding products
obtained by the partial electrooxidation reaction are displayed in
Table 4. Apparently, the difference in the market values between
raw materials and their corresponding products leads to economic
feasibility of electroreforming technology. Particularly, the most
representative example is the conversion from inexpensive HMF
($10 kg™ ") to FDCA with a high market price ($32-580 kg ). In
addition, solid waste valorization via anodic oxidation involves
the adsorption of reactant molecules, the breakage and for-
mation of chemical bonds, and the final desorption of products,
of which chemical-bond-formation/-cleavage are associated with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Economic evaluation of electroreforming of biomass/plastic-derived intermediates by comparison of market prices between the intermediates

and their corresponding oxidation products

Raw materials (market price, $ kg™') Oxidation half-reaction Products (market price, $ kg™') Ref.

H,0 2H,0 — O, + 4H" + 4e~ 0, (0.02-0.04) 169

HMF (10.0) HMF + H,0 — FDCA + 6H" + 6e~ FDCA (32-580) 170 and 171

Ethylene glycol (0.8-1.0) Ethylene glycol + H,O — glycolic acid + 4H" + 4e~  Glycolic acid (1.9) 172
Ethylene glycol + H,0 — oxalic acid + 8 H' + 8 e~ Oxalic acid (1.4) 173

Furfuryl alcohol (1.5) Furfuryl alcohol + H,0 — 2-furoic acid + 4H" + 4e~  2-Furoic acid (4.0) 174 and 175

Furfural (1.0-2.7) Furfuryl + H,0 — 2-furoic acid + 2H" + 2e” 2-Furoic acid (4.0) 176 and 177

Ethanol (0.1) Ethanol — acetaldehyde + 2H" + 2¢~ Acetaldehyde (1.0) 178 and 179

2ethanol — ethyl acetate + 4H' + 4e”~

Benzyl alcohol (2.0-2.5) Benzyl alcohol — benzaldehyde +

Benzyl alcohol — benzoic acid + 4H' + 4e”
Glycerol — lactic acid + 2 H' + 2 e~
1,3-Propanediol — acrylic acid + 2H" + 2e”

Glycerol (0.04-0.6)
1,3-Propanediol (2.2)

multi-electron transfer as well as production of various chemicals
(Fig. 4c). Moreover, product selectivity over electrocatalysts plays
a vital role in the economic feasibility of electroreforming, as the
product overoxidation results in not only a lower economic value
but also a negative environmental impact (overoxidation of
organics to evolve CO,). Using two benzyl alcohol oxidation
processes as an example, with two-electron transfer, benzyl
alcohol is electro-oxidized into a value-added benzaldehyde pro-
duct, while further oxidation contributes to the formation of
benzoic acid with even lower value than raw benzyl alcohol
(Table 4). Overall, the aforementioned analysis highlights that
the HER in combination with solid waste upgrading is capable of
holding significant economic feasibility.

4. Electroreforming of solid-waste-
derived platform molecules

As mentioned in Section 2.2, direct upcycling of solid waste in
an aqueous electrolyte via electroreforming still remains a huge
challenge as a consequence of the incredible constituent complex-
ity and a high polymerization degree of solid waste. Accordingly, it
necessitates separation and depolymerization of biomass or plastic
streams prior to electroreforming, especially polyolefin and lignin
with C-C linkages, to obtain monomeric units that are regarded as
platform chemicals towards the electroreforming reaction. Note
that direct electroreforming of raw waste in a non-aqueous electro-
lyte has been implemented on a lab-scale,'**™*® which is however
out of the scope of this review. In view of this, a variety of platform
molecules, including glycerol, ethylene glycol, HMF, furfural,
and glucose, have been used as feedstocks in electrocatalysis for
conversion into a wide range of commodity chemicals with
potential applications as pharmaceutical precursors, polymers
and cosmetic ingredients."®°! In this section, several common
platform chemicals utilized as building blocks in electroreforming
and their corresponding oxidation mechanisms towards formation
of high-value products are elucidated in detail.

4.1 Ethylene glycol

Ethylene glycol, a versatile chemical intermediate required in
the production of perfumes, cosmetics, and resins, is currently
obtained from petroleum-derived olefin via three successive

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

Ethyl acetate (1.1)
Benzaldehyde (2.9)
Benzoic acid (1.8)
Lactic acid (1.5)
Acrylic acid (1.6-2.9)

2H' +2¢” 169, 180 and 181

182-184
185-187

steps (i.e., cracking, epoxidation, and hydration).'*%>%>2% Alter-
natively, ethylene glycol monomers can be produced from solid
waste via following two routes with economically competitive
and environmentally friendly advantages: (1) hydrolysis of PET
waste into ethylene glycol and terephthalic acid (the terephtha-
lic acid recycled to synthesize PET);*** (2) direct conversion
from renewable biomass or its derivatives (e.g., sorbitol).>"”
Note that PET is an abundant polyester plastic with nearly
70 million tons produced annually for utilization in textiles and
packaging, which is indicative of a massive untapped resource
of ethylene glycol in PET waste.>®

Electroreforming of ethylene glycol allows generation of
both valued chemicals (e.g., glycolaldehyde, glycolic acid, oxalate,
and formic acid) (Scheme 1) and hydrogen, thereby attracting
considerable attention recently.>* Following this research line,
coproduction of formate and H, via electroreforming of ethylene
glycol derived from hydrolysis of PET in an alkaline electrolyte
was realized by Zhao et al who utilized CuO nanowires as
electrocatalysts (Fig. 5a and b).>** Moreover, 86.5% selectivity
and 88% faradaic efficiency to formate could be obtained over
CuO (Fig. 5¢) and the theoretical simulations revealed that the
favorable pathway of formate generation on CuO was to generate

Ox
X0 o
Glyoxal \)j\
i HO.
=0 ( OH
Formaldehyde ‘ [ Glycolic acid
N2e | -ge
N\ |
\ % -4e”
Q A
HOMO -2e”
N HO\/\ X
Glycolaldehyde\f —s OH R 0

Ethylene glycol Formic acid

M -6e
-10e”
-8e -6e
(o]
€0. g o,
OH OH
HO Glyoxylic acid
o
Oxalic acid

Scheme 1 Catalytic conversion pathway for ethylene glycol electro-
oxidation.
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Fig. 5 (a) SEM and (b) TEM images of CuO nanowires (the inset is its corresponding fast Fourier transform (FFT) image). (c) Ethylene glycol conversion,

faradaic efficiency and formate yield over CuO nanowires and (d) the corresponding possible reaction pathways on CuO. Reprinted with permission.

204

Copyright 2022, American Chemical Society. () Membrane-electrode assembly setup for electroreforming of ethylene glycol, (f) faradaic efficiency and
productivity at the constant current densities of 300 and 500 mA cm™2 for ethylene glycol oxidation, and (g) XRD pattern and photograph (inset) of self-
prepared potassium diformate (KDF). Reprinted with permission.?®®> Copyright 2021 Nature Publishing Group. (h) SEM image of PdAg/NF, (i) the
comparison of LSV curves with the presence/absence of ethylene glycol, and (j) faradaic efficiencies (FEs) determined at different potentials. Reprinted

with permission.?°® Copyright 2021 Elsevier Inc.

a glyoxal intermediate and ultimately formate via C-C bond
scission (Fig. 5d). Despite the production of valuable formate
from PET via electroreforming, an issue concerning the design of
an electrolyzer was overlooked, that is, ohmic resistance of the
electrolyzer based on a single cell would elicit an energy loss,
especially at high current density, thereby lowering down the
faradaic efficiency and productivity.>® To this end, a zero-gap
reactor equipped with anion exchange membranes was employed
to convert ethylene glycol to formate in parallel with H, evolution
over CoNiy,sP/Ni foam (CoNi,,sP/NF) catalysts (Fig. 5e), as
reported by Duan et al.>*® Furthermore, the formate productivity
over CoNi,,,sP/NF was determined to be 3.6 and 5.1 mmol ecm > h™*
at the high current densities of 300 and 500 mA ¢cm ™2, respec-
tively, with high faradaic efficiencies (Fig. 5f). Besides, a proof-of-
concept production of potassium diformate (KDF) and H, via
electroreforming of real-world PET plastics was demonstrated
(Fig. 5g). Note that KDF, a safe growth promoter for animals,

902 | EES Catal, 2023, 1,892-920

was prepared using the formate product as a precursor via
acidification, condensation, and crystallization processes,
which further improved the economic feasibility of ethylene
electroreforming.

The interest in glycolic acid product, compared with formic
acid, arises from its wider market size in metal cleaning,
leather processing, and food packaging, thus enabling high
value addition.”’® However, glycolic acid generation with high
selectivity remains challenging due to the uncontrollable and
severe C-C bond cleavage followed by the formation of formic
acid during ethylene glycol oxidation. Currently, the selective
conversion of ethylene glycol to glycolic acid is only enabled by
noble metals, such as Pt,*** Pd,*** and Au.?*® A recent work
from Shi et al.*°° reported PAAg/NF electrocatalysts to evoke the
transformation from ethylene glycol to glycolic acid with high
selectivity and faradaic efficiency (Fig. 5h). As demonstrated in
Fig. 5i, glycolic acid could be produced massively even at a high

© 2023 The Author(s). Published by the Royal Society of Chemistry
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current density of 300 mA cm™> without triggering the OER and
the highest faradaic efficiency was obtained when the opera-
tional potential was controlled at 0.91 V vs. RHE (Fig. 5j).

Overall, electroreforming of ethylene glycol is one topic in
the forefront of biomass and plastic upcycling, with the pursuit
of concomitantly producing valuable chemicals and H,. Addi-
tionally, anodic oxidation of ethylene glycol has also been
paired with CO, reduction that evolves formic acid at the
cathode,* which however is beyond the scope of our review.
The fly in the ointment is that most of the currently reported
electrocatalysts only favor the production of formic acid with
less value relative to glycolic acid, which indicates that the
biggest challenge for reforming of ethylene glycol is the selec-
tivity for the target product with high value (e.g., glycolic acid).
Given the fact that precious metal-based catalysts at an anode
have been stated to be capable of incomplete oxidation of
ethylene glycol to glycolic acid via a four-electron pathway at
a low overpotential in an alkaline medium,>***'> noble metals
or their alloy electrocatalysts may be therefore a good choice to
obtain glycolic acid. More efforts should be made to explore
advanced catalysts with a low noble metal loading density, with
the aim of obtaining a high selectivity to glycolic acid via
impeding the undesired reaction pathways (i.e., avoiding the
cleavage of the C-C bond).

4.2 Glycerol

Glycerol is a major by-product (i.e., biomass waste) in biodiesel
preparation, where production of 1 ton biodiesel yields approxi-
mately 110 kg raw crude glycerol, thereby producing in high
amounts.*'® The recent report from Organization for Economic
Cooperation and Development (OECD) pointed out that the
global glycerol produced annually was estimated at 3.6 billion
litres in 2016 and projected to increase to 4.0 billion litres in
2026, which brought about a huge surplus across the market
over the last few decades.””” Hence, glycerol serves as a highly
versatile platform molecule that can be further electrochemi-
cally valorized, and considerable attention has therefore been
paid to exploring electrocatalysts to convert glycerol into a
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plethora of fine chemicals and materials. The electrochemical
oxidation of glycerol involves multi-electron transfer via a
broad pathway (Scheme 2), thereby resulting in a battery of
downstream products, such as glyceraldehyde, glyceric acid,
dihydroxyacetone, glycolic acid, and formic acid.>'® Of note, the
product selectivity can be tuned through the choice of electro-
catalyst, potential, reaction medium, and electrolyte pH.>**>*°

In electrooxidation of glycerol, formic acid (formate in alka-
line medium) is the most commonly observed prevalent C1
product that is effective as a preservative, a liquid hydrogen
carrier, and a fuel for direct/indirect fuel cells.”*"*** Typically,
for oxidation of one mole of glycerol without any carbon dissipa-
tion, an ideal scenario includes the selective C-C cleavage and
deep oxidation into three moles of formic acid, which is accom-
panied by the production of four moles of hydrogen. In this
regard, exploring electrocatalysts with tunable oxidative ability
and a precisely steered pathway is extremely encouraged.
Recently, a comparative study of cobalt-based spinel oxides as
electrocatalysts towards reforming of glycerol was carried out by
Jin et al®*® and CuCo,0, was found to be the best-performing
candidate with a high selectivity to formic acid (80.6%) and an
overall faradaic efficiency of 89.1%. In another case, Johnsson
et al.”*® reported CoMoO, nanorods as low-cost electrocatalysts to
convert glycerol into formate in an alkaline electrolyte (Fig. 6a)
and they systemically studied the effects of reaction parameters
(i.e., potentials, reaction times, and temperatures) on the product
selectivity. As revealed in Fig. 6b-d, formate was the dominant
product with a high selectivity of roughly 90% within the
potential ranging from 1.08 to 1.28 V, the reaction time ranging
from 30 to 120 min, and the temperature ranging from 25 to
60 xC. Electrooxidation of glycerol in the aforementioned cases
was typically carried out using a conventional alkaline electro-
lyzer that is comprised of an anode with an alkaline electrolyte
containing 0.1-1.0 M glycerol in parallel with a cathode in an
alkali catholyte. Distinct from such an alkaline electrolyzer, a
hybrid alkali/acid electrolytic cell, namely an alkaline anode
paired with an acidic cathode, has a remarkably large voltage
(0.059 x pH) owing to the pH gradient between the anode and
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Scheme 2 Reaction scheme illustration of the general pathway for glycerol electrooxidation.

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

EES Catal., 2023,1,892-920 | 903


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ey00147d

Open Access Article. Published on 29 August 2023. Downloaded on 1/25/2026 8:58:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Catalysis

a

1
od P P 03%  [92%

Selectivity (%) T~

1.08 1.13 1.18 1.23 1.28
Potential (V vs. RHE)

1Formate |

| Formaldehyde [ 1 Glycolate |

View Article Online

Review

= 1 2z
E hm%l !92 %y l92°/oh $93%14 E $93% £93% £92%
© k3]
Ko} Ko}
[0 [
n o

. 4

30 60 90 120 25 40 60

Time (min) Temperature (°C)

1 Glycerate | 1 Glyoxylate | 1 Tartronate | 1 Oxalate

1M KOH/1 M KOH-HER/GOR
w1 M KOH/1 M KOH-HER/OE!

w
S

Current density (MA cm2)m—fy _‘ ]

~=0.5 M H_SO /1 M KOH-HER/GOR

Fig. 6

2004
1004
0.0 0.5 1.0 15
E(V)
I 1600 — MoO/Pt
= : S:gPs ——MoO,/Pt 3 052 0.51
g) 1200+ 0.29 :—g; ouy 021
< L 0.01 2 2
P 800r gl | Smenapeede £-¢ &
b 042 £ -0.09 &
& 400 036 2
2 0 Y\ 061 S
. . . 0.8+ -(H* +e) <(H* +e) -(H* +e)
0.0 0.4 0.8 12 1.6 + t t t t + t
Potential (V vs. RHE) Glycerol* -(H* +¢) +H,0 GLA*

(a) TEM image of a CoMoO4/NF electrode and the inset is its SEM image. (b)—(d) Product selectivity on the CoMoO4/NF electrodes based on

different reaction parameters. Reprinted with permission.??* Copyright 2022 John Wiley and Sons. (e) TEM image of a high entropy alloy, (f) the activity
comparison of a hybrid electrolyzer and a traditional electrolyzer towards electroreforming of glycerol, and (g) illustration of a hybrid electrolytic cell.
Reprinted with permission.??> Copyright 2022, American Chemical Society. (h) TEM image of MoO,/Pt catalysts, (i) LSV curves normalized by mass

loading of Pt, and (j) calculated free energy diagrams through the glycerol oxidation pathway over Pt and MoO,/Pt. Reprinted with permission.

Copyright 2021 John Wiley and Sons.

cathode chamber. Inspired by this, Wen et al.>*®> used a high
entropy alloy as an anode in a 1.0 M KOH electrolyte containing
0.1 M glycerol and the commercial Rulr/Ti as a cathode in 0.5 M
H,S0, catholyte to convert glycerol to formate (Fig. 6e and f).
Notably, to reach equivalent current density, the operational
voltage required in a hybrid electrolyzer is far lower than that in
a conventional cell (Fig. 6g), thus indicating an energy-saving
process in the asymmetric-electrolyte. Shifting the focus to the
higher-value C3 products from glycerol oxidation, glycerol with
three hydroxyl groups facilitates the formation of various C3
acids. Well-accepted concepts of a consecutive reaction mecha-
nism for the formation, for instance, of glyceric acid have been
theoretically investigated in previous reports.*” However, from
experimental perspectives, engineering selectivity to glyceric
acid over electrocatalysts still remains a huge challenge. Pt is
a well-acknowledged effective catalyst towards both alcohol
partial oxidation and hydrogen evolution, thus serving as a
dominant catalyst in glycerol electroreforming.>*® For example,
Johnsson et al.*** designed an advanced catalyst based on Pt

904 | EES Catal, 2023,1, 892-920
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nanoparticles (NPs) confined into oxygen vacancies of molybde-
num oxide (MoO,/Pt) nanosheets (Fig. 6h) to initiate selective
electrolysis of glycerol into glycerate. As displayed in Fig. 6i, the
peak current of MoO,/Pt at 0.78 V enabled a maximum specific
mass activity for glycerol oxidation, much higher than that for
bare Pt NPs and Pt/C electrodes. Furthermore, theoretical
simulations were further carried out to understand the intrinsic
mechanism (Fig. 6]j). Apparently, the first two deprotonation
steps from glycerol to glycerate were more energetically favor-
able on MoO,/Pt. Likewise, regarding the potential-determining
step (i.e., the fourth deprotonation step), a smaller free energy
change on MoO,/Pt could be observed, agreeing with its high
specific mass activity. Apart from glyceric acid, tartronic acid is
also one of the dominant products in glycerol oxidation, and it
always serves as a pharmaceutical and anti-corrosive protective
agent.”*® The conversion from glycerol to tartronic acid with
high selectivity has been realized over Au-based catalysts.**°
Broadly, currently for electroreforming of glycerol with the
primary goal to evolve C; products with a large market size,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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especially glyceric acid and tartronic acid, rely heavily on the
use of catalysts based on noble metals and their alloys (e.g., Pt,
Pd, Au, PtBi, and PdRu), which successfully achieve the glycerol
valorization at a relatively low potential, while suffering from
high cost that render them less compatible with the cost-
effective hydrogen evolution process.”*'>** Moreover, another
challenge for glycerol electrooxidation is the poor durability of
Pt-based electrocatalysts, which is primarily attributed to their
poisoned surface with adsorbed acyl and CO species.>** Such
bottlenecks may be overcome by some well-established strate-
gies, one of which is composition engineering, such as con-
struction of electrocatalysts that comprise active catalytic-sites
hybridized with poisoning-resistant materials.>*

4.3 HMF

HMF derived from lignocellulosic biomass via dehydration of
edible Cq carbohydrates has drawn much attention owing to its
potential transformation into various furan derivatives, includ-
ing 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), and
FDCA (Scheme 3).>*® Among them, most notably FDCA, one of
the “top 10 + 4” building block chemicals listed by the US
Department of Energy, has been advocated as a viable substitute
for terephthalic acid for sustainable production of polyesters,
polyurethanes, and polyamides.>*” Bio-plastic polyethylene fur-
andicarboxylate (PEF) has been found to possess comparable
mechanical properties to petroleum-derived PET, and has there-
fore been regarded as a promising alternative to PET.>*® The
general oxidation pathway from HMF to FDCA is illustrated in
Scheme 3 and FDCA can be synthesized via the oxidation of an
alcohol group to DFF or the oxidation of aldehyde to a HMFCA
intermediate and their subsequent conversion to FFCA followed
by the further oxidation to FDCA. Although there are well-
defined lab-scale mehtods to selectively oxidize HMF to FDCA
via non-electrochemical routes, they are carried out under harsh
reaction conditions, such as elevated temperatures (>100 °C)
and high-pressures O, (0.3-2.4 MPa), which are potentially
unfavorable for industrial scale-up processes and further low-
ering down the atom economy of the process.”*’

As early as 1991, Grabowski et al.** reported electrooxida-
tion of HMF using NiOOH and obtained a 71% product yield of
FDCA after 4 h operation at 0.6 Vsug. Regrettably, continuous
attention has not been paid to this topic. Until 2016, Sun

FFCA FDCA
/\ll/)“%

HMFCA @o OH

Q@

Scheme 3 Schematic illustration of the general pathway for HMF
electrooxidation.
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et al.®*' fabricated a three-dimensional (3D) Ni,P array on Ni
foam (Ni,P/NF) to catalyze the oxidation of HMF to FDCA com-
bined with hydrogen evolution from water splitting (Fig. 7a). In
this case, the voltage required to reach the same current density is
at least 200 mV smaller than that required in pure water electro-
lysis in the presence of HMF (10 mM) (Fig. 7b), and HMF
electrolysis enables a high yield and selectivity to FDCA, and a
H, production rate of 120 pmol h™* (Fig. 7c and d). In addition to
Ni,P, other Ni-based materials, including Ni/NiO,*** Ni(OH),/
Cu(OH),,*** and Au@Ni,*** have been shown to effectively trans-
form HMF into FDCA paired with hydrogen generation. Despite
the high faradaic efficiencies obtained for FDCA catalyzed by these
Ni-based catalysts, the H, production over Ni sites at the cathode
remains below 150 pmol h™'. Compared with Ni, Co-based
materials show a higher H, production activity (>250 pmol h™ %),
as validated by Zhou et al. who utilized Co;O, nanowires to co-
produce FDCA and H, from HMF electroreforming with a high H,
production of 270 pumol h™*.>** In another case, a significantly
higher H, evolution activity of 500 pmol h™" from electroreforming
of HMF was realized over the CoP electrocatalyst, while the
selectivity to FDCA at the anode fell to 80%.>*° In view of this, it
is of vital importance to achieve a balance between achieving high
current efficiency of the FDCA product and seeking to increase the
H, production rate.

The next covered cases mainly concentrate on the oxidation
half-reaction from HMF to FDCA rather than the HER half-
reaction. To deeply understand the intrinsic mechanism of
FDCA generation, the adsorption behavior of HMF and the
identification of the main intermediate species need to be
investigated. Zou et al.**’ incorporated Ir single atoms on Co;0,
(Ir-Cos0,) to uncover the adsorption mechanism of HMF (Fig. 7e).
As shown in Fig. 7f, the cooperative adsorption of the C—=C groups
of HMF on both Ir and Co catalytic sites of Ir-Co;0, brought about a
significantly lower onset potential with respect to pristine Cos0,,
which was beneficial to the following FDCA formation. As expected,
Ir-Co;0, exhibited a high yield (98%) and faradaic efficiency (98%)
of FDCA via the HMFCA intermediate pathway (the detected
concentration of HMFCA is dramatically higher than that of DFF)
(Fig. 7g and h). In parallel with the adsorption behavior of HMF
molecules, the adsorbed OH™ (OH,q4~ ) plays a pivotal role in HMF
oxidation due to the fact that the H* derived from the dehydrogena-
tion of hydroxyl groups needs to be combined with OH,q~ in an
alkaline medium, that is, the competitive adsorption between OH™
and HMF contributes to poor yield and selectivity to FDCA.>** To
this end, tunable competitive adsorption sites based on Co;0, with
oxygen vacancies (0Oy-Co;0,) were constructed by Wang et al.>*°
From experimental studies and theoretical simulations, it was
observed that the nucleophilic OH™ ions were inclined to fill
into Oy sites prior to in combination with HMF molecules via a
lattice oxygen oxidation mechanism, which was conducive to
the dehydrogenation behavior of the HMFCA intermediate. As a
consequence, Oy-Co;0, exhibited a high activity towards HMF
electrooxidation with a low overpotential of 90 mV a current
density of 10 mA cm™? in a basic medium.

The aforementioned cases with a focus on tuning the
electronic structure of electrocatalysts to boost the activity
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Fig. 7 (a) SEM images of Ni,P/NF with different magnifications. (b) LSV curve comparison. (c) Conversion of HMF and the yields of the corresponding

oxidation products during the electrochemical oxidation of HMF. (d) Farada
Copyright 2016 John Wiley and Sons. (e) STEM image of Ir-CozOy4. (f) LSV
products during electroreforming of HMF over Ir-Co3O4. (h) The intermedi

ic efficiencies of the HER and FDCA evolution. Reprinted with permission.24*

curve comparison. (g) The concentrations of substrates, intermediates, and
ate concentrations over Ir-CosO,4 and CozO,. Reprinted with permission.24”

Copyright 2021 John Wiley and Sons. (i and j) Comparison of HER (i) and HMF oxidation activities (j) over different 3D hybrid electrodes. (k) Yields of FDCA
products. Reprinted with permission.?*® Copyright 2020, American Chemical Society.

and selectivity suggest that exploring new materials for HMF
oxidation has become a subject of intensive investigations. In
stark contrast to this, the nanoarchitecture of the electrode
(e.g., electrode thickness and location of catalytic sites) has
been rarely studied thus far. A traceable work from Kim et al.>*®
reported a 3D hybrid electrode that consisted of negatively
charged graphene oxide and two electroactive components of
Au and Pd NPs via layer-by-layer assembly for coproduction of
FDCA and H, from electroreforming of HMF. As indicated in
Fig. 7i-k, the 3D electrodes showed a tailorable electrocatalytic
performance towards HMF electroreforming relying on compo-
sition and position of catalytic sites. Even with an identical
composition of electrocatalysts (i.e., Au,/Pd, and Pd,/Au;), the
yield of FDCA over Pd,/Au, (Au NPs at the outer layer) was
higher with respect to that for Au,/Pd,.

The aforementioned cases have demonstrated the successful
transformation of HMF into FDCA, with high selectivity and
productivity. Nevertheless, selective conversion of HMF into
DFF is barely investigated, which may be attributed to the fact
that the use of alkaline electrolyte inhibits the DFF production.”>"
In this context, a neutral medium seems to be a better choice for

906 | EES Catal, 2023,1,892-920

the realization of HMF-to-DFF conversion, as evidenced by Wang’s
report,>*® where the oxidation of the aldehyde group of HMF was
significantly suppressed in a neutral electrolyte. Encouraged by
this finding, Duan et al.>** constructed single-atom Ru supported
on NiO (Ru/NiO) to selectively steer the conversion of HMF into
DFF under neutral conditions, with a selectivity of up to 90%. The
experimental observation combined with theoretical calculations
collectively revealed that the neutral conditions played a vital role
in DFF production and single-atom Ru promoted the HMF oxida-
tion via accelerating water dissociation for OH* evolution. In spite
of the successful implementation of HMF-to-DFF conversion
under neutral conditions, the activity towards HMF oxidation in
a neutral medium is much lower than that in an alkaline
medium,*® which is deemed as a large hindrance for future
industrial applications. In light of this, it is extremely desirable
to explore new strategies that enable selective production of DFF
under alkaline conditions. Currently, some promising approaches,
including the construction of a liquid-liquid-solid system and the
introduction of the salting-out effect, have shown the selective
transformation of benzyl alcohol into benzaldehyde in alkali,>**>*
which could be expected to extend to the DFF production.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Except for DFF, there is no available literature study concerning
electrochemical access to HMFCA, and HMFCA typically exists
as an intermediate in FDCA synthesis.>*® Current traceable work
concerning HMFCA synthesis is mainly based on photocatalytic
or thermocatalytic oxidation of HMF.>>*>%”

Overall, electroreforming of HMF with the main aim of
obtaining the most sought oxidation product FDCA has been
successfully implemented over noble-metal and base-metal
compounds. Of note, most reported HMF electrooxidation
reactions over well-established electrocatalysts are carried out
in an alkaline electrolyte, which is attributed to the fact that
high alkalinity of the electrolyte favors the dehydrogenation of
hydroxyl groups, which thus benefits the faradaic efficiency and
the yield of FDCA. However, it has been reported that HMF
converts into a dark brown-colored insoluble solid caused by
strong alkalinity of the electrolyte (pH > 13).>°® Moreover, Choi
et al.>>® pointed out that a strongly basic solution (pH = 14)
reduced the concentration of HMF (0.5 M) by more than half
after 8 h, while the degradation of HMF at pH 13 remained at a
low level at only 15% under the same conditions. Given the fact
that the FDCA product may be partly insoluble in an electrolyte
with the pH lower than 10, pH 13 seems to be a viable choice for
both lab-scale electrolysis and industrial implementation.

4.4 Furfural

Similar to HMF, furfural is also one of the furanic derivatives
and presents a synthetic platform for a variety of value-added
chemicals (Scheme 4).>°® On the other hand, furfural with a
global production of up to 300 KT year ' is mainly derived from
xylose, one product of the low-cost hemicellulose, whereas
HMF production relies almost entirely on the conversion of
edible C6 sugars with added market value and is still on the
pilot plant scale.”®' In view of this, furfural seems to be a
substrate of heightened interest with respect to HMF. One of
the most sought products from conversion of furfural is furoic
acid with broad applications in the agrochemical, cosmetic,
and pharmaceutical industries. Furthermore, furoic acid has
been well-acknowledged as a key intermediate to produce FDCA
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Scheme 4 lllustration of the reaction pathway for electrooxidation of
furfural.
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via carboxylation, which has been proved to be a scalable route
by the preliminary technoeconomic analysis.?**?%* Currently,
the industrial access to furoic acid from furfural is implemen-
ted in concentrated basic solution via a Cannizzaro dispropor-
tionation mechanism, which frequently suffers from a low yield
(<50%) and results in large amounts of by-products (e.g.,
furfural alcohol). Generally, from the viewpoint of economic
viability, electroreforming of furfural into furoic acid may be
the preferred option due to its substantial advantages over the
conventional methods, most critically its amenability to imple-
ment under benign conditions and to pair with hydrogen
evolution. For instance, Wang et al.>** implemented the elec-
trooxidation of furfural into furoic acid under basic conditions
over metallic Cu nanowires at a low potential (Fig. 8a and b).
Combining with the theoretical simulations, a viable reaction
pathway towards electrooxidation of furfural with a low
potential was proposed based on the intermediate gem-
diolate anions (GDA) that were derived from the reversible
hydration of furfural (Fig. 8c). Of note, owing to being in an
alkaline electrolyte, in which the Cannizzaro disproportiona-
tion reaction is known to occur, a small amount of furfuryl
alcohol was accordingly generated (Fig. 8b). In another case, a
furoic acid yield of up to 80% was obtained over a Ni electrode
under a basic electrolyte®®® and what was worth mentioning in
this case was that no furfural alcohol was generated, which was
ascribed to the substantially higher rate for the oxidation of
furfuryl alcohol relative to that of the Cannizzaro reaction.

Electrooxidation of furfural into furoic acid has been widely
investigated and with the exception of one recent report,>®
each case has involved the use of either a nonaqueous or an
alkaline electrolyte that is less representative of biomass hydro-
lysis feedstocks. As a matter of fact, compared with basic condi-
tions, one of the major advantages for acidic environments is
their ability to inhibit the disproportionation product from the
Cannizzaro reaction. Among the various metallic electrocatalysts,
Pt stands out owing to its corrosion-resistant nature in acid as
well as the high activity and stability within ethanol or dimethyl
ether oxidation reaction, especially in the case of the electroox-
idation process on the (111) plane of Pt.>*” One systematic study
from Holewinski et al. reported that the high selectivity to furoic
acid from furfural electrooxidation was achieved on the metallic
Pt sites below 1.2 V vs. RHE,**" while selectivity shifts towards 5-
hydroxy-2(5H)-furanone (HFO) above 1.2 V vs. RHE, with a
parallel pathway for maleic acid production as well. The low
selectivity to CO, over HFO and maleic acid at a high potential
(>1.2 V) in this case was attributed primarily to the high surface
coverage of organic intermediates that restricted the adsorption
of oxygen from dissociation of water molecules.

The next most desired product from electrooxidation of
furfural is 5-hydroxy-2(5H)-furanone (HFO), which is an essen-
tial component of many bioactive compounds.**® The general
route to HFO is implemented via direct thermal-oxidation of
furfural, which however suffers from a poor selectivity to HFO
owing to its amenability to further oxidation into maleic acid
under thermocatalytic conditions.?®® Benefiting from the easy
access to the active oxygen species from water dissociation,
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electrocatalysis is thus recognized as a promising approach to
generate HFO from electrooxidation of furfural. Unfortunately,
scanty attention has been paid to investigate the electrochemical
pathway from furfural to HFO and only one traceable study
reported by Han et al**® demonstrated the transformation of
furfural into HFO over CuS nanosheets using H,O as the oxygen
source (Fig. 8d). In this case, the composition of the electrolyte had
a significant impact on the selectivity to the HFO product. As
shown in Fig. 8e and f, the high concentrations of [Et;NH]NO; and
H,0 well favored the generation of hydroxyl radicals, which never-
theless contributed to the further oxidation of HFO to maleic acid.
On the other hand, the low concentration of [Et;NH]|NO; failed to
provide a good electric conductivity, while the dissociation of ion
pairs in [Et;NH|NO; mediated by water remained elusive when the
concentration of water was significantly reduced. With optimal
concentrations of [Et;NH|NO; and water, high selectivity (83.6%)
and conversion (70.2%) to HFO were realized via multistep oxida-
tion of furfural, including C-C cleavage, ring opening and oxida-
tion, and intramolecular isomerization (Fig. 8g).

The interest in maleic acid, with respect to HFO, arises from
its greater market demand, with a global production of up to 25
KT year ' that are mainly used to fabricate polyester resins and
flavorants.”®® Ring-opening of furan is the key step across the
reaction pathway from furfural to maleic acid, which is accel-
erated by the use of a basic medium. For example, Choi et al.>”°
chose three typical catalysts: Pt, MnO,, and PbO,, all of which
maintained durability in acidic electrolytes. Nonetheless,
through the experimental investigations, PbO, was found to
be the only catalyst that was capable of converting furfural to
maleic acid with a yield of 65.1%. The reaction pathway over
PbO, proceeded via 2-furanol as an intermediate. Maleic acid

908 | EES Catal, 2023, 1,892-920

can also be electro-synthesized via a tandem reaction (i.e.,
production of HFO followed by its further conversion to maleic
acid).””" In another case, Han et al.>’> used metal-free Se-doped
C;3N, to convert furfural to maleic acid in 0.5 M KHCOj; solution,
with a yield of up to 84.1%. Of particular note in this case is the
effect of the substituents on the furan ring on the selectivity to
maleic acid, following the order: carboxyl group > aldehyde
group > hydroxyl group (the furan ring with a -COOH group
enabled the highest selectivity to maleic acid). In spite of several
advances in electrosynthesis of maleic acid achieved recently,
there is not yet consensus on the exact mechanism of maleic
acid production from electroreforming of furfural, indicating
more efforts (e.g., computer simulations and in situ spectro-
scopy) should be made to reveal the mechanism of maleic acid
formation.

One outstanding advantage of electroreforming of furfural
into commodity chemicals (e.g., furoic acid, HFO, and maleic
acid) is the use of lower-cost furfural feedstock, compared with
electroreforming of the other waste substrates, which can be
directly produced from corncobs. Regrettably, the impurities
involved in raw furfural may result in the deactivation of
electrocatalysts, and the extra distillation of low-grade furfural
to pure furfural is detrimental to the economic viability of
furfural electroreforming. Thus, more attention should be paid
to focus on the development of impurity-resistant electrocata-
lysts, especially metal-free materials, with robust performance
in concentrated furfural.

4.5 Glucose

Glucose, a product of photosynthesis in plants, is known as a
main energy source in living organisms. At present, glucose

© 2023 The Author(s). Published by the Royal Society of Chemistry
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derived from chemical sectors, especially pulp and paper pro-
cessing industries, has served as a major biomass waste.>”?
Furthermore, it has been shown that nearly all glucose mole-
cules in aqueous solution exist in the form of pyranose rings
that feature chemically active hemiacetal groups. In light of this,
glucose offers convenient access to various commodity chemi-
cals via electrolysis, including gluconic acid (GNA), glucaric
acid, and levulinic acid (Scheme 5). Among these compounds,
GNA needs to be highlighted in particular as a vital intermediate
with wide uses in production of food, beverages, and pharma-
ceuticals. Wen et al'>® used iron-doped cobalt diselenide
(Fe-CoSe,) in an alkaline-acidic asymmetric electrolytic cell to
initiate glucose oxidation at the anode paired with cathodic
HER, with a high electrocatalytic performance in alkali for
yielding GNA and hydrogen evolution in acid (~90 pmol h™).
In another study, Breugelmans et al.>’* evaluated the electro-
oxidation of glucose to GNA on a wide range of metallic
electrodes (Cu, Pt, and Au) and observed the highest selectivity
up to 86.6% for the Au electrode at 0.55 Vgyg, while Pt as a
benchmark electrocatalyst for alcohol oxidation only enabled
78.4% selectivity. The factors governing the high selectivity to
GNA over Au have been deeply understood and summarized by
the following four points: (1) more negative potential of Au for
glucose oxidation as compared to other metals; (2) poor activity
of Au in C-C bond breakage or C=C bond isomerization to
avoid undesired reaction pathways; (3) low competitive adsorp-
tion of the ionic species (e.g., OH ) and the glucose substrate
over Au sites; and (4) extraordinary chemoselective inertness of
Au for the oxidation of secondary alcohols. Of particular note in
this case was the role of Cu in glucose electrooxidation, and Cu
played a crucial role in selective oxidation of the alcohol group
via avoiding competition of the OER owing to its poor catalytic
performance for the OER as reported previously,>>® whereas the
Cu electrode in this case well favored the C-C bond scission,
thus resulting in a mixture of gluconic, glucaric, and formic
acid, and a poor selectivity to GNA.

What is more valuable than the GNA product is the access to
glucaric acid (GRA) with an immense market value of USD
550.4 million in 2016 and estimated to reach USD 1.3 billion by
2050, which was identified as a top value-added chemical
derived from biomass by US Department of Energy as early
as 2004.”” GRA and its derivatives (e.g;, GRA salts and
GRA-1,4-lactone) are not only viewed as the building blocks
for the production of detergents, polymers, and anticorrosion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reagents, but also serve as drugs for cancer prevention.>’® The
industrial production of GRA is currently carried out by thermal
oxidation of glucose using HNO; with a low yield of nearly 40%
or selective oxidation of cyclic nitroxides in the presence of
ClO™/Br~ with a high yield of approximately 90%.>”” Notably,
these two methodologies involve the use of corrosive and toxic
reagents, thereby giving rise to a mass of hazardous side-
products. In this context, realization of the conversion from
glucose to GRA via electroreforming seems to be economically
competitive and environmentally friendly relative to the con-
ventional catalytic oxidation. In general, GRA is electrochemi-
cally converted from glucose via a two-step process: oxidation of
glucose to GNA and oxidation of GNA to GRA (Scheme 5). Of the
two steps, the latter is more difficult because the desorption
capability of GRA on metallic sites remains poor, thus blocking
catalytic sites to adsorb new generated GNA required to be further
oxidized, which is actually a significant problem that is none-
theless seldom mentioned in previous reports.>’® Regarding the
electrooxidation of glucose to GRA, a notable case recently
reported by Yu and Huber has to be emphasized.””® They
fabricated Ni foam supported NiFe oxide (NiFeO,-NF) and
nitrides (NiFeN,-NF) as an anode and a cathode, respectively, to
motivate the GRA production from glucose oxidation combined
with the HER in a basic medium (Fig. 9a). The constructed
electrolyzer delivered a small overpotential of 160 mV to reach
100 mA cm > for glucose oxidation, outstanding long-term
stability, and a faradaic efficiency and yield of 87% and 83%
for GRA, respectively (Fig. 9b and c). To be more rigorous, they
presented a techno-economic analysis to evaluate the economic
feasibility of glucose electroreforming via currently used chemical
routes. As displayed in Fig. 9d, compared to non-electrocatalytic
routes, the glucose electroreforming strategy enabled a higher
GRA yield, lower downstream separation cost, shorter reaction
time, smaller E-factor (i.e., the mass ratio of the generated waste
to target products), and less negative environmental impact.
Instead of pure glucose, the use of a low-cost source of
lignocellulosic glucose as a feedstock seems to be more com-
patible, especially in the case of more inexpensive sawdust,
straw, and bamboo, which further reduce the production cost
of GRA and GNA, however remains challenging. Currently, the
electrochemical valorization of raw lignocellulosic glucose into
formic acid has been realized by Chu et al. who utilized a facile
acidic pretreatment strategy to depolymerize the real-word cellu-
losic glucose into water-soluble sugar fragments and then carried
out the electrochemical methods for formic acid evolution
(Fig. 9¢).”® A series of raw-biomass-derived glucose solutions
could be selectively converted into formate over NiOOH/a-Fe,Os,
with high productivity and faradaic efficiency (Fig. 9f-h). The
depolymerization step in this case was carried out using dilute
sulfuric acid via a thermal treatment, which increased the energy
input and the environmental risk. In this regard, it necessitates
exploration of bifunctional electrocatalysts with acidic and metallic
sites capable of processing raw lignocellulosic biomass directly.
As a whole, electroreforming of glucose into hydrogen and
commodity chemicals (e.g., GNA, GRA, and formate) has been
already implemented on the lab-scale, showing its potential to
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(a) Schematic illustration for the preparation of NiFeN,-NF and NiFeO,-

Time (h)

NF catalysts. (b) Comparison of glucose electroreforming and water electrolysis

over cathodic NiFeN,-NF and anodic NiFeO,-NF catalysts. (c) Long-term durability tests of glucose electrolysis. (d) Evaluation of revenues and costs between
electrocatalysis and non-electrolysis routes towards the conversion from glucose to GRA. Reprinted with permission.?”® Copyright 2020 Nature Publishing
Group. (e) Schematic illustration for the formate production from lignocellulosic glucose. (f) LSV curves of different substrates over NIOOH/a-Fe,Os. (g) Faradaic
efficiencies to formate at 1V for 2h over NiIOOH/a-Fe,O3z using different feedstocks. (h) Chronoamperometry data and faradaic efficiencies for formate
evolution at 1V in sawdust-derived sugar solution over NiOOH/a-Fe,Os for 100 h. Reprinted with permission.?8% Copyright 2023 Nature Publishing Group.

replace the conventional thermal routes currently industria-
lized. However, much effort is still needed to tackle some
drawbacks identified in aforementioned investigations, such
as the leaching of active components in electrocatalysts. Taking
example of Au-based electrocatalysts,*® although Au-based
electrodes are less prone to deactivation by product adsorption,
the leaching of Au is substantial (up to 70 wt% with 6 cycles),
which is responsible for low glucose conversion and high
selectivity to desirable products, thus necessitating the catalyst
reutilization via minimizing the leaching of active components.

910 | EES Catal, 2023, 1, 892-920

5. Mechanism investigation

In view of the above-mentioned cases, transition-metal-based
materials have been deemed as catalysts for electrooxidation of
organics. The surface or even bulk reconstruction in catalysts
during electroreforming has been widely accepted. For
instance, the in situ generated CoO, motifs over CoOOOH is
regarded as active species for biomass oxidation via “electro-
chemical-chemical”®® or “hydride transfer”**® mechanisms,
whereas the direct evidence for Co*" ions remains lacking.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Therefore, deciphering the real catalytic sites is vitally impor-
tant to establish a clear structure-activity relationship within
electroreforming of solid waste.

5.1 Operando spectroscopy

In situ/operando spectroscopy is recognized as a powerful tool to
investigate catalyst structural adaption during electrocatalysis,
with well-documented studies reported concerning potential-
dependent atomic configuration of materials for electrooxida-
tion of organics.”®” % Duan et al.*®*' employed in situ Raman
tests and corroborated with operando X-ray absorption spectro-
scopy, to reveal the real active sites for glucose oxidation. As
revealed in Fig. 10a, the Co-O mode in CoOOH occurred when
the potential increased from 1.1 to 1.3 V, which then disap-
peared once the potential exceeded 1.3 V. Meanwhile, the high-
valency Co*"-O species (i.e., CoO, motifs) were formed when
the potential ranged from 1.4 to 1.6 V. Interestingly, once
glucose was introduced, Co*"~O species disappeared and the
COOH mode re-appeared, showing that the CoO, motifs were
the real catalytic sites for glucose oxidation. Operando XAS

View Article Online
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spectroscopy, as a complement to the Raman results, was
further carried out, with the aim of investigating the oxidation
state of Co in CoOOH under catalytic conditions. By comparing
the potentiodynamic Co oxidation state in the electrolyte with/
without glucose (Fig. 10b and c), it was deduced that the Co**-O
species and partially reduced Co>*-O sites were available for
glucose oxidation. In another case, Chen et al’** studied
systematically that how the proton and oxygen anion (de)inter-
calation processes in hydroxide catalysts govern the elementary
reaction steps in glycerol electrooxidation. As demonstrated
in Fig. 10d-f, the Raman band for NiOOH appeared on the
surface of Ni hydroxide throughout the potential windows in
KOH electrolyte but could be not observed when glycerol was
injected. By contrast, the Raman modes, corresponding to
NiOOH or CoOOH, were observed when the electrochemical
measurements were carried out over both NiCo and Co hydro-
xide, regardless of being in KOH electrolyte with/without gly-
cerol. These results showed that the proton deintercalation
from the lattices of the NiCo and Co hydroxide was preferred
relative to the glycerol dehydrogenation process.
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Fig. 10 (a) In situ Raman spectra of CoOOH during the OER and glycerol oxidation. (b,c) XANES profiles of CoOOH in 1 M KOH without (b)/with (c) 0.1 M

glycerol. Reprinted with permission.?®! Copyright 2023 John Wiley and Sons. (d)~(f) In situ Raman spectra for (d) Ni hydroxide, (e) NiCo hydroxide, and (f)
Co hydroxide in 1 M KOH without (left) and with (right) 0.1 M glycerol. Reprinted with permission.®2 Copyright 2022 Nature Publishing Group. (g) In situ
ATR-FTIR spectra of the CuO and CuO-PdO catalysts at different potentials during HMF electrooxidation. (h) In situ ATR-FTIR spectra of the CuO and
CuO-PdO catalysts at 1.3 Vrye. (i) In situ ATR-FTIR spectra of the CuO and CuO-PdO catalysts. Reprinted with permission.?®* Copyright 2022 John Wiley

and Sons.
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Apart from elucidating the catalyst structural evolution
under reaction conditions, understanding in depth the reaction
mechanism is essential to design a high-performance catalyst,
but challenging owing to a broad spectrum of reaction inter-
mediates, products, and by-products involved in plastic-/
biomass-derived feedstock electrooxidation. In situ Fourier
transform infrared (FTIR) spectroscopy is a widely used means
to shed light on the adsorption ability of the intermediates and
the reaction pathway towards oxidation of organics. Zou et al.***
utilized in situ attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy to investigate the adsorption
properties of the reaction intermediates over CuO before and
after introduction of PdO (Fig. 10g-i). With the increase of the
potential, the intensity of the peak at 1212 cm ™, corresponding
to the C-O stretching vibration peak of the HMF substrate and
intermediates, increased more obviously over CuO-PdO relative
to bare CuO (Fig. 10g and h), implying that more HMF mole-
cules were enriched on CuO-PdO. Meanwhile, the CuO-PdO
interface allowed a stronger adsorption capability of OH species
than CuO, as evidenced by its higher O-H vibration peak
intensity (Fig. 10i). It should be noted that if the reaction
intermediates share a lot of structural similarities, they are hard
to distinguish using in situ FTIR spectroscopy. Taking the
glycerol oxidation as an example,**® aldehydes and carbonyl
acids as intermediate products contain carbonyl groups, which
makes it difficult to identify them via only observing the typical
peak at around 1740 cm ™" (carbonyl group).

Broadly, operando or in situ spectroscopic techniques have
definitely provided useful information on the catalyst structure
dynamics and reaction mechanisms. However, there are some
limitations present in the in situ spectroscopy study. A major
issue is that the spectra are recorded at an ensemble level, that is,
an average signal of all responsive reaction species is collected,
which may hide the key information on the real catalytic species
and thus be misleading.>** Only when each species on the
catalyst is identical and clearly defined will the obtained spectra
reflect the real information on each individual site. Given all this,
the rational design of electrocatalysts with a well-defined struc-
ture is extremely crucial for deciphering the real active species
and reaction mechanism using in situ spectroscopy.

5.2 Theoretical simulations

In parallel to significant efforts made for reaction mechanism
investigation by using advanced in situ spectroscopy, computa-
tional simulations as a supplementary means are carried out in
an orderly manner. In our recent work, to highlight the advan-
tages of a Pt/NiOOH heterostructure for the selective transfor-
mation of ethylene glycol to glycolic acid with respect to bare Pt
and NiOOH, the adsorption ability and the reaction pathway are
calculated.*"* As shown in Fig. 11a, the Pt/NiOOH interface
enabled the lowest adsorption energy for ethylene glycol among
all the models, indicating the favorable reactant adsorption
process over Pt/NiOOH. Meanwhile, the reaction pathway on
Pt/NiOOH, with bare Pt as a reference model, was studied
(Fig. 11b). The results showed that the free energy change of
the potential-determining step (PDS) was thermodynamically
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uphill over bare Pt, but was downhill over Pt/NiOOH, revealing
that the process for glycolic acid evolution was promoted by the
design of the Pt/NiOOH interface. In a similar vein, Hu et al.>*>
utilized density functional theory (DFT) calculations to confirm
the reaction pathway from HMF to FDCA over InOOH and
oxygen-vacancy-rich InOOH (InOOH-Oy). As displayed in
Fig. 11c, both the InOOH and InOOH-Oy models preferred the
path that yields the HMFCA intermediate rather than that forms
DFF. In the favorable pathway, the free energy change of the
PDS, namely the step from HMFCA to FFCA, was determined to
be 0.54 and -0.41 eV for InOOH and InOOH-Oy, respectively,
which imply the promoted oxidation process from the hydroxyl
into aldehyde group over INOOH-Oy,. In addition to the reaction
pathway study, the d-band center of the catalyst has always been
regarded as a descriptor to explain the organic oxidation per-
formance, especially the product selectivity.”>® For instance, the
d-band center of Pd for Pd/Ni(OH), allowed a downshift as
compared to that for bare Pd, suggesting a weaker binding
strength of carbonyl intermediates over Pd/Ni(OH), during
ethylene glycol oxidation.*** Such a desorption ability prevented
the over-oxidation of the glycolic acid product, thus gaining
better selectivity to glycolic acid over Pd/Ni(OH),.

Theoretical simulations are also used to realize a high-
throughput screening of catalysts towards electrooxidation of
solid-waste-derived feedstocks. Li et al.>** calculated the limiting
potentials for furoic acid (FAC), 6-hydroxy-2,3-dihydro-6H-pyrano-
3-one (HDPO), and 5-hydroxy-2(5H)-furanone (HFO) over all the
transition-metal boride (MBene) catalysts and established three
scaling relations (the limiting potential as a function of ¢) based
on Sabatier’s principle (Fig. 11d-f). The calculation results
demonstrated that Mn,B,, Fe,B,, and Nb;B, were well-suited
for FAC generation, while Mn,B,, Fe,B,, and CrMnB, enabled
high activity for the oxidation of furfural to HDPO with low
limiting potentials. It should be noted that the ¢ value in this
case is considered as a descriptor of material properties devel-
oped for screening catalysts. Currently, the emergence of artificial
intelligence (AI) may accelerate the screening process, signifi-
cantly improving algorithms and developments in data science.
Actually, machine learning (ML), a simple and practical Al frame-
work based on computer and statistical science, has been used to
develop electrocatalysts for CO, reduction.>®® The application of
ML in solid waste upgrading will be expected to present a
paradigm shift, in which the next-generation electrocatalysts will
be designed and synthesized.

Conclusions and prospects

Throughout this review, we have summarized recent advances
in applying electroreforming strategies to transform solid waste
derivatives into value-added commodities. Meanwhile, pretreat-
ment methods for raw plastics and biomass are discussed in
detail, and the techno-economic evaluation of electroreform-
ing, compared with conventional overall water electrolysis, is
carried out. In spite of the continuous progress and the vast
potential opportunities, a wide array of challenges need to be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(@) The calculated adsorption energy for ethylene glycol over various catalysts. (b) The reaction pathways from ethylene glycol to glycolic acid

over Pt/NiOOH and bare Pt. Reprinted with permission.?** Copyright 2023 John Wiley and Sons. (c) Free energy diagrams for HMF oxidation over InOOH
and INOOH-Oy,. Reprinted with permission.?? Copyright 2023 Nature Publishing Group. (d—f) Scaling relation plot for furfural-upgrading limiting
potentials of MBenes as a function of the descriptor ¢ along the FAC (d), HDPO (e), and HFO formation (f), and the insets are the formulas
for ¢ calculation. Reprinted with permission.?°* Copyright 2023 John Wiley and Sons.

tackled to make electrochemical upcycling of solid waste into a
reality (Fig. 12), ranging from the technology flexibility for
converting complex feedstocks to the design of catalysts with
stability and impurity tolerance.

To begin with, the chemical diversity and complexity of raw
solid waste present a large barrier to realize electroreforming,
that is, pretreatment is of great necessity. Taking plastics as an
example, post-consumer plastics are physically mixed and
include complex materials (e.g., multilayer packages), and most
of the pretreatment methods, including chemical and biological
processes, only favor the selective depolymerization of single
plastic stream. Therefore, developing a pretreatment strategy

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

that allows the deconstruction of mixed plastics or biomass into
water-soluble platform molecules without sorting seems to be
desirable. Currently, depolymerization methods for biomass are
widely studied, but remain rare for mixed plastics. One trace-
able study by Beckham et al.>*® reported that metal-catalyzed
oxidation depolymerized comingled plastics into oxygenated
small molecules that could aid catalytic conversion. Essentially,
such a strategy for processing the mixed solid waste can be
paired with subsequent electrochemical valorization, which may
be revolutionary in the domain of chemical electrosynthesis.
Second, the pretreated solid waste contains not only organic
feedstocks but also inorganic ion impurities inherent in the
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solid waste, such as K, Ca, Zn, Fe, Al, and S,°° and these alkali
ions may be inert as they are components of commonly used
electrolytes. Other metallic ions, namely Zn, Fe, and Al, are detri-
mental to the electrochemical reactions, in the particular case of
their deposition on the electrocatalyst surface. The remaining sulfur
compounds are usually present at below the 200 ppm level, but
maybe lead to catalyst poisoning when they exist as a form of thiols
or sulfide ions. Thus, exploring catalysts with long-term durability
and impurity tolerance and high-performance membrane is needed,
with the aim of realizing a transition from single-component system
to a more realistic system.

Third, the electrocatalysts currently developed are in general
not feedstock-flexible, but are operable over a specific feedstock
(e.g., alcohol, aldehyde, and carboxylic acid). By contrast, the
feedstocks derived from solid waste, including raw biomass
and plastic streams, are inherently multi-component and het-
erogeneous. On the other hand, reactors favor the operation
over a range of potentials, whereas the networks of the renew-
able energy derived from intermittent power are not well
developed and conventional electrochemical systems seem to
perform poorly. In light of this it necessitates the exploration of
next-generation catalysts and reactors that are tailored for
complex feedstocks and intermittent power.

Last, but not least, although electroreforming strategies
achieve the upcycling of solid waste into commodity chemicals
and concurrent hydrogen evolution via cathode water reduction,
there is immense research space for further broadening the
utilization prospect. For instance, anodic organics oxidation can
be paired with CO, or CO reduction reaction,>*”**® which aims
to generate higher-value C; or C,. chemicals at the cathode
relative to hydrogen from the HER. Moreover, co-production of
the same valued chemicals from the two half-cells using differ-
ent cathode and anode feeds or even the sole feed seems to be

914 | EES Catal., 2023, 1, 892-920

other catalytic processes

Coupled with Reactor design and

manufacturing scalability
—

|
\ -\ \7

il v
P
Ha 5 (8
Value-added Industrial
products implementation

economically competitive and appealing as it avoids the extra
system complexity and separation cost.”?*°=%' Overall, it is
conceivable that the integration of the abundant available solid
waste, a broad range of catalysts and reactors, and renewable
electricity will undoubtedly make a breakthrough in the
chemical supply chain.
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