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Amidst the global pursuit of clean and sustainable energy, the transition towards a hydrogen economy holds
immense promise, yet is encumbered by significant storage challenges. Liquid organic hydrogen carrier
(LOHC) electrochemistry emerges as a promising solution to enable efficient and sustainable hydrogen
storage, meanwhile broadening the horizons of LOHCs for use as clean, renewable, and intense energy
carriers to store and generate electricity. In this perspective, we embark on a review of recent trends and
progress in LOHC redox electrochemistry, properties, and applications. We categorize electrochemically
active, regenerable LOHCs into alcohols, amines, aromatic compounds, aminoxyl species, and others,
based on their functional groups, with a keen emphasis on their electrochemical properties. Our
examination of electrochemically redoxable LOHCs, with a particular focus on secondary alcohols such
as isopropanol and cyclohexanol, primary amines such as ethylamine, aromatic compounds such as
quinones, and aminoxyl species such as TEMPO, unveils their vast potential across diverse applications
including ambient hydrogen storage, regenerative fuel cells for electricity generation, and rechargeable
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promising avenues for advancing sustainable hydrogen and energy storage solutions by harnessing the
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1. Introduction

The global demand for sustainable energy solutions has
prompted a transition towards cleaner energy sources such as
hydrogen. However, the challenges associated with hydrogen
storage and transportation hinder its widespread application.
To address these challenges, liquid organic hydrogen carriers
(LOHCs) have emerged as a promising alternative, offering
efficient and sustainable hydrogen storage and extending
energy storage possibilities even beyond hydrogen storage.
LOHC:s offer significant advantages for hydrogen storage and
energy applications by facilitating the release and uptake of
hydrogen through chemical reactions." Previous research
efforts mainly focused on LOHC thermal dehydrogenation/
hydrogenation processes for completing a hydrogen storage
cycle. However, the thermal chemistry approach poses chal-
lenges for reaction conditions, typically requiring elevated
pressure and temperature (10-50 bar and 100-250 °C for
hydrogenation, atmospheric pressure and 150-400 °C for
endothermic dehydrogenation).” In contrast, LOHC electro-

chemistry presents compelling perks over its thermal
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chemistry. The utilization of electrode potentials overcomes the
thermodynamics of endothermic reactions and promotes
kinetics, allowing operations at ambient pressure and temper-
ature. Electrification of LOHC chemistry can not only enhance
energy efficiency but also enable the direct use of LOHCs in
electrical energy storage devices, representing a significant
improvement over conventional thermal methods. Moreover,
the working principle of LOHC electrochemical cells helps
minimize the need for hydrogen separation after release,
enhancing the overall efficiency.’

Certain alcohols such as isopropanol (IPA)** and cyclohexanol”
have attracted significant research interest as LOHCs due to their
ease of acquisition from industrial processes. These alcohols can
undergo dehydrogenation to yield carbonyl derivatives as H-lean
LOHCs (LOHC_), which can subsequently be rehydrogenated to
H-rich LOHCs (LOHC,), establishing the basis for an alcohol-
based LOHC economy. Besides alcohols, some amines®*® and
aromatic compounds'** serve as potential LOHC candidates.
Noteworthily, ethylamine has been demonstrated as a promising
LOHC, boasting an impressive 8.9 wt% hydrogen storage content
and exhibiting highly reversible merit."* In a broader sense, any
chemicals configured with H-lean form and H-rich counterparts,
existing in a liquid phase during use, qualify as LOHCs. For
instance, the N-hydroxyphthalimide (NHPI) redox couple switches
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between the hydroxylamine and aminoxyl radical. This redox
couple undergoes a one-proton transfer reaction without the need
for catalysts and is typically dissolved in water or other solvents for
flow batteries.”>'* Therefore, this category extends to various
chemicals acting as energy sources, enabling hydrogen storage,
contributing to electricity generation through fuel cells, and
functioning as the anolyte or catholyte in flow batteries. With the
field of sustainable energy storage continuously evolving, there is
growing research interest in LOHCs and diverse unrecognized
LOHC categories. As recent reviews predominantly concentrate on
the application of LOHCs solely in fuel cells, it becomes imperative
to summarize recent advancements and trends in the broader
field of LOHCs. This includes highlighting the emerging role of
LOHCs in hydrogen storage, flow batteries and other innovative
energy storage technologies, as well as identifying future research
directions in LOHC development.

In this perspective, our focus is directed towards electro-
chemically active and regenerable LOHCs. We classify these
compounds according to their distinct functional groups and
delve into their electrochemical characteristics. Furthermore, the
perspective offers insights into the diverse applications of LOHC
electrochemistry, encompassing hydrogen storage, regenerative
fuel cells, batteries, and flow batteries. It culminates by
proposing avenues for future research aimed at enhancing elec-
trochemical properties of LOHCs and facilitating their wide-
spread integration into sustainable energy solutions.

2. LOHC redox electrochemistry

Electrochemically active and regenerable LOHCs represent
a class of compounds which can undergo redox electrochem-
istry, either with or without a catalyst. The LOHC electro-
chemical redox reactions under acidic and basic conditions can
be depicted with eqn (1) and (2), respectively.*>*®

oxidation

LOHC, == LOHC_ +nH" + ne” (1)

reduction

oxidation
LOHC, + nOH~ ===

reduction

LOHC_ +nH,0+ne”  (2)

In brief, LOHC, undergoes electrochemical oxidation above its
thermodynamic redox potential, resulting in dehydrogenation to
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LOHC_. When the electrode potential is below the redox potential,
the reverse process, ie., electrochemical reduction of LOHC_,
occurs that leads to its hydrogenation back into LOHC,. Table 1
summarizes some representative LOHC chemicals that have been
investigated for their electrochemical properties.

2.1. Fundamentals of LOHC electrochemistry

The underlying principles of LOHC electrochemistry stem from
straightforward reaction pathways that can be triggered by low
overpotentials. These reactions primarily involve facile activa-
tion and cleavage of H-bonds, such as O-H, N-H and C-H
bonds. As a result, the activation energy (E,) associated with
LOHC electrochemistry typically falls within a low to moderate
range. For instance, the E, of ethylamine oxidation was
measured to be 52.4 k] mol™* at 0.5 V vs. RHE, and the E, of
acetonitrile reduction was 11.6 k] mol~".** The relatively low E°
values of LOHC pairs, as shown in Table 1, facilitate these
reactions, when coupled with hydrogen electrochemistry reac-
tions, to be driven by minimal energy input, an important
feature to enable efficient hydrogen storage.

The LOHC electrochemistry can follow various mechanisms,
primarily governed by catalysts and reaction conditions.
Scheme 1a depicts a typical reaction pathway for LOHC elec-
trooxidation on transition metal catalysts."”” The absorbed
reactant forms bonds with the metal catalyst during electro-
oxidation, and the rate determining step (RDS) is the desorption
of the product. Another reaction pathway for LOHC electro-
oxidation proposed by Fleischmann et al. is the indirect oxida-
tion mechanism as shown in Scheme 1b."**° In this
mechanism, catalysts such as NiOOH act as chemical oxidizing
agents, initiating a reaction with the amine/alcohol via a rate-
limiting hydrogen atom transfer (HAT) step. This step trans-
fers a hydrogen radical from the a-carbon of the alcohol/amine
to NiOOH, reducing it to Ni(OH),. This regeneration occurs
rapidly, even at low overpotentials, and the overall rate of
oxidation remains unaffected by the applied potential, mainly
governed by the chemical HAT step. For LOHCs such as
anthraquinone (AQ), the reaction pathway depends on the
metal ions in the electrolytes.”* It undergoes a two-step single-
electron reductive reaction in metal ion electrolytes with a low
charge-to-radius ratio. Initially, AQ forms a radical anion [AQ]

Table 1 Representative electrochemically active and regenerable LOHCs and some physiochemical properties

Boiling point (° Water solubility (/100

LOHC,/LOHC _ E° (Vvs. RHE) H wt% C) mL)

Ethylamine/acetonitrile 0.13 (ref. 10) 8.9 16.6/82.0 Miscible/miscible

Isopropanol/acetone 0.12 (ref. 29) 3.3 82.6/56.1 Miscible/miscible

Cyclohexanol/cyclohexanone 0.15 (ref. 29) 2.0 161.8/155.6 3.6g/8.6¢

Methylcyclohexane/toluene 0.15 (ref. 30) 6.1 101/110.6 1.4 mg/51.9 mg

9,10-Dihydroxyanthracene-2,7-disulfonic acid/anthraquinone-2,7-disulfonic acid 0.2 (ref. 31) 0.5 —/— Soluble/>1 M

(AQDS)

1-Hydroxy-2,2,6,6-tetramethylpiperidine (TEMPOH)/2,2,6,6-tetramethylpiperidine N- —0.38 vs. 0.6 208.8/193 Soluble/1.0 g

oxyl (TEMPO) NHE*?

N-Hydroxyphthalimide (NHPI)/phthalimide N-oxyl (PINO) 1.30 vs. 0.6 —/— Slightly soluble/<100
NHE*? mg

This journal is © The Royal Society of Chemistry 2024
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which pairs with metal ions to create stable [AQ-M™]" V*
molecules (Scheme 1c). Spin-density analysis reveals delocaliza-
tion of spin densities for certain metal ions, facilitating dissoci-
ation from the AQ crystal and formation of red species in the
electrolyte. Additionally, metal ions such as AI**, Mg®", and Zn**
with larger charge-to-radius ratios form unstable radical species
due to higher spin densities localized on the metal centers. A
proton-assisted one-step two-electron reductive reaction mecha-
nism is proposed for certain aqueous solutions (Scheme 1c). High
binding energies between M"* ions and [AQ]*~ anions indicate
favorable metathesis reactions between AQ-H2 and metal ions,
leading to the formation of AQ metal products (AQ-M). Another
example is aminoxyl radicals, which exhibit distinctive redox
properties (Scheme 1d).** Aminoxyl radicals (1) undergo a revers-
ible one-electron oxidation to form oxoammonium species (2) and
a quasi-reversible one-electron/one-proton reduction to hydrox-
ylamines (3).
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Scheme 1 Reaction pathways of LOHCs. (a) The schematic reaction
pathway for 2-propanol electrooxidation on a Pd/Ni-foam electrode
in an alkaline medium with acetone as the sole product. Reproduced
with permission from ref. 17. Copyright 2011 Elsevier. (b) Proposed
mechanism for the indirect oxidation of amines at NiOOH electrodes
in alkaline agueous media. Reproduced with permission from ref. 18.
Copyright 2022 American Chemical Society. (c) Proposed redox
mechanism of AQ in different aqueous metal ion electrolytes.
Reproduced with permission from ref. 21. Copyright 2020 Elsevier. (d)
Simplified redox chemistry of aminoxyl radicals. Reproduced with
permission from ref. 22. Copyright 2018 American Chemical Society.
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2.2. Categories of LOHCs

2.1.1. Alcohol-based LOHCs. Primary alcohols such as
methanol and ethanol have long been utilized in fuel cells owing
to their promising electrochemical activity and low oxidation
potential.* However, their oxidation pathway typically results in
a complete conversion to CO,, raising the regenerability chal-
lenge and undermining their intended role as LOHCs.** The
onset potentials for electrooxidation of these alcohols are
comparable, hovering around —0.8 V vs. SCE, when using Pd/
TiO,-MWCNTSs catalysts (Fig. 1a).> While CO, is the predominant
oxidation product, there exists potential for partial oxidation of
methanol and ethanol to formate and acetate by discovering
selective catalysts (Fig. 1b and c).** Methanol electrooxidation can
proceed via generation of either CO-like, formaldehyde, or formic
acid intermediates (Fig. 1e).” Pd catalysts were reported to exhibit
interesting selectivity in converting alcohols to aldehydes and
subsequently to acids, rather than all the way to CO,.*

IPA, classified as a secondary alcohol, emerges as a more
promising LOHC due to its distinctive electrochemical and
physical attributes. The reversible nature inherent in secondary
alcohols renders them highly suitable for LOHC electrochem-
istry. Specifically, IPA electro-oxidation produces sole liquid
product acetone (ACE) that can be selectively reduced back to
IPA,*® enhancing its competitiveness as an LOHC (Fig. 1d). The
reported low onset potential for IPA oxidation, approximately
0.2 V vs. RHE using a Pd catalyst, and excellent selectivity
towards the ACE product underscore its electrochemical
viability, ensuring a controlled and efficient process.”* More-
over, the physical properties of IPA as well as ACE, including low
cost, low toxicity, 3.3 wt% hydrogen storage capacity, moderate
boiling point, and miscibility with water, contribute to its status
as a promising LOHC candidate under ambient conditions.
However, catalyst poisoning due to strong ACE adsorption was
reported in previous studies, which led to a decay in the IPA
electro-oxidation activity.* Addressing the catalyst stability
problem is thus crucial for IPA oxidation to ACE. Further
research endeavors are warranted to identify advanced catalysts
capable of catalyzing selective IPA oxidation and meanwhile
enhancing both reaction efficiency and catalyst stability.

Some other secondary alcohols also exhibit remarkable
electro-redox activity and selectivity. For instance, cyclohexanol
electro-oxidation shows a low onset potential of about 0.2 V vs.
RHE when using a Pt catalyst and produces cyclohexanone as
the only LOHC _ product. Notably, Pt can also effectively catalyze
electrochemical reduction of cyclohexanone, which regenerates
cyclohexanol.”® The high selectivity appears to be a distinct
advantage of secondary alcohols, as compared to primary ones.
This interesting characteristic, coupled with their physical
merits and electrochemical properties, positions secondary
alcohols as promising candidates for efficient and reversible
LOHC systems in hydrogen storage and energy applications.

2.1.2. Amine-based LOHCs. Amines constitute another
compelling category of LOHCs, attracting significant research
interest due to their high theoretical hydrogen storage capacity
and regenerative properties. For instance, ethylamine boasts an
impressive 8.9 wt% hydrogen capacity under ambient conditions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Electrochemistry of LOHCs. (a) Pd/TiO,-MWCNTs catalysts in 0.5 M NaOH + 1.0 M CH3OH (C,HsOH or CzH,OH) at a scanning rate of
50 mV s~*. Adapted with permission from ref. 25. Copyright 2015 Elsevier. Potential sweeps and formed oxidation products of (b) methanol, (c)
ethanol and (d) iso-propanol on a palladium electrode. The solid lines represent the potential sweep with sample collection and the dashed ones
without. Reproduced with permission from ref. 26. Copyright 2011 Elsevier. (e) Schematic of the parallel pathways for the electrocatalytic
oxidation of methanol. Reproduced with permission from ref. 27. Copyright 2022 Elsevier. (f) CV of a commercial Pt black catalyst-loaded
working electrode in 1 M NaOH aqueous solution with the addition of 1 M ethylamine, 1 M acetonitrile, and 1 M ethylamine + 1 M acetonitrile. (g)
'H NMR spectrum of the liquid product from ethylamine dehydrogenation obtained by applying 0.7 V vs. RHE for 10 h, with acetonitrile as
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Wu et al investigated ethylamine-acetonitrile electrocatalytic
redox properties and revealed low onset potentials of 0.19 V in
ethylamine electro-oxidation and 0.09 V vs. RHE in reverse
acetonitrile electro-reduction, respectively, using a commercial Pt
catalyst (Fig. 1f).” The liquid product analysis confirms acetoni-
trile as the sole liquid product of ethylamine dehydrogenation
(Fig. 1g), which was further validated by the detection of hydrogen
gas using a gas analyzer (Fig. 1h). In another significant finding,
Zhang et al. reported efficient electrocatalytic hydrogenation of
acetonitrile to ethylamine using a Cu catalyst in the presence of
dissolved CO,, with remarkable selectivity (99%) and faradaic
efficiency (94%) achieved.® It was proposed that the Cu catalyst
favors nitrile adsorption and dissolved CO, helps protect primary
amine generation from undesirable condensation reactions.
These findings demonstrate the potential of ethylamine as
a robust candidate for LOHC applications, owing to its highly
reversible electrochemical redox properties. Besides, its water
miscibility and low cost further enhance its suitability for diverse
hydrogen storage and energy applications.

2.1.3. Aromatic compound-based LOHCs. Some aromatic
chemicals were recognized for their reversible electro-redox
reactions, presenting them as promising LOHC candidates.
Among them, methylcyclohexane (MCH) stands out with
a hydrogen capacity exceeding 6.0 wt% and a low thermody-
namic MCH/toluene redox potential of 0.15 V vs. SHE. Previous
studies reported dehydrogenation of MCH to toluene and
benzene with a molar ratio of 94 : 6 in product distribution in
a solid oxide fuel cell (SOFC) at 420 °C.** Imada et al. investi-
gated toluene electrochemical hydrogenation and reported the
interesting catalytic properties of Rh,/Pt/C that are 2.7 times as
high compared to pure Pt.** Quinones, representing another
typical class of aromatic compounds as possible LOHCs,
possess interesting attributes due to their inherent ability to
undergo redox electrochemistry without the need for catalysts.
Moreover, their redox potential can be finely tuned by intro-
ducing various modifications to the aromatic ring.*® Yan et al.
investigated the rocking-chair electrochemical behavior of
9,10-anthraquinone (AQ) with different ions in the electrolyte
(Fig. 1i), revealing the highly reversible nature of AQ's redox
electrochemistry.”® Notably, proposed that AQ
undergoes a two-step redox process with a poor reversibility in
neutral or alkaline aqueous electrolytes and undergoes
a reversible one-step two-electron redox process facilitated by
protons in acidic electrolytes. In general, aromatic compound-
based LOHCs hold potential to be applied, given their inter-
esting redox electrochemistry properties and even requiring no
catalyst. It needs to be noted that this category of LOHCs
typically has a low water solubility that may restrict their
applications. Incorporating water-solubilizing groups through
modifications can enhance the solubility of such LOHCs,
thereby improving their performance.

it was
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2.1.4. Aminoxyl-based LOHCs. Aminoxyl species, such as
2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO) and phthalimide
N-oxyl (PINO), represent a unique class of potential LOHCs with
interesting electro-redox behavior facilitated by protons.* N-
Hydroxyphthalimide (NHPI) exhibits reversible oxidation/
reduction peaks in an aprotic acetonitrile electrolyte, gener-
ating PINO at 1.5 V that can be reduced back to NHPI at 1.3 V vs.
Ag/AgCl (Fig. 1j).** The introduction of water induces a negative
shift in redox potentials, suggesting hydrogen-bonding inter-
actions and a concerted electron-proton transfer mechanism.
TEMPO exhibits an electrochemical redox to corresponding
hydroxylamine (TEMPOH) at —0.38 V vs. NHE, displaying
a pronounced pH dependence under acidic conditions.*
Similar to quinones, these species can engage in catalyst-free
redox electrochemistry, posing a significant merit for use as
LOHCs in flow battery applications.

2.1.5. Other LOHCs. There exist other categories of organic
compounds that can be potentially applied as LOHCs but have
not garnered significant attention from researchers, primarily
due to the observed irreversible oxidation during their electro-
oxidation processes. Taking formic acid as an example,
although it has a decent hydrogen capacity and low toxicity, it
remains less competitive among other LOHCs because it
undergoes direct oxidation to CO, whereas efficient CO,
reduction to formic acid is still challenging.*® Similarly, the -
ascorbic acid (AA)/dehydroascorbic acid (DHA) pair can
undergo redox electrochemistry. However, DHA is not stable
and gets rapidly oxidized to irreversible products particularly
when the pH exceeds 8, limiting its practical viability."® These
instances highlight the crucial necessity for a comprehensive
understanding of these underappreciated LOHC candidates to
unlock their full potential and address the challenges hindering
their adoption.

2.3. Electrocatalysts for LOHC redox electrochemistry

Electrocatalysts play a crucial role in the electrochemical redox
processes of alcohol/amine-based and certain aromatic
compound-based LOHCs by lowering overpotentials and accel-
erating kinetics. As of now, the design of these electrocatalysts
predominantly centers on transition metal-based nano-
materials, known for their intriguing catalytic properties in
a broad range of redox reaction systems.

2.3.1. Catalysts for LOHC. electro-oxidation. Platinum
group metal (PGM) catalysts are frequently employed for the
electro-oxidation of LOHC,. When designing these catalysts, it is
essential to consider the operational pH environment of the
LOHC system. For example, amines typically require alkaline
conditions for efficient oxidation. Additionally, catalyst selectivity
is crucial to ensure the production of a single desired LOHC_
product, streamlining the reverse hydrogenation process to
LOHC,. While pure Pt exhibits excellent catalytic activity, it is
often prone to degradation due to strong intermediate/product

a reference. (h) Mass spectrum of the gas product from the counter electrode in the CH3sCH,NH, dehydrogenation experiment. Reproduced
with permission from ref. 10. Copyright 2021 American Chemical Society. (i) CV curves of AQ at 5 mV st in different 1 M HCL. Reproduced with
permission from ref. 21. Copyright 2020 Elsevier. (j) CVs of 2 mmol L™ NHPI at 20 mV s~* with increasing amounts of H,O, c[H,Ol (mol L™%):
0 (black), 0.28 (red), 2.6 (blue), and 5.1 (dark cyan). Reproduced with permission from ref. 33. Copyright 2020 Elsevier.
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absorption.'*”*** Consequently, Pt-based alloys are emerging as
viable alternatives for LOHC, electro-oxidation.

Catalyst selection for different LOHCs can be guided by
theories such as d-band (eg4) theory*” or descriptors such as the
work function® to predict the performance, which can then be
validated experimentally. For instance, integrating non-noble
metals such as Cu with Pt alters the electronic structure of Pt
through ensemble and ligand effects.**** Additionally, less
noble Cu provides OH™ species at lower potentials** and effec-
tively adjusts the d-band center of Pt, preventing its oxidation**
and thereby enhancing the LOHC, oxidation activity. Further-
more, engineering the morphology and geometry of the Pt-Cu
alloy catalyst can lead to higher performance, achieved through
techniques such as morphological tailoring and polyhedral
structures.*>**

2.3.2. Catalysts for LOHC_ electro-reduction. The electro-
reduction of LOHC_ back to LOHC, involves a hydrogenation
process. Recently, Pt and Pd have been discovered as potential
hydrogenation catalysts for nitrile and alcohol-based LOHC_
systems.*'***2%% Similar to LOHC. electro-oxidation catalysts,
the design of LOHC_ electro-reduction catalysts prioritizes
compatibility with the operational environment and high
selectivity towards a single LOHC, product, with activity and
stability being a secondary concern. Pt and Pd-based alloys are
considered promising candidates for LOHC_ reduction cata-
lysts, with their selection guided by the d-band theory and
confirmed through experimental screening.

2.3.3. Challenges and future directions. While notable
progress has been made in achieving excellent selectivity,
catalyst stability remains a persistent challenge in many LOHC
redox electrochemistry systems. Future efforts should concen-
trate on exploring stable catalysts devoid of poisoning effects,
with theoretical calculations playing a crucial role in predicting
catalyst behaviour. Ultimately, the advancement of bifunctional
electrocatalysts capable of facilitating both LOHC, oxidation
and LOHC_ reduction processes will advance the evolution of
LOHC technology.

3. Applications of LOHC redox
electrochemistry

The LOHC redox electrochemistry, when coupled with other
electrochemical reactions, can be utilized to fulfil a variety of
applications, particularly hydrogen storage and electrical energy
generation and storage applications. Different LOHCs possess
their own unique traits that would render them well-suited for
specific applications. For instance, ethylamine stands out as an
excellent choice for onboard hydrogen storage and electric
energy generation, thanks to its impressive hydrogen capacity.
Conversely, IPA demonstrates excellent suitability for stationary
hydrogen and energy storage applications due to its low cost
and low toxicity. LOHCs that have a good hydrogen capacity and
do not require catalysts may well suit batteries and flow
batteries for energy storage. Table 2 summarizes the applica-
tions of selected LOHCs and their respective performance.

This journal is © The Royal Society of Chemistry 2024

Table 2 Applications of selected LOHCs and their performance

Temperature

(°C)

Max power density

Reference

Stability

Specific capacity

%)

(mW cm

ocv (V)

Application

Catalyst

LOHC,

100
80

254

0.782
0.93

Fuel cell

Pt-Ru
Pt/C

Isopropanol

74.7

Fuel cell

Cyclohexanol
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3.1. Criteria for LOHCs in various applications

The applications of LOHCs span various domains, including
hydrogen storage, regenerative LOHC fuel cells, rechargeable
LOHC batteries, and LOHC flow batteries. While rapid and
reversible LOHC redox electrochemistry is universally desired,
different applications have different priorities and thus place
varying emphasis on the specific requirements of LOHCs for
effective implementation.

In hydrogen storage applications, paramount attention is
directed towards storage efficiency and capacity. Attaining a low
EJ. for LOHC electrolysis is vital to ensure an effective
hydrogen uptake and release cycle. Additionally, a high
hydrogen storage density, both in terms of LOHC mass and
volume, holds significant importance, especially in onboard
hydrogen storage applications. Conversely, for stationary, large-
scale applications, stringent demands on mass and volume are
somewhat relaxed, with cost and safety emerging as predomi-
nant factors.

Regenerative LOHC fuel cells are engineered for emission-
free, efficient electricity generation through the coupling of
LOHC electro-oxidation and oxygen reduction reactions. There-
fore, greater emphasis is placed on fuel cell energy and power
density. LOHCs with lower E° values facilitate higher Eg. values
and increased power output. Furthermore, a higher hydrogen
density in LOHCs results in more available hydrogen carriers for
utilization, thereby enhancing electrical energy generation.

In battery applications, the primary considerations for
LOHCs revolve around reversibility and specific capacity. Given
the need for in situ charge and discharge within a single device,
LOHC pairs must demonstrate high stability and selectivity
between LOHC, and LOHC_ chemicals to deter capacity decay.
Furthermore, specific capacity holds particular significance,
particularly in portable applications where energy density is
a primary concern. Therefore, a high hydrogen carrier density of
LOCHSs would be preferred.

In the realm of flow batteries, primarily utilized for
stationary energy storage, more emphasis is placed on revers-
ibility and rechargeability rather than specific capacity. Flow
batteries favor LOHCs that do not necessitate catalysts, aligning
with their intended purpose of providing large-scale and cost-
effective energy storage solutions. Consequently, low-cost
LOHCs devoid of catalysts emerge as good options for flow
battery applications.

3.2. Hydrogen storage

Hydrogen storage represents the foremost application of LOHC
electrochemistry. In a pivotal contribution, Wu et al. intro-
duced a framework for a sustainable hydrogen economy,
centering on the electrochemical ethylamine/acetonitrile redox
method for hydrogen storage (Fig. 2a)." Employing a custom-
made 10 cm? electrochemical cell, they probed the H, uptake
and release processes, effectively simulating a complete H,
storage cycle. The electrochemical cell exhibited commendable
durability in H, uptake through acetonitrile electrochemical
hydrogenation, maintaining notable current levels and show-
casing an augmented H, uptake rate at higher cell voltages. The
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efficacy of H, release was underscored by continuous H,
generation with nearly 100% faradaic efficiency (FE). Energy
consumption analysis validated the method's efficiency,
particularly at slower rates, highlighting its potential for
sustainable hydrogen storage (Fig. 2b). Notably, the electro-
chemical ethylamine/acetonitrile redox method outperformed
existing approaches by its capability to achieve an impressive
8.9 wt% hydrogen storage capacity under ambient conditions,
aligning with the 2025 Department of Energy (DOE) onboard
hydrogen storage target. The cell durability was assessed
through chronoamperometry experiments conducted at
various voltages. Initially, the current exhibited a sharp decline
within the first few minutes, followed by a more stable behavior
for the remainder of the experiment at constant voltage, indi-
cating favorable cell durability. However, when the voltage was
intermittently toggled on and off to simulate startup and
shutdown operations, the current decayed more rapidly.
Moreover, as the voltage increased, the decay rate intensified.
This phenomenon is likely attributed to the gradual deactiva-
tion of the Pt black catalyst under these stability test condi-
tions. The discovery of a more robust catalyst is imperative to
improve the stability.

In a follow-up study, Li et al. focused on the electrolysis of
ethylamine and showcased a remarkable H, production rate
of 309 umol h™" with an impressive 97% FE at room temper-
ature.®” Moreover, the process yielded acetonitrile with a 100%
FE at a cell voltage of 0.6 V. This signifies a notable
advancement in ethylamine electrolysis for H, release,
demonstrating both speed control and excellent selectivity
under ambient conditions. The stability of ethylamine elec-
trolysis was evaluated via chronoamperometry, revealing
rapid current decay from 81 mA cm > to 9 mA cm > within 15
minutes, indicating catalyst deactivation. In situ attenuated
total reflectance Fourier-transform infrared (ATR-FTIR) char-
acterization showed stronger adsorption of primary amine-
related peaks over time, suggesting intermediate accumula-
tion on the catalyst surface. A regeneration cycling experiment
involving a negative voltage sweep effectively recovered initial
current density, with subsequent linear sweep voltammetry
indicating a 14% drop in final current density compared to an
80% drop without treatment. FTIR spectra demonstrated
desorption of accumulated species with negative voltage
treatment, regenerating active sites and alleviating perfor-
mance degradation.

3.3. Regenerative LOHC fuel cells

The electrochemical redox properties of LOHCs lay the foun-
dation for their direct utilization as regenerative fuels in fuel
cells for electrical energy generation. Unlike traditional liquid
fuel cells, such as direct methanol fuel cells (DMFCs), which
encounter issues related to their complete oxidation to emit
CO,, the electro-oxidation of LOHC,s produces their corre-
sponding LOHC _ that can be facilely hydrogenated to regen-
erate the original LOHC;,s, forming a closed loop and having no
emissions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 LOHC electrochemistry for hydrogen storage and regenerative fuel cells. (a) Schematic drawing of a full-cell system that realizes
a complete cycle of hydrogen storage under ambient conditions by coupling the electrochemical ethylamine/acetonitrile redox method with the
HER/HOR, with hydrogen production from renewable energy and hydrogen applications included to illustrate a sustainable hydrogen economy.
(b) Full-cell with ethylamine/acetonitrile /-V curves for H, uptake and release steps, and corresponding power consumption. Reproduced with
permission from ref. 10. Copyright 2021 American Chemical Society. (c) Power density curves of a direct quinone fuel cell. Reproduced with
permission from ref. 31. Copyright 2023 American Chemical Society. (d) Conversion of H18-DBT-bound hydrogen to electricity in a sequence of
transfer hydrogenation of ACE to IPA in a transfer hydrogenation reactor (THR) followed by use of the formed 2-propanol as organic fuel in
a subsequent PEM fuel cell. (e) Current—voltage curves of different fuels (IPA, methanol, and hydrogen (dry and wet)). Reproduced with

permission from ref. 3. Copyright 2019 Royal Society of Chemistry.

Taking regenerative IPA fuel cells as an example, IPA reacts
with air to generate electricity and meanwhile produces ACE and
water as products. Then ACE can be hydrogenated back to IPA
on-board, by coupling ACE electro-reduction and water oxidation
reactions. Alternatively, the produced ACE can be collected and
centralized to regenerate IPA for re-use. In a study by Sievi et al.,
they presented a concept using perhydro-dibenzyltoluene (H18-
DBT) as the hydrogen transport vector to reduce ACE to IPA.
Subsequently, they employed IPA as the fuel in a proton
exchange membrane fuel cell (PEMFC) for electricity generation
(Fig. 2d).? The initial validation confirmed the selective forma-
tion of IPA from ACE with H18-DBT as the hydrogen source and
Pt/C as the catalyst, demonstrating the feasibility of the reaction
under relatively mild conditions (190 °C). In a semi-continuous
experiment under ambient pressure conditions with a 0.3 wt%
Pt/AlO, catalyst at 170 °C, they achieved a 13.6% yield of IPA after
1 h, affirming the viability of acetone hydrogenation with the
assistance of H18-DBT. The performance of the IPA fuel cell was
then evaluated with a commercial DMFC setup with a PtRu/C
anode and compared with other established fuel cells such as

This journal is © The Royal Society of Chemistry 2024

hydrogen and methanol. Fig. 2e illustrates the corresponding I-V
curves of the fuel cells, indicating that the performance of the
IPA fuel cell is three to four times lower than that of hydrogen but
significantly better than that of methanol. Importantly, this
process requires no external heat input and demonstrates
promising potential for over 50% efficiency, surpassing tradi-
tional dehydrogenation/fuel cell approaches.

Quinone was demonstrated as another candidate for the
regenerative fuel cell application, offering a cost-effective
alternative by eliminating the need for catalysts. Yurko et al.
reported an anthraquinone-2,7-disulfonic acid (AQDS) fuel cell,
which delivered three times peak power density of a DMFC
without the application of any catalyst at the anode (Fig. 2c).*
The cell demonstrated reversibility when switched into elec-
trolyzer mode, with the oxidized AQDS solution being
completely regenerated within 25 min. The chemical stability of
AQDS was evaluated over 35 cycles, revealing a slight decrease in
total charge passed during AQDS oxidation cycles, possibly
indicating crossover or self-discharge mechanisms. Material
degradation from acidic conditions may promote AQDS
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disproportionation, while cathode degradation and poisoning
by leaked AQDS could further impact performance. Enhancing
material strength and selecting improved membranes can
reduce crossover and enhance stability.

3.4. Rechargeable LOHC batteries

With the capacity for in situ regeneration, LOHC redox electro-
chemistry can be utilized in rechargeable battery application,
with LOHCs being integrated for use as active electrode mate-
rials. Building upon the approach of hydrogen gas batteries,
Tang et al. introduced a new concept employing LOHCs as
anodes instead of H, gas in batteries.” Their study focused on
two LOHC redox couples, ie, cyclohexanol (CHOL)/
cyclohexanone (CHON) and IPA/ACE, and investigated their
electrochemical redox properties under half-cell conditions in
a 1 M KOH electrolyte. CV and H'NMR analysis confirmed the
reversible interconversion between CHOL and CHON and
between IPA and ACE. Coin cells employing LOHC-loaded Pt/CC
as the anode and Ni(OH),/NF as the cathode exhibited prom-
ising performance (Fig. 3a). The CHOL cell achieved
a maximum specific capacity of 374 mA h ¢~ ' (Fig. 3b), while the
IPA cell reached 525 mA h g~'. Notably, both cells showed high
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cell voltage comparable to hydrogen gas batteries, while
exhibiting significantly higher specific capacities (Fig. 3c).
Cycling tests revealed fair cyclability for the CHOL cell and
a rapid decay in discharge capacity for the IPA cell (Fig. 3d),
attributed to catalyst deactivation caused by poisoning. Further
electrochemical impedance spectroscopy (EIS) and distribution
of relaxation times (DRT) analysis provided insights into the
mechanistic aspects of LOHC batteries, indicating slower reac-
tion kinetics for both CHOL/CHON and IPA/ACE anode reac-
tions compared to Li-ion batteries. The study highlighted the
potential of LOHCs for energy storage applications in
rechargeable batteries, with opportunities for improving cata-
lyst stability and performance in the future.

In another study, a hydronium-ion battery employing
a soluble methylene blue (MB) anode and a MnO,@graphite felt
cathode was introduced (Fig. 3e).* The anode undergoes a -C=
N/-C-N-H functional group transition, demonstrating
a maximum capacity of 1324 pA h cm™> at 2 mA cm™> and
exceptional cycle stability with 93% retention over 7500 cycles.
In situ and ex situ characterization studies reveal MB's highly
reversible interfacial redox reaction and robust ring skeleton
stability. When coupled with the MnO,@graphite felt cathode,
the MB//MnO, batteries achieved an energy density of 198 uW h

——~ Energy Density
a b C
Anode 14 (O Hydrogen battery ey
> [ O Proton battery o
4 Current Collector 130ffOR o 3500 * This work
LOHC =l 0.2 mg/cm? PYCC & e
12 5 cycle 4004 N
= E
@ ) AEM 2., z
. . 3" " gooor
T Ni(OH), on Ni foam % - 4" cycle 8 WOPTO MO0, Lo
3 ! e
Current Collector \ §2°° B = s _g
- 09 ) 3%cycle & okt
S5  sping I\ 100 roorsoeeaorea ’@E?m:aqm““’“' |
08 2% cycle _éﬁ Q Ef A o
Cathode [ e = nowp G
[ 100 200 300 400 500 04 06 08 10 12 14
d Specific capacity (mAh/g) Voltage (V)
150 f Capacity (MAh cm?)
0 75 155 235 315
;1 35 15
=120
-%105 A1'2 —0.4mAcm?
3 2 0.9 —— 0.8 mA cm?
0.90 g’ & ——1.5mA cm?
075 . L gos Byl
o 1 2 3 4 298 299 300 S 6mA cm?
g Time (h) 0.3 7.5 mA cm?
gmo 38 0.0
g 8of
H 0 50 100 150 200
8 oof Capacity (mAh g)
2
g 40
b g S
S 20 — <
g - - x - &
5 o 50 100 150 200 250 & 2
5 Cycle number o s
z c 5 ©
£ p i £
z 600 | **"s i 2 %
8 ssol” <", ‘ 2 0 2
8 ., { 8 @ Charge @3 mAcm? 'g
H 300 e ‘ §' s o Discharge - {20 8
£ o i . : : , 8
§ % 10 20 0 40 W 5 2000 4000 5000 i
a

Cycle number

Cycle number
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CHON/CHOL to other hydrogen batteries and proton batteries. (d) Cycling life and efficiency of the Ni(OH),/NF-LOHC/Pt/CC batteries.
Reproduced from ref. 29. Copyright 2023 American Chemical Society. (e) Schematic illustration of the operation mechanism of MB//MnO,
hydronium-ion batteries. (f) GCD curves of MB//MnO, hydronium-ion batteries at various current densities. (g) Cycle stability of MB//MnO,
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em 2 (Fig. 3f) and outstanding long cycle stability exceeding
8000 cycles (Fig. 3g). These findings paved the way for high-
stability LOHC hydronium-ion batteries, leveraging the advan-
tages of high conductivity, economic benefits, and environ-
mental friendliness.

3.5. LOHC flow batteries

Aqueous flow batteries are gaining recognition for their safety,
cost-effectiveness, and scalability, positioning them as a prom-
ising option for next-generation energy storage and conversion.
The growing popularity of LOHC flow batteries stems from their
structural diversity, tailorability, and potential for low cost.'**
Fig. 4a depicts the reactions for benzoquinone, phenazine, and
naphthalenediimide in acidic aqueous electrolytes, high-
lighting their ability to undergo deprotonation, a working
principle shared among LOHCs. These organic compounds can
be strategically paired with other organic or inorganic redox
couples to form a flow battery to store electricity.>* For example,
Jin et al. exploited the potential of a water-miscible quinone,
specifically 1,8-bis(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)
anthracene-9,10-dione (AQ-1,8-3E-OH), by constructing a full
cell using concentrated AQ-1,8-3E-OH negolyte and 0.31 M
ferrocyanide posolyte. The negolyte achieved a record volu-
metric capacity of 80.4 A h L™, with a theoretical limit of 120.1 A

View Article Online
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h L' when AQ-1,8-3E-OH transitions into a liquid at tempera-
tures exceeding 35 °C. Polarization experiments showed higher
OCYV across all state-of-charge (SOC) levels compared to a low-
concentration cell (Fig. 4b and c). Though the high-
concentration cell exhibited increased viscosity that impacts
mass-transfer rates, a peak power density of 0.17 W cm™> was
maintained. Cycling experiments demonstrated a capacity fade
rate of 0.5% per day or 0.043% per cycle over 220 cycles, with
a current efficiency averaging 99.90% (Fig. 4d). They attributed
the capacity fade solely to the decomposition of the active
material in the negolyte by identifying the decomposition
products, which may be controlled by adjusting the electrolyte
environment and inert atmosphere. To enhance energy density,
the study paired the 1.5 M negolyte with a more concentrated
posolyte, achieving a peak power density of 0.22 W cm™> and
accessing 94% of theoretical capacity. These findings hint at the
potential of LOHCs for high-stability hydronium-ion batteries
with remarkable energy density.

4. Outlook

In this perspective, our exploration of LOHC redox electro-
chemistry involved categorizing LOHCs based on their distinct
functional groups, alongside an introduction and summary of
their electrochemical properties and applications, particularly
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Fig. 4 LOHC electrochemistry for flow batteries. (a) Schematic illustration of a two-electron transfer for benzoquinone, phenazine, and
naphthalenediimide in acidic aqueous electrolytes. Reproduced with permission from ref. 53. Copyright 2020 American Chemical Society. (b)

Cell voltage and power density versus current density at room temperat

ure at 10%, 30%, 50%, and ~100% SOC. Electrolytes comprised 7 mL of

1.5 M AQ-1,8-3E-OH (negolyte) in 1 M KCland 150 mL of 0.31 M potassium ferrocyanide and 0.31 M potassium ferricyanide (posolyte) in 1 M KCL.

(c) OCV, high frequency, and polarization ASR versus SOC. (d) Current

efficiency and charge—discharge capacities versus time and the cycle

number. Reproduced with permission from ref. 48. Copyright 2019 American Chemical Society.
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for hydrogen storage and electrical energy storage and genera-
tion. We mainly focused on organic molecules, either in liquid
form or dissolved in liquid when utilized as carriers that can
reversibly take up and release hydrogen through electro-
chemical redox reactions. This would include previously
underexplored candidates such as PINO and phenazine.
Previous studies have clearly demonstrated great potential and
unique advantages of LOHC redox electrochemistry in different
applications, for instance, the capability to take up and release
H, for its storage under ambient conditions, the merit of
enabling regenerative fuel cells that generate clean electricity
without emission, and the feasibility of constructing energy-
intensive rechargeable batteries and flow batteries for elec-
tricity storage.

4.1. Challenges at the fundamental level

Meanwhile, there are remaining research challenges that are
hindering understanding and application of LOHC redox elec-
trochemistry. At the fundamental level, gaining a deeper
knowledge of LOHC redox electrochemistry mechanisms is
imperative. Advanced approaches such as density functional
theory (DFT) and in situ spectroscopy can unveil intricate
details, assisting in elucidating intermediate species and reac-
tion pathways, understanding reaction reversibility, kinetics,
selectivity and stability properties, and identifying governing
factors to guide catalyst discovery. These are especially crucial
in the case of LOHC electrochemical reactions that require
a catalyst, in which catalyst selectivity and stability often pose
a significant challenge. Research efforts need to prioritize the
discovery of robust catalysts to address issues such as side
reactions and poisoning to enhance selectivity and stability
performance. Furthermore, establishing structure-property
relationships is essential in catalyst research to identify supe-
rior catalysts with high activity, selectivity, and stability.

4.2. Challenges at the application level

At the application level, other physiochemical properties of
a LOHC, including but not limited to gravimetric and volumetric
hydrogen capacity, cost, safety, eco-friendliness, storage and
operating conditions, solubility, etc., are also important factors to
consider besides its electrochemical redox properties. It is chal-
lenging to obtain a LOHC with ideal properties from every
perspective. Prioritization and trade-offs are often needed to
apply LOHC electrochemistry for specific applications. Different
categories of LOHCs, owing to their characteristics, offer distinct
advantages tailored to various applications. For onboard
hydrogen storage and electrical energy generation that typically
demand intense energy, LOHCs with high gravimetric and
volumetric hydrogen capacities, such as ethylamine, render
them promising candidates. For stationary hydrogen storage and
energy storage and generation scenarios that impose fewer mass
and volume restrictions, LOHCs with low cost and eco-
friendliness and meanwhile decent hydrogen capacity, such as
isopropanol, serve as promising candidates. Those that require
inexpensive or even no catalyst materials would be even more
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ideal candidates for such applications, paving the way for cost-
effective systems that eliminate dependency on precious metals.

4.3. Potential future directions

The integration of LOHC redox electrochemistry with existing
electrochemical redox reactions has been emerging to transform
LOHCs as clean energy carriers, beyond their hydrogen carrier
role, for electricity storage and generation using regenerative fuel
cells, rechargeable batteries and flow batteries. LOHCs hold
a great promise for these energy applications with advantages
such as low cost, high charge capacity, and safe operation. The
research and development in this field is still at the rudimentary
stage. Therefore, extensive studies, at both fundamental and
applied levels, are crucial for deepening our understanding and
performance control of LOHC-based regenerative fuel cells,
rechargeable batteries and flow batteries. For example, in the
realm of flow batteries, the use of redox couples such as TEMPO
as active materials for the electrolyte often leads to higher costs
associated with the flow battery strategy. Therefore, there is
substantial potential for cost reduction in flow batteries by
adopting readily available LOHCs such as IPA and ethylamine as
active materials, sourced directly from industry.

Overall, the continuous exploration of LOHC electrochem-
istry and its diverse applications, propelled by the quest for
sustainability and enhanced efficiency, signifies it as a dynamic
and burgeoning field. With their multifaceted potential, LOHC
electrochemical technologies stand at the forefront of innova-
tion, poised to redefine the landscape of hydrogen and energy
storage solutions for the future. As researchers delve deeper into
the intricacies of LOHC systems, uncovering novel electro-
chemistry mechanisms and unlocking new avenues for prac-
tical implementation, the significance of this field is expected to
continue growing exponentially. Indeed, the trajectory of LOHC
research points towards a transformative impact on the energy
sector, promising to revolutionize how we store, transport, and
utilize renewable energy in a sustainable and environmentally
conscious manner.
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