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As a fuel or energy carrier, hydrogen has been identified as a key way to decarbonize electricity, industry,
transportation, and heating sectors. Hydrogen can be produced by a variety of methods, among which
water electrolysis driven by renewable energy is sustainable and nearly carbon-free. To use hydrogen
widely, storage and transportation over long distances are another key issue. Apart from storage at high
pressure and low temperature, hydrogen can be stored in organic compounds via chemical bonding
under relatively mild conditions. Efficient utilization of hydrogen includes hydrogen fuel cells as an
alternative to internal combustion engines. From the above scenarios, catalysis and reaction media are
the key factors for realizing hydrogen energy implementation. lonic liquids (ILs) offer new opportunities
due to their tunable functional groups, low vapor pressure, and stable structures as additives, solvents,
and charge transfer materials. ILs are known to produce solid catalysts with controllable properties, dec-
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orate solid catalysts with modified electrons and geometric structures, and serve as electrolytes and
hydrogen storage media. This review summarizes and recaps the recent progress in how ILs act as a cor-
nerstone to support the production, storage, and utilization of hydrogen. Furthermore, critical challenges
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Introduction

As the world’s population is growing and living standards are
improving, the demand for energy is significantly growing. By
far, the vast majority of the world’s energy demand is still
dependent on fossil sources (e.g., petroleum, natural gas, and
coal), leading to energy crises, carbon dioxide (CO,) emissions,
and even political tensions. Therefore, it is urgent and necess-
ary to find new and clean energy sources that can reduce
carbon emissions to accelerate the energy transition, especially
in industry and transportation sectors." Hydrogen is the most
abundant element on Earth and has been explored as a prom-
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and future research directions of ILs in hydrogen energy applications are also outlined.

ising energy carrier due to its high energy density as well as its
renewable and green nature.”™* In particular, surplus power
from renewable energy can be converted into hydrogen and
stored as a back-up. During the peak load periods on the grid,
power generated by hydrogen can be fed into the grid. Such a
way significantly improves the utilization efficiency of renew-
able energy, reduces abandoned wind and solar energy,
enhances grid dispatchability, and ensures grid security.
Therefore, hydrogen energy is critical to the future construc-
tion of a multi-energy supply system, which may represent a
longstanding clean energy solution. By 2050, hydrogen energy
is expected to support 18% of global energy,” and countries
are taking ambitious action to seize this opportunity toward
carbon neutrality.®”

Hydrogen does not purely exist in nature, and its pro-
duction relies heavily on energy input. It can be manufactured
from various sources, including both renewable and non-
renewable sources. Hydrogen production from fossil fuels has
reached the highest level of technical readiness, but the
process is accompanied by large emissions of CO,. Further
purification and carbon capture and storage techniques
require additional costs. Hydrogen production through
water electrolysis has the advantages of high purity and zero
carbon emissions and has been identified as the most promis-
ing green hydrogen supply technology for the future.®
The challenge associated with water electrolysis is high power
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consumption, which originates from the low efficiency of the
electrodes, requiring active, durable, and inexpensive electro-
catalysts as well as low fluid-resistance electrolyzers.’

Another obstacle that hinders hydrogen energy implemen-
tation is the cost and immaturity of hydrogen storage under
mild conditions. The compressed-gas and cryogenic-liquid
hydrogen storage not only causes high energy penalties and
rigorous requirements for containers but may also raise safety
concerns. Hydrogen storage alloys have the advantages of high
safety and high hydrogen purity but face problems of low gravi-
metric capacity and slow kinetics. New hydrogen storage
media are desirable, such as liquid organics.'® In such media,
dehydrogenation is a catalytic process using highly efficient
catalytic agents.' Recently, ammonia has also been realized as
a hydrogen storage carrier. Although it requires large amounts
of energy for cracking and the subsequent hydrogen com-
pression at the end-user site, ammonia is easily liquefied for
transportation.’> Ammonia produced by the traditional
Haber-Bosch method results in giant carbon emissions. The
new method through electrocatalysis using N, and water to
produce ammonia under ambient conditions is promising but
requires electrocatalysts to activate inert N, and suppress by-
product formation.

The hydrogen fuel cell, in which hydrogen reacts with
oxygen to produce electricity, is one of the most iconic techno-
logies for the utilization of hydrogen. Hydrogen fuel cells are
promising candidates to replace internal combustion engines
without the limitations of the Carnot cycle and have been
proven to be desirable for heavy-duty vehicles. The critical
challenge is the sluggish kinetics of the oxygen reduction reac-
tion (ORR) at the cathode. The current catalyst of choice is
platinum (Pt), but its cost, mass activity, and durability are still
unsatisfactory. Recent efforts have concentrated on reducing
the Pt loading through alloying with Earth-abundant metals.
In addition, new catalytic interfaces are also desirable to
improve ion and charge transfer as well as mass transport, and
to avoid corrosion.™
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To ensure that hydrogen energy is more secure and afford-
able to release its potential, critical issues must be addressed.
The abovementioned scenarios for hydrogen production,
storage, and application share common problems of high cost,
low efficiency, and poor stability of catalysts. Ionic liquids (ILs)
could offer a solution to these problems. ILs are capable of
facilitating electrocatalysis and thermocatalysis in the follow-
ing ways: (1) ILs are known to act as surfactants or stabilizers
to regulate the shape, particle size, and defect level of catalyst
particles, thereby enhancing catalyst intrinsic activity and
active site density;'* (2) ILs can be designed to contain metal
and metal-free elements, which serve as sacrificial precursors
to produce catalysts;'® (3) ILs can be immobilized on the
surface of a solid catalyst to form a solid catalyst with an IL
layer (SCILL) and regulate catalytic activity, durability, and
selectivity;'® (4) ILs are favorable electrolytes or electrolyte
additives due to their high ionic conductivity;'” and (5) ILs can
serve as hydrogen storage media that can be hydrogenated
based on imidazole or phenyl rings'® or can serve as additives
to activate amineborane-based materials.'® Although ILs have
the advantages described above, there are still concerns about
their biological and environmental toxicity, which require
careful handling during the process.>

Therefore, improving the intrinsic activity and active site
density by rational design of ILs and IL-particle interactions is
a new concept for enhancing the efficiency of electrocatalytic
and thermocatalytic processes involved in hydrogen energy. In
this respect, ILs will serve as a new cornerstone to support the
implementation of hydrogen energy. ILs have been proven to
be excellent electrolytes and catalysts and assist in materials
synthesis.> > While some insightful reviews have summar-
ized IL applications in several scenarios, such as the hydrogen
evolution reaction (HER),"*® hydrogen storage’” and fuel
cells,”® the overall picture of how ILs support hydrogen energy
is still missing. This review provides a summary of the recent
progress in IL assistance in producing solid catalysts and IL-
catalyst interactions, and their success in facilitating hydrogen
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Scheme 1 The application of ionic liquids in hydrogen energy.
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production, storage, and application (Scheme 1). As we have
recently carried out comprehensive reviews of the use of ILs in
synthetic ammonia,***° this part will not be included in this
review. Finally, critical challenges and perspectives on future
research on IL applications in hydrogen energy are also
highlighted.

Application of ionic liquids in water
electrolysis

The advantages of ILs in facilitating water electrolysis are
mainly reflected in the synthesis of highly efficient electrocata-
lysts where the particle size, active site exposure, and electronic
structures can be controlled by the interfacial microenvi-
ronment. Additionally, ILs can act as binders and electrolytes
to accelerate ion transfer and mass transport during water elec-
trolysis. The research work from these aspects is reviewed in
this section.

Ionic liquids to regulate electrocatalyst synthesis

Due to steric hindrance, static electricity, viscosity stability,
and solvation forces, ILs have been used in the synthesis of
electrocatalysts to control their structure, morphology, and
properties, and such successes have also been applied to water
electrolysis, i.e., in the preparation of highly active and durable
electrocatalysts for the cathodic HER and the anodic oxygen
evolution reaction (OER). The HER performance of the ILs con-
trolled electrocatalyst is summarized in Table 1.

Lau et al. investigated the effects of aromatic and non-aro-
matic ILs on the synthesis of MoS, as an HER electrocatalyst.
It was found that the MoS, regulated by [BMIM][TfO] and
N-butylpyridinium trifluoromethanesulfonate ([BPy][TfO]) had
higher crystallinity and possessed more unstacking/de-layering
structures compared to those regulated by non-aromatic ILs,*!
and such a high edge exposure was desirable for HER occur-
rence. The MoS, synthesized in [BMIM][TfO] had the best HER
performance, delivering 529 pA at —533 mV, which benefited
from the effects of strong molecular interactions, H-bond

This journal is © The Royal Society of Chemistry 2023
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acidity, and aromatic properties of ILs on the structure of
MoS,. Liu et al. presented the mediation of [BMIM][BF,] to
prepare MoS,/NG composites.®® Through electrostatic inter-
actions, [BMIM][BF,] stabilized the edge sites of MoS, and
induced a delaminating morphology of the MoS, crystals,
thereby enhancing the HER electrocatalytic activity. In particu-
lar, with the addition of 1.0 mL [BMIM][BF,], the acquired
MoS,/NG-IL10 displayed high HER performance and achieved
136.3 mA cm 2 at an overpotential of 300 mV in 0.5 M H,SOy,,
which is 7.4 times greater than that of MoS, without
[BMIM][BF,] mediation. Zhang et al. used [BPy]|[Br] as a struc-
ture directing agent to synthesize 1T/2H-MoS,.** The result
indicated that the proportion of the metal 1T phase in 1T/
2H-MoS, can be increased due to steric hindrance and the
n-stacking interaction of [BPy][Br], thus promoting active site
exposure and enhancing charge transfer. When the proportion
of the 1T phase in 1T/2H-MoS, reached 91.9%, the best HER
performance was achieved with a Tafel slope of 59 mV dec™*. A
facile synthesis strategy to directly grow a network of
Cog6Niy 4Se,-LN on carbon cloth was investigated,® where
[C12MIM][Ac] played an important role in the construction of
the 3D hierarchical architecture. The resulting Cog ¢Nig 4S€,-LN
has the characteristic of a layered structure with sufficient
active sites and channels for the transfer of electrolyte ions
and electrons, leading to a low HER overpotential of
163 mV@10 mA cm™2 in 0.5 M H,SO,.

ILs can also serve as sacrificial precursors, such as metal
sources, carbon sources, and heteroatom sources, to produce
electrocatalysts through pyrolysis. To use ILs as metal sources,
Zhang et al. prepared ordered mesoporous -catalysts of
MoC@C using [BMIM],[M00,].>> Uniform particle sizes
(5 nm) of MoC with a highly crystalline structure were obtained
due to the action of SBA-15 silica hard-template mediated pore
channels, contributing to a low HER overpotential of
110 mV@10 mA cm™2 in 0.5 M H,SO,. Nanostructured Ni,P
and Ni;,Ps were developed using [P,444][Cl] as the reaction
source by a microwave heating method,*® which dramatically
reduced the reaction time. In 0.5 M H,SO,, Ni,P has a better
HER overpotential of 102 mV than Ni;,Ps of 182 mV at 10 mA
em™. [Pg 6,6,14)2[CoCly] could serve as a source of Co and P for
the preparation of Co,P/CNTs by means of a phosphidation
step mixed with CNTs,*” and the resulting Co,P was uniformly
distributed on CNTs to acquire only 150 mV at 10 mA cm > for
the HER. Ying et al. used [OA][H,PO,]| as a source of P to
produce Ni,P,0;,.*® The [OA][H,PO,] assisted synthesis not
only speeds up the reaction process, but also offers a rich
source of P for the manufacturing of metaphosphate, resulting
in a low HER overpotential of 116 mV at 10 mA cm™> in 1.0 M
KOH. [BMIM][Cl] was applied as a source of both carbon and
nitrogen to prepare NHCS-W.?° The dielectric constant of the
solvent (e.g., water and ethanol) affects the dissociation/associ-
ation of the IL precursor, thus affecting the morphologies and
structures of the prepared carbon spheres. A solvent with a
high dielectric constant is beneficial for the formation of
hollow structures to enhance the water-splitting performance.
The prepared NHCS-W was used as both the cathode and
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc01003a

Open Access Article. Published on 29 maggio 2023. Downloaded on 07/11/2025 17:17:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

anode catalysts, which only required 1.61 V to achieve 10 mA
cm™2. An eutectic IL of Ni-MA composed of NiCl,-6H,O and
malonic acid with a mole ratio of 1:5 was pyrolyzed to
produce NiS,@GO.*° The unique structure of the encapsulated
NiS, in the GO shell improves the kinetics and the exposure of
the active sites. Consequently, the NiS,@GO electrocatalyst
shows both a reduced HER overpotential of 57 mV and an OER
overpotential of 294 mV at 10 mA cm™> in 1.0 M KOH. The
strategy of using 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([BMIM][PF¢]) as a dopant to introduce oxygen
vacancies in N, P, and F tri-doped MoS,/NPF-CoFe,0, was
studied by Sun et al.,*" showing that [Bmim][PF,] not only
modulated the electronic structure of MoS,/NPF-CoFe,0,, but
also constructed an amorphous structure with abundant
oxygen vacancies, contributing to a low OER overpotential of
250 mV at 10 mA cm 2 in 0.1 M KOH (Fig. 1).

Poly(ionic liquid)s (PILs) are a special type of IL that have
both ionic properties and long chains, and also have the
potential in the preparation of water-splitting catalysts. The
PIL of PVEIB was applied to prepare an HER catalyst composed
of NiS,-MoS,/PVEIB/PPy/GO.** PVEIB played a crucial role in
combining NiS,-MoS, and PPy/GO with good stability and
induced the formation of the 1T phase in MoS,, leading to a
small HER overpotential of 205 mV@10 mA cm > in 0.5 M
H,S0,. Different morphologies of bismuth sulfides (Bi,S;)
were synthesized by Gao et al. using poly(1-methyl-3-(4-vinyl-
benzyl)-imidazolium chloride) (PIL-1), poly(diallyldimethyl-
ammonium bis(trifuoromethanesulfonyl)imide) (PIL-2), and
poly(3-ethyl-1-vinylimidazolium bromide) (PIL-3) as addi-
tives.** Notably, owing to the different properties of cations
and anions, the backbone architectures of the PILs could be
selectively coupled to specific crystal faces, modulated and
even templated for sequential growth, thus significantly
enhancing their effectiveness in regulating the nucleation and
growth of inorganic materials (Fig. 2a-c). As shown in Fig. 2a,
nanowires, hexagonal plates, and mesostructured plates of
Bi,S; were obtained by adjusting PIL-1, PIL-2, and PIL3,

Table 1 The HER performance of IL controlled electrocatalysts
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Fig. 1 (a) Schematic illustration of the synthetic strategy for the MNC
hybrid, and (b) OER polarization curves without iR-compensation. (c)
The elementary steps and binding energies of the intermediates during
the OER. Reproduced with permission.** Copyright 2018, Wiley-VCH.

respectively. The obtained Bi,S;-nanowires showed the best
OER performance, close to that of RuO, at 10 mA cm™2 in 0.1
M KOH. Ding et al. used an IL as the precursor and CoCO; to
form a novel IL containing Co species (Fig. 2d and e),** The
prepared novel IL was further reacted with CNTs by polymeriz-
ation to form a PIL-Co/CNT electrocatalyst with PIL and Co
species well dispersed on the CNT surfaces. CoSSPIL/CNT
afforded much better OER activity (1.64 V vs. RHE at 10 mA
em~?) compared to Co30,/CNT and CoCOs.

Ionic liquids to modify electrocatalytic interfaces

The electrochemical activity can be improved by modifying the
electrode surface and constructing a well-defined solid/liquid
or solid/liquid/gas three-phase junction, impacting the
charge/ion transfer, mass transport, and hydrophilic/hydro-

ILs Electrocatalyst Electrolyte Overpotential (mV vs. RHE)@10 mA cm™  Tafel slope (mV dec™)  Entry™"
BMIM][TfO] MoS, 0.5 M H,S0, — 156 1%
BMIM|[BF,] MoS,/NG 0.5 M H,SO, 150 48 232
BPy|[Br] MoS, 0.5 M H,S0, 259 59 3%
C1,MIM][Ac] Coy 6Nig 4Se,-LN 0.5 M H,SO, 163 40 43
BMIM],[M0oO,]  MoC 0.5 M H,S0, 110 — 5%
Pa444][C]] Ni,P 0.5 M H,SO, 102 46 63¢
Paaaa)[Cl] Ni;,Ps 0.5 M H,SO, 182 80 736
Pg 6.614)2[COCly]  Co,P/CNTs 0.5M H,S0, 150 47 8%
OA][H,PO,] Ni,P,0;, 1.0 M KOH 116 97 938
BMIM][CI] NHCS-W 1.0 M KOH 196 101 10°%

Ni-MA NiS,@GO 1.0 M KOH 57 47 1140

PVEIB NiS,-MoS,/PVEIB/PPYy/GO 0.5 M H,SO, 205 49 12*

[BMIM][TfO]: 1-butyl-3-methylimidazolium trifluoromethanesulfonate; [BMIM][BF,]: 1-butyl-3-methylimidazolium tetrafluoroborate; NG: nitro-
gen-doped graphene; [BPy][Br]: N-butyl pyridinium bromide; [C;,MIM][Ac]: 1-dodecyl-3-methylimidazoliumacetate; Co, ¢Nig 4Se,-LN: loofah-like
Coy,6Nig 4Sez; [BMIM],[M0O,]: 1-butyl-3-methylimidazole molybdate; [P,444][Cl]: tetrabutylphosphonium chloride; [Pe ¢ 6,14]2[COCl,]: trihexyl(tetra-
decyl)phosphoniumtetrachlorocobaltate; CNTs: carbon nanotubes; [OA][H,PO,]: N-octylammonium hypophosphite; [BMIM][Cl]: 1-butyl-3-methyl-
imidazolium chloride; NHCS-W: nitrogen-doped hollow carbon spheres with nanoporous shells; Ni-MA: NiCl,-6H,0 : malonic acid 1 : 5; GO: gra-
phene oxide; PVEIB: poly(1-vinyl-3-ethylimidazoliumbromide); PPy: polypyrrole
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(a) PILs controlled the structures of Bi,Ssz, (b) OER linear sweep voltammetry (LSV) curves of Bi,Ss and RuO,, (c) Tafel slope of Bi,Ss and

RuO,. Reproduced with permission.** Copyright 2016, Wiley-VCH; (d) preparation procedure of CoSSPIL/CNT, and (e) cyclic voltammogram (CV) of
CoSSPIL/CNT compared to different samples of CNT, SSPIL/CNT, CosO4/CNT, and CoCOs. Reproduced with permission.** Copyright 2018, Wiley-

VCH.

phobic properties. Gidi et al. prepared and characterized
hybrid electrocatalysts using N-octylpyridinium hexafluoro-
phosphate ([OPy|[PF¢]) and mineral oil as the binder on
multi-walled carbon nanotubes (MWCNTs).*> The prepared
MWCNT/[OPy|[PFs] presented high HER electrocatalytic
activity and stability in 0.1 M H3PO, solution (pH = 7), as
[OPy][PF¢] significantly improved the conductive performance
and increased the electroactive area of the electrodes. The
faradaic efficiency of the MWCNT/OPyPF, system for hydro-
gen production was determined to be 60% at —0.30 vs. Ag/
AgCl, and the sample obtained an extremely high TOF of
16274. Ji et al. used a hydrophobic IL, 1-methyl-2,3,4,6,7,8-
hexahydro-1H-pyrimidol[1,2-a]pyrimidinium bis[(trifluoro-
methyl)sulfonyl]imide ([MTBD][NTf,]), to modify CoS, micro-
spheres where different amounts of IL were used during the
evaporation process.*® All the CoS,-IL composites exhibited
improved OER activity compared to CoS, microspheres, and
the resulting catalyst could require a low OER overpotential
of 310 mV at 10 mA cm™>. The Tafel slope and impedance
show improved ionic conductivity and the IL-induced hydro-
phobic environment at the CoS,/electrolyte interface provides
a favorable microenvironment for triggering the OER process
(Fig. 3).

PILs can also be used as surface modifiers. Pham Truong
et al. demonstrated that the prepared poly(vinyl-imidazolium-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) OER LSV curves of the bare GC electrode, commercial
20 wt% Pt/C, CoS, and IL-modified CoS, and (b) the derived Tafel plots.
(c) OER LSV curves of IL-modified CoS, before and after 1000 CV tests.
(d) Schematic illustration of the oxidation of water. Reproduced with
permission.*® Copyright 2018, the Royal Society of Chemistry.

methyl), ie., poly(VImM), enhanced electrocatalytic activity by
modifying the Pt catalyst.”” The hierarchical polymer brush
structure accelerated the electron transfer and also the accessi-
bility of water and oxygen. Compared to the Pt/C electrocata-
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lyst, Pt/C/poly(VImM) exhibits a higher current density and
lower OER overpotential, benefiting from the chemical compo-
sition and unique structure of poly(VImM).

Pandey et al. theoretically studied the geometric and elec-
tronic properties of a hybrid catalyst composed of [BMIM][T{O]
and (TiO,), (n = 2-12) nanoclusters, and the HER catalytic
activity was predicted by the density functional theory (DFT).*®
The calculation results show that the system AG of the hydro-
gen adsorption for the [BMIM][TfO]/(TiO,)s is close to the
ideal value (0 eV), suggesting a superior HER performance
than that of the conventional Pt-based catalyst (Fig. 4).

Ionic liquids to improve electrolyte conduction

The electrolyte is also regarded as a key factor for determining
the efficiency of an electrolysis system. The addition of an IL to
aqueous electrolysis systems is promising to improve ion con-
ductivity, reduce the activation energy, and modify the intrin-
sic structure of the electrode-electrolyte interfaces. The HER
performance of various transition metal electrocatalysts (Ni,
FeCr,, FeCrg, FeMn;,, Ni,;, and Mo) was tested using a 10
volume% aqueous solution of [BMIM]BF,] as the
electrolyte.*”*® These six electrodes showed high efficiencies
in the range of 94.6%-99.2%, indicating that almost all the
consumed charges were involved in hydrogen production. A
particularly high electrochemical performance of 77.5 mA
em™? at —1.7 V using a Pt quasi reference electrode (PtQRE)
was achieved on the Mo electrodes, which can be explained by
the enhanced proton donating properties of water on the pre-
adsorbed imidazolium surface with reduced activation energy.
Fiegenbaum et al. investigated the water electrolysis perform-
ance in an electrolyte of 0.1 M triethylammonium-propanesul-
fonic acid tetrafluoroborate ([TEA-PS][BF,]).”’>* The electrical
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Fig. 4 (a) AG for hydrogen evolution at equilibrium potential of the IL

and IL/(TiO,), systems, (b) summary of calculated overpotentials for the
IL and IL/(TiO,), systems, (c) HER activity volcano plot of exchange
current [log (ip)] plotted against AG of hydrogen adsorption in an acidic
medium, and (d) schematic illustration of HER on the IL/(TiO;)s system.
Reproduced with permission.*® Copyright 2021, American Chemical
Society.
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conductivity is 132.5 mS cm™' for [TEA-PS|[BF,], which is
higher than those of [BMIM][BF,] (25.8 mS ecm™'), KOH
(96.5 mS cm™"), and KCl (52.3 mS cm™'). In 0.1 M
[TEA-PS|[BF,], the HER current density of a PtNi/C catalyst
increased significantly from 97 to 149 mA cm™> at —2.0 V vs.
PtQRE as the reaction temperature increasing from 25 to
80 °C, following a Volmer-Heyrovsky mechanism (Fig. 5).
Subsequently, 0.1 M [TEA-PS][BF,] was applied for the HER
study using vitreous carbon (VC), pyrolytic carbon (PC) and
moulded graphite (MG) as the cathodic materials,>® among
which the VC and PC electrodes in 0.1 M [TEA-PS]|[BF,] pre-
sented higher performance compared to the Pt cathode,
showing lower activation energy, higher cathodic exchange
current, and lower charge transfer resistance. However, the use
of MG for hydrogen production in this system is not rec-
ommended due to the deactivation of MG in 0.1 M
[TEA-PS|[BF,). Amaral et al. evaluated the effect of adding 1-2
vol%  1-ethyl-3-methylimidazolium acetate ([EMIM][Ac]),
1-ethyl-3-methylimidazolium ethyl sulfate ((EMIM][EtSO,]) and
1-ethyl-3-methylimidazolium methanesulfonate
((EMIM][MeSO;]) to an 8 M KOH electrolyte on the HER per-
formance.>® The best performance was obtained with the
addition of 2 vol% [EMIM][MeSO;]. The HER performance in
IL-added KOH has a higher Tafel slope, lower overall impe-
dance coefficient, and higher exchange current density than
that in IL-free KOH, evidencing the importance of ILs as elec-
trolyte additives. Amaral et al. studied 1-butyl-3-ethylimidazo-
lium bromide [BEIM][Br] and 1,3-diethylimidazolium bromide
[EEIM][Br] as the electrolyte additives with a content of 1-2
vol% in 8 M KOH for HER evaluation.® In general, the
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Fig. 5 (a) Effects of the potential on the current density with different

electrolytes for water electrolysis: (a) [BMIM][BF,], (b) [TEA-PS][BF,], and
(c) KOH, and (b) effects of temperature on the current density for 0.1 M
[TEA-PS][BF,4] at —2.0 V and —4.8 V. Current density (i) is expressed in mA
cm™2. Reproduced with permission.>® Copyright 2013, Elsevier. (c) Tafel
plots for the HER on Pt/C, PtNi/C and PtMo/C in 0.1 M [TEA-PS][BF,],
and the (d) schematic representation of the Volmer—Heyrovsky mecha-
nism for the HER. Reproduced with permission.>? Copyright 2017,
Elsevier.
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bromine based ILs, with the exception of 2 vol% [EEIM]|[Br],
which resulted in slight increases in Tafel slopes, could
improve the electrolyte properties. Thimmappa et al. chose
10%  diethylmethylammonium trifluoromethanesulfonate
([Dema-H]|[TfO]) aqueous solution as the electrolyte to study its
effect on the HER and OER performance.’” The study revealed
that the IL-water system enabled two types of proton conduc-
tion, including H;O" and [Dema-H]|'". The HER electrocatalysis
was accelerated by the reduction of [Dema-H]|" to [Demal), and
[Dema] could be reprotonated at the anode by accepting
protons from the OER.

In addition to adding ILs to aqueous electrolytes, ILs can
also serve as polymer electrolyte additives for membrane elec-
trode assemblies (MEAs). The protic IL [Dema-H][TfO] pos-
sessed good thermal stability, and high ionic conductivity at
intermediate temperatures, and was used by Thimmappa et al.
to fabricate a polymer electrolyte membrane based on a
polytetrafluoroethylene (PTFE).>® It was found that [Dema-
H]|[TfO] almost completely filled the pores of the PTFE mem-
brane. The low gas permeability was also confirmed by an H,
crossover test, in which H, flowed to one side of the mem-
brane (1 atm) and nitrogen flowed to the other side (50 em®
min~"). As the temperature increased, the HER overpotential
associated with the reduction of [Dema-H]" decreased by
approximately 200 mV at 100 °C. The decrease in the HER over-
potential with increasing temperature can be explained by the
enhancement in kinetics and decrease in pK, of [Dema-H]"
with increasing temperature. A single cell water electrolyser
with the [Dema-H][TfO] impregnated membrane was success-
fully operated at 100 °C and 50% RH. This shows good water
uptake of protic IL from the vapor phase, which is promising
for intermediate-temperature water electrolysis (Fig. 6).

lonic liquid application in hydrogen
storage

Due to their physicochemical properties, ILs have different
roles to play in the field of hydrogen storage.”® For example,
light-weight and hydrogen-rich ILs can be used directly as
hydrogen storage materials. Additionally, ILs can also be used
as catalysts for dehydrogenation.
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Fig. 6 (a) SEM surface morphology of (a) the unfilled PTFE membrane,
(b) [Dema][TfO] impregnated PTFE membrane and below images of both
membranes, (b) ionic conductivity of [Dema-H]*[TfO]" filled in the PTFE
membrane filter, and (c) OER and HER in IrO, and Pt/C MEA with
humidified (100% RH) N, at 5 mV s~ (inset figure for the lower potential
region) at 20 °C. Reproduced with permission.’® Copyright 2020,
Elsevier.
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ILs as hydrogen storage materials

The ILs with efficient hydrogen storage capacities were for the
first time discovered by Doroodian et al.®® Guanidinium-based
borohydride ILs of (N;Hg)CBH, and (N3;Hg)CBH, were
obtained in tetrahydrofuran (THF) with guanidine chloride
and sodium borohydride at 0 °C, as well as by mixing methyl-
guanidine hydrochloride and sodium borohydride in the THF
slurry at room temperature, respectively. The results indicated
that (N3;He)CBH, had a good hydrogen storage capacity, i.e., up
to 10.7 wt% hydrogen, while for (N;HzC)CBH,, 9.0 wt% hydro-
gen could be released under thermal and catalytic conditions.
Their high capacity to release pure hydrogen rendered these
ILs as promising hydrogen storage materials. Rekken et al.®!
developed a series of task-specific ILs: the N-substituted
amine-borane ILs (N-ABILs), combining three different cations
(imidazolium®, pyrrolidinium’, and pyrazolium') with three
different anions (CI7, OTf~, and Tf,N”), and their hydrogen
storage capacity was investigated. It was found that the CI-
based IL had a higher capacity than OTf- and Tf,N- based ILs.
The optimized MeImEtABCl had a hydrogen storage capacity
of 2.3 wt%. In addition, ILs can be mixed with other com-
pounds to form liquid materials. For example, N-ABILs were
mixed with amine-borane (AB) in different equivalents, result-
ing in improved hydrogen storage performance compared to
pure N-ABILs. Using this strategy, EtImPrABT{,N:AB with a
ratio of 1: 5 achieved a hydrogen storage capacity 4.9 wt%.

In contrast to the well-studied borohydride ILs, also known
as tetrahydroborates (containing BH,), octahydrotriborate ILs
(containing B;Hg™) have also attracted a great deal of interest
as intermediates in the thermal decomposition of borohydride
ILs. For example, Chen et al.®* prepared guanidine octahydro-
triborate ((N3Hg)C(B3;Hg)) from NaB;Hg and guanidine chloride
by ball milling or reaction in THF. Theoretically, ((N3Hs)C
(B3Hjg)) possesses a hydrogen storage capacity of 13.8 wt% due
to the feature of 6H in the cation and 8H in the anion. The
corresponding dehydrogenation characteristics were investi-
gated. The dehydrogenation occurred in multiple steps when
the solution was treated at 100 °C. After 95 hours, approxi-
mately 6.5 equivalents or 12.9 wt% of hydrogen was released,
with approximately 4 equivalents of hydrogen being released
in the first hour.

In addition to the hydrogen storage properties of ammonia
borane and borohydride ILs, five-membered B/N anionic chain
complexes and liquid organic hydrogen carrier ILs also
showed excellent hydrogen storage properties. For example,
the synthesis and dehydrogenation of four kinds of five-mem-
bered B/N anionic chain ILs, [Bu,N]|[BH3(NH,BH,),H],
[EtyN][BH;3(NH,BH,),H], [C(NsH,)|[BH;(NH,BH,),H], and [C
(N3;H5CH;)][BH;(NH,BH,),H], were systematically investigated
by Chen et al.®® Fig. 7 shows the release of hydrogen from
these four prepared IL aqueous solutions under the action of
catalysts. Among the catalysts investigated, RuCl; showed
excellent activity, catalyzing the release of hydrogen from all
four ILs within 2 min (about 33-34 mL, 8 equivalents of hydro-
gen). The catalytic activities of NiCl, and Pt/C were similar, but
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Fig. 7 Metal-catalyzed hydrolytic H, release from the aqueous solution
of (a) [BusNI[BH3(NH2BH2)-H], (b) [EtsNI[BH3(NH2BH2) HI, () [C
(N3sHg)I[BH3(NH,BH),H], and (d) [C(N3HsCH3)l[BH3(NH,BH,),H] at room
temperature.®® Copyright 2021, Wiley-VCH.

lower than that of RuCl;, while no catalytic activity was
observed for FeCl;. This work provides insight into the ILs
with the five-membered B/N anionic chain and further devel-
opment of the chemistry of boron and nitrogen.
Hydrogenation of ILs was performed by Stracke et al.'® and
no hydrogenation of the imidazole ring was found, which
means that in principle not any imidazole-based IL could be
used as the liquid-organic hydrogen carrier (LOHC) system.
Subsequently, Deyko et al.®* developed ILs containing carba-
zole molecules as hydrogen-carrying sites using bis(trifluoro-
methylsulfonyl)imide imidazolium-based ILs (Fig. 8b), and
compared the imidazole cation with carbazole. The results
suggest that it was better to use the —(CH,);- linkers to
connect N and Si atoms. N-(3-Trimethylsilylpropyl)carbazole
was successfully hydrogenated with high selectivity and no by-
product with a low boiling point was formed. When the Pt/C
was introduced as a hydrogenation and dehydrogenation cata-
lyst, the theoretical total gravimetric hydrogen capacities of the
synthesized ILs were 2.05 and 1.58 wt%, respectively.

Ionic liquids as dehydrogenation catalysts

ILs can serve as excellent catalysts for ammonia borane
dehydrogenation.®>®® For example, Sahler et al. tested the cata-
lytic activities of various ILs towards the dehydrogenation of
ethylene diamine bisborane (EDB).®” It was found that the
addition of certain ILs to EDB favors the dehydrogenation reac-
tion. However, the adverse effects on the hydrogen yield
(Fig. 9) also existed. The properties of imidazolium ILs are
polarity-dependent, in which polar ILs are more favorable for
the reaction than non-polar ones. A more in-depth study of
1-butyl-2,3-dimethylimidazolium  chloride = ([BMMIM][CL])
showed that the [BMMIM]CI/EDB mixture was capable of pro-
ducing approximately 6.5 wt% hydrogen at 140 °C. The hydro-
gen content of morpholine borane is lower than that of
ammonia borane, but the hydrogen production from morpho-
line borane is less expensive than from ammonia borane.
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Mishra et al. investigated the thermal dehydrogenation of mor-
pholine borane in the presence of ILs,*® reporting the release
of 1.46 equivalents of hydrogen at 60 °C and 1.75 equivalents
of hydrogen at 80 °C. The amount of hydrogen released was

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Catalytic dehydrogenation of 2-methylindoline to 2-methyl-
indole in the liquid—liquid biphasic catalyst system using Crabtree’s cata-
lyst. Reproduced with permission.®° Copyright 2019, The Royal Society
of Chemistry.

significantly higher than that released by the dehydrogenation
of hydride solid without ILs, which was equivalent to 0.62
equivalents of hydrogen.

ILs are also excellent catalysts for LOHC. Sggaard et al. used
a cationic iridium (Ir) complex immobilized in [PPh,][NTf,] as
a catalyst to study the dehydrogenation process (Fig. 10).%°
They combined a molten salt catalyst immobilisation strategy
with a homogeneous catalyst to achieve efficient low-tempera-
ture hydrogen storage/release of LOHC. Furthermore, the
method allowed easy separation of catalyst and LOHC,
enabling the release of large amounts of hydrogen and very
small amounts of dissolved noble metal complexes.

Application of ionic liquids in
hydrogen fuel cells

In recent decades, the development of new devices that can
convert chemical energy to electricity has attracted extensive
attention due to the gradually achieved global warming con-
sensus.”’ In particular, the proton exchange membrane fuel
cells (PEMFCs) that can directly convert hydrogen to electrical
energy in an efficient way, is the star among all the candidates.
Compared with internal combustion engines using fossil
fuels, the PEMFCs not only decrease the energy demand but
also eliminate carbon emission with the sole product of H,O.
However, the sluggish cathodic reaction (oxygen reduction
reaction, ORR) kinetics and mass transfer are still the bottle-
neck for the large-scale application of PEMFCs.”" Generally,
the ORR in fuel cells occurs at the triple-phase boundary (TPB)
(electrocatalyst/electrolyte/oxygen), where electron transfer
mainly occurs in the cathode catalyst layer, proton transfer in
the ionomer, and gas transport through the gas diffusion
layer. The limited TPB area is the main factor restricting the
overall ORR performance due to the low utilization of cathode
catalysts and poor proton conductivity.

Ionic liquids to enhance electrocatalyst activity

ILs, especially the protic ILs, have been deemed as effective
additives for promoting the ORR performances’"”> due to
their high proton conductivity, great O, diffusion coefficiency,
excellent electrochemical stability, and tunable
hydrophobicity.>>”® The concept of the “solid catalyst with IL

This journal is © The Royal Society of Chemistry 2023
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layer” (SCILL) was firstly proposed by U. Kernchen and col-
leagues in 2007,'® coating a thin IL film on a solid hetero-
geneous electrocatalyst. Since then, many SCILL systems have
been studied, exhibiting better activities in various
reactions.”*”® In 2010, Erlebacher et al.”®’” for the first time
implemented the hydrophobic SCILL concept in electrocataly-
sis. The constructed nano-PtNi-[MTBD][beti] ([MTBD][beti]:
1-methyl-2,3,4,6,7,8-hexahydro-1H-pyrimidol[1,2-a]pyrimidi-
nium bis(perfluoroethylsulfonyl)imide) composite catalysts
exhibited 2-3 times higher intrinsic activity than their IL-
free counterpart, and remarkably 10 times higher than Pt/C.
The [MTBD]-based ILs were also reported to be effective at
enhancing the ORR performances of Pt;Ni nanoframes.”®
The capillary force of Pt;Ni frames pulled the [MTBD][NTf,]
into the pores, which retained the IL on the surface of the
catalyst. The promoted ORR performances were attributed
to the synergistic effects of material design and IL modifi-
cations. Similarly, a GN-Pt-IL composite catalyst prepared by
impregnating [MTBD][NTTf,] into the pores of graphene sup-
ported Pt nanoparticles showed improved ORR activity.”® In
addition to the benefits derived from the hydrophobicity
and great proton diffusion, the unique less methanol-philic
feature of [MTBD][NTf,] ensured a high methanol tolerance
of the electrocatalysts. Besides [MTBD]"-based ILs, a variety
of other ILs are also reported to greatly boost the ORR. For
example, Luo et al.®® prepared a well-connected and stable
proton path for high-temperature PEMFCs by adding
1-hexyl-3-methylimidazolium trifluoromethansulfonate
([CeMIM][CF;3S03]) to the Pt electrocatalyst. Benefiting from
the efficient proton delivery and IL-protector layer, the
modified Pt catalyst exhibited a maximum power density
(Pmax) of 512 mW cm ™2 and 10% performance loss after 100
k cycles of stability test, which was superior to the durability
performance of commercial Pt/C. Doblinger et al®' com-
pared the promotion effects of a broad range of IL cations
and anion combinations (imidazolium, ammonium, phos-
phonium, pyrrolidinium anions and [BF,]”, [PFe] ,
[NTf,]”, [FAP]™ cations) at different humidity levels. The
cations were found to affect the ORR current density
within a wide humidity range; the anions were proven to
influence the performance at a humidity level higher than
65% RH. This work pointed out that the optimal choice of
the IL promoter needed to consider the humidity in the
PEMFC cell. The protic ILs were also reported to be
capable of replacing ionomers in the electrode for the
ORR. Li et al.®? investigated the ORR performances of Pt/C
under the conditions with sulfonated PIL ionomers only
and a mixture of PIL ionomer/Nafion. The results
suggested that the Pt/C with only the sulfonated PILs out-
performed by 2 times due to the suppressed Pt oxidation,
while the advantages on kinetics severely dropped at lower
humidity levels. By appropriately combining PILs with
Nafion, the high ORR activity was maintained across a
wide humidity range. Yan et al’® completely replaced
Nafion with poly(DMVBA,-TfO-co-St,,) in the Pt/C electroca-
talysts and achieved a 3.06 times higher performance than
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their Nafion-Pt/C counterpart. Besides the general expla-
nations of the improved ORR activity, the PIL ionomers
were believed to also suppress the nonreactive oxygenate
adsorption on the Pt active sites.

Many efforts in the literature are devoted to disclosing the
mechanisms underlying the positive effects of ILs. In the case
of enhanced proton conductivity, recent work by Wang et al.®®
proved proton shuffling promotional effects of ILs on the ORR
needed fine tuning. The authors screened a series of ILs as addi-
tives to Pt/C for the ORR and found a volcano correlation
between ORR activities and pK, values. [MTBD][NTf,] was
proven to be an optimal promoter with a pK, of approximately
15, which was close to the pK, of the product of the ORR rate-
limiting step: H,O (pK, = 15.7). The “perfect match” of the pkK,
value and facilitated ORR performance were attributed to the
hydrogen-bonding structure and the tunneling transfer of the
proton. The larger product of Boltzmann probability and the
proton vibration wavefunction overlap the integral of [MTBD]
N-H"---OHpy, P,S,,”. With matched pK,, the largest P,S,,” indi-
cates a much higher hydrogen tunneling rate/probability for the
ORR rate-determining step. The correlation between IL acidities
and promotion effects on ORR activity was also investigated by
Wippermann et al.® In addition, Zhang et al.® found that the
Pt/C ORR performance had a strong dependence on the cationic
side-chain length of imidazolyl ILs. If the alkyl chains were too
short (e.g., 1-ethyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide ([EMIM][NTf,])), the IL could not sufficiently
enhance ORR activity because of their limited hydrophobicity as
well as the low capability of suppressing the formation of non-
reactive oxygenated species on Pt.

By contrast, the IL with too long alkyl chains (e.g., 1-hexyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide
([CeMIM][NTT,]) and 1-decyl-3-methylimidazolium bis(trifluor-
omethanesulfonyl)imide ([C;,MIM][NTTf,])) would lead to a sig-
nificant loss of the electrochemical active surface area (ECSA).
The optimal chain length was needed to achieve a balance
between effective inhibition of the formation of oxygenated
species on the Pt surface and less passivation of active sites.
Avid et al.®® further emphasized the roles of IL in the porous
structure of the Pt/C in improving the ORR performance. The
alkyl imidazolium ILs with different alkyl chain lengths were
loaded into the Pt/C and the impacts of the IL chemical struc-
ture on the ORR performance were investigated. As shown in
Fig. 11a and b, the ILs that could penetrate into the pores of
carbon black would significantly enhance the proton and O,
transfer inside the pores. Additionally, the impacts of ILs on
the ORR activity were conformational structure-dependent.
Fig. 11c and d show that the combination of butyl and methyl
functional groups promoted the ORR activity of Pt/C the most.
By contrast, the butyl/methyl and butyl/bimethyl functioned
imidazolium-based ILs were less beneficial or even detrimen-
tal. The authors highlighted the trade-off between proton con-
ductivity and O, transfer resistance, and pointed out the
important roles of electrochemical ECSA change, pore-filling
degree, hydrophobicity, and attraction/repulsion with Nafion
in the rational design of SCILL towards the ORR.
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formance (c) and geometric performance (d) comparisons of catalysts
modified with different ILs. Reproduced with permission from ref. 86.
Copyright 2022, Springer Nature.
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Although the IL promotional effects are conventionally
ascribed to the enhanced O, transfer, quantitative investigations
on the transfer resistances are relatively rare in the literature.
Recently, Huang et al.®” have used the 1-methyl-2,3,4,6,7,8-hexa-
hydro-1H-pyrimido[1,2-a]pyrimidinium  1,1,2,2,3,3,4,4,4-nona-
fluorobutane-1-sulfonate ((MTBD][C4F9SO;]) IL and boosted the
ORR performance of PtCo/C by 48%. By conducting the limiting
current measurements at different O, partial pressures, the O,
transfer resistances were quantitatively determined. The results
suggested that the IL resulted in an approximately 15% drop in
oxygen diffusion resistances compared to its counterpart in the
same electrode structure. In addition, the PtCo/C + IL showed a
more durable O, diffusion resistance during the 30 k cycles of
stability tests, which was significantly better than the pristine
PtCo/C. Another nontrivial mechanism of the IL-enhanced ORR
is that the ILs alleviated the specific adsorption of the sulfonate
functional group of Nafion on the Pt surface, which was detri-
mental to the ORR activity®®®® according to the ATR-SEIRAS
method used to quantitatively investigated the specific adsorp-
tion of sulfonate anions. In the absence of ILs, the -SO;~
specific adsorption was visible at 1125 cm™". By contrast, after
introducing [MTBD][beti] ILs, the vibrational absorption of
-SO;” in the IR spectra diminished within the investigated
polarization potentials.

Ionic liquids to improve electrocatalyst stability

Moreover, the electrochemical stability of Pt electrocatalysts
could also be improved by introducing ILs via preventing Pt
nanoparticles agglomeration, surface oxidation, and carbon
corrosion mechanisms. In the pioneering works of
SCILLs,”™ the ILs including [MTBD]", [BMIM]" cations, etc.,
were proven to be beneficial for the durability of ORR electro-
catalysts. More recently, Li et al.”* have synthesized an ultra-
thin PtFeNi nanowire loaded with the 1-(3-aminopropyl)-3-

This journal is © The Royal Society of Chemistry 2023
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methylimidazolium bromide IL forming a conjugated struc-
ture (Fig. 12a). As shown in Fig. 12c¢, the PtFeNi nanowire/IL
exhibited a high ORR activity at 2.83 A mgp, ', which improved
by 172% compared with the pristine PtFeNi. After 30 k cycles,
the morphology and performance were largely maintained,
and the durability was remarkably higher than the control
group sample without IL modification (Fig. 12b and c). Li
et al.”® reported a process to load the IL within the 3D catalyst
layer forming an optimal conformational structure of the elec-
trode. As shown in Fig. 12d, the porous catalyst layer was
charged positively and dipped into the IL solution. The IL
anions were uniformly distributed in the porous catalyst layer
driven by the electrostatic force. The subsequent ion-exchange
with IL cations resulted in a well-constructed protic IL film
across the electrode hierarchical structure. Following this pro-
cedure, the authors prepared the Pt/C electrocatalyst with a
~2 nm [MTBD][beti] IL coating. The Pt/C-[MTBD][beti] electro-
catalysts showed an improvement of ORR activity by a factor of
~2 compared to Pt/C (Fig. 12e). The durability was also
improved after loading the ILs. As presented in Fig. 12f, the Pt/
C + [MTBD][beti] exhibited remarkable advantages in dura-
bility with less than 30% ORR performance loss compared
with Pt/C after 10 k cycles at the upper potential limit. The
improved durability was attributed to the capability of main-
taining the ECSA and much less Pt loss (Fig. 12g and h). The
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Fig. 12 The TEM bright-field images of PtFeNi nanowires + ILs (a)
before and (b) after 30 k cycles of durability tests. The ORR activities of
PtFeNi nanowires + ILs and control group samples (c) before and after
the stability tests. Reproduced with permission from ref. 94. Copyright
2019, Elsevier. (d) The scheme of sequential procedure loading
[MTBD][beti] onto Pt/C electrocatalysts and the corresponding TEM
image of Pt/C + IL. The (e) ORR activities of fresh Pt/C + [MTBD][beti]
and Pt/C. The (f) ORR activities loss, (g) ECSA retaining ratios and (h) Pt
concentrations in the electrolyte of Pt/C + [MTBD][beti] and Pt/C after
the accelerated durability tests. Reproduced with permission from ref.
95. Copyright 2019, Copyright 2019, American Chemical Society.
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IL layer was believed to reduce the H*, destabilize OOH* and
interrupt the hydrogen-bonding water network. Avid et al.®®
further suggested that both the chemical structure of ILs and
the conformational structure of the whole electrode were
crucial to the ORR durability improvements. Since the per-
formance of Pt degraded faster in contact with water than
ionomer,”® the IL molecules with an appropriate alkyl chain
length and interaction with Pt benefited durability the most.
Because most of the Pt nanoparticles were within the pores of
activated carbon, the capability of ILs to access the pores
would improve the durability, which will also reduce the possi-
bility of ILs to wash off during ORR tests. It is also important
to note that ILs are not always beneficial for durability. For
example, George et al.”” conducted an in situ ICP-MS investi-
gation on the PtNiMo/C electrocatalyst degradation mecha-
nism with and without IL modification. It was found that
[MTBD][Beti] IL selectively increased the leaching of Mo
elements in the PtNiMo/C electrocatalyst, though the mass
activity was promoted by 70%.

In summary, ILs have been proven effective in promoting
the performances as well as enhancing the durability of
electrocatalytic ORR via regulating the hydrogen bonding,
hydrophobicity, proton/O, transfer resistance, oxygenated
species suppression, etc. Comparing the prosperous new cata-
lyst developments, ILs are still limited to relatively few candi-
dates. Although the general mechanisms underpinning the IL
promotional effects have been proposed, quantitative investi-
gations to prove a solid correlation between IL chemical-physi-
cal properties and specifically enhanced ORR kinetics are still
lacking. The accurate description of the conformational struc-
tures of the IL-modified catalysts layer is still ambiguous. As a
prosperous research topic of PEMFCs, new ILs with a clear
understanding of the correlation between their structure and
promotional effects are expected to further advance both the
catalytic activities and durability of ORR electrocatalysis.

Summary and perspective

Hydrogen energy is deemed the most promising carbon-free
secondary energy source and will fundamentally reshape both
the industry and our modern way of life. Before a future
powered by hydrogen energy becomes a reality, there are still
important scientific challenges to be addressed within the
scope of its production, transportation, and utilization. As
summarized in this review, ILs, a class of green, highly design-
able organic compounds, have been proven to be capable of
acting as a new cornerstone in all these aspects mentioned
above, including but not limited to the roles of catalysts, cata-
lyst supports and promoters, catalyst preparation regulators
and hydrogen carriers. We should also be aware of the poten-
tial drawbacks of certain ILs, such as susceptibility to moisture
in the air, potential environmental toxicity, and high cost, as
well as the difficulty of recycling them in hydrogen energy
applications, such as for catalyst synthesis and interface micro-
environment enhancement. To further advance this emerging
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research area, the essential scientific questions for future in-
depth investigations are proposed subsequently.

In the case of ILs acting as catalyst supports and promoters,
the understanding of the spatial and electronic relationship
between the catalysts and the ILs is still limited. For catalysts
with porous structures, the configurations of the ILs filled
inside the pores and the effects of the confined structure on
the functions of the ILs are less investigated. On the other
hand, the PILs can also provide meso/microporous structures
for catalysts. The confinement effects of PILs, including elec-
tronic, chemical, and steric effects, on the catalytic perform-
ances are still ambiguous. Another key issue is the stability of
the IL catalyst composite structure. Considering that the IL-
promoted catalytic reactions usually take place in a liquid
environment with vigorous stirring, the leaching of ILs from
the IL catalyst composites needs careful consideration. Finally,
with the involvement of ILs in a catalytic reaction makes the
mechanisms quite complex. In situ spectrokinetic characteriz-
ation with high spatial/time resolutions and theoretical calcu-
lations on multi-scales are proposed to unravel the accurate
and comprehensive reaction networks.

ILs acting as catalyst preparation regulators can enable the
production of catalysts with different morphologies, sizes, and
structures compared to conventional surfactants. However, the
origin of these unique structures and the interaction of ILs
with catalysts during the preparation process is less well
understood. Time-resolved investigations on the morphology/
crystalline structure evolution of catalysts during the IL-
assisted preparation are highly recommended. Spectroscopic
and theoretical investigations on the interaction between ILs
and crystallites are required to disclose the mechanisms
underlying the regulation effects.

Compared with conventional hydrogen storage organics,
ILs show some unique advantages, including extremely low
vapor pressure, high H, storage density, self-catalytic effects,
etc. For their practical application, the weight, cost penalty,
and potential biological and environmental toxicity of certain
ILs added to the hydrogen storage system would need to be
addressed. The reversibility of ILs during H, storage/release
requires further evaluation.
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