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Abstract
Generating hydrogen from water electrolysis is a promising clean energy strategy that may help
alleviate energy crisis, which stimulates tremendous research interests in searching high
performance catalysts with low energy consumption. Here, we review recent progresses on the
development of high performance electrocatalysts for hydrogen evolution reaction (HER) from
the energy consumption perspective. A universal energy label based on energy conversion
efficiency (ECE) is proposed to evaluate the HER performance, and a global design strategy
incorporating both catalyst and support in the same integrated framework is advocated. In
particular, the structural influence on the ECE and the stability of HER electrocatalysts is
discussed, and the role of support carriers in forming energy-saving catalytic systems with
minimized non-HER energy loss, which are vital for practical processes, is highlighted. This
paper provides new insights into the structure-property relationship and the support effect in
developing highly efficient and durable electrocatalysts for HER.

Keywords: support, electrocatalyst, hydrogen evolution reaction, iR compensation,
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1. Introduction

The energy issues grow prominently along with the devel-
opment of human society, and it is desired that the conven-
tional energy resources such as coal, oil and natural gas can be
replaced by renewable and sustainable energy resources such
as solar energy, wind energy and tidal energy [1–3]. Hydrogen
(H2) is one of perfect green energy carriers with the advant-
ages of zero pollution emission and high energy density, and
H2 fromwater-splitting via electrocatalysis is an ideal comple-
ment to the renewable energy of intermittent characteristics
[4]. Thus, the development of high performance electrocata-
lysts for hydrogen evolution reaction (HER) involved in water-
splitting is one of the hot research topics in recent years.

Recent developments on HER electrocatalysts mainly
focus on two aspects, i.e. the cost-effective efficiency and the
long-term stability. Noble metal platinum (Pt) is an ideal HER
catalyst, being able to achieve high current density with a low
overpotential, but the scarce reserves on Earth restrict its wide
application [5, 6]. The non-noble metal HER catalysts are also
attractive and productive. For example, the Nickel (Ni) based
catalysts could perform equally well in HER as Pt requiring
similar overpotentials at a specific current density [7, 8]. And
the Ni–Mo type catalyst was reported to even outperform Pt,
which only requires an overpotential of 44 mV with the iR
compensation at a current density of 200 mA cm−2 [9]. On
the other hand, outstanding stability especially at high current
density was also obtained for non-noble metal catalysts [10].
In particular, Phosphorus (P) element is found to be benefi-
cial to the long-term stability of HER catalysts at high current
density. For example, it was reported that the Co–P catalyst
could persist for 3000 h at 1000 mA cm−2 without substantial
decline in 1 M KOH [11], and the v-Ni12P5 endured running
a 10 000 CV test between 0–500 mA cm−2 [12]. Other non-
noble metal/nonmetal catalysts were also reported to achieve
remarkable HER performance. For example, Tantalum (Ta)
[13], Molybdenum (Mo) [14, 15], and Selenium(Se) [16],
when combined with Sulfur (S) [17, 18], Carbon (C) [19, 20],
Nitrogen (N) [21, 22] and/or other nonmetallic elements [23],
could facilitate HER kinetics and exhibit prolonged lifetimes.

While although numerous catalysts were suggested as
promising for efficient HER, the reported overpotentials in
recent studies were mostly obtained with the iR compensation
corresponding to the ohmic drop energy loss [24, 25]. The pur-
pose of iR compensation (iR correction) of HER catalysts is
to focus on the catalyst itself and get rid of the environment
influence. But it is impractical or even impossible for the HER
catalyst escaping from the influence of the environment, and
the same catalyst could exhibit different overpotentials after
iR correction when loaded on different supports [26, 27]. Even
worse, sometimes the iR compensation part could make up to
nearly 90% of all the input energy, in other word, the repor-
ted overpotential corresponds to only 10% of the actual con-
sumed energy [28]. In practice, the ultimate goal is to real-
ize large scale hydrogen production with high energy conver-
sion efficiency (ECE) using energy-saving catalysts, while the

non-HER energy loss including the iR compensation part def-
initely cannot be ignored.

One possible reason for the seemingly underestimation of
energy consumption in developing HER catalysts is that in
many studies the energy efficiency is measured in terms of
the whole water splitting process in a water electrolyzer (WE)
constructed based on proton exchange membrane (PEM) or
anion exchange membrane (AEM). In the configurations of
PEMWE or AEMWE for water electrolysis, the equivalent
series resistance is normally small (∼0.1 Ω or less) and there-
fore the corresponding energy loss is small unless for ultrahigh
current density. There is no doubt that the overall water split-
ting in PEMWE and AEMWE cells are more realistic towards
commercial applications than the single electrode reaction in
standard triple electrode systems. However, the former exper-
iments involve more control factors than the latter, and the
corresponding performance optimization is more related with
solving technical rather than scientific problems. We never
intend to underestimate the merit of direct optimization of
whole WEs such as PEM/AEM cells, but we emphasize on
that the advantage of studying the single electrode reaction is
that the reduction of the complex problem to fundamental pro-
cesses involving minimized control factors. This is why it is
more convenient and effective to develop electrocatalysts for
single electrode reactions such as HER.

The performance optimization of HER electrocatalysts
mainly focuses on the catalyst itself as well as necessary sub-
strates or supporting materials. The intrinsic activity of the
catalyst is determined by the reactant (and/or product) catalyst
interactions augmented by the catalyst substrate interactions,
for which the structure of catalyst and support play an import-
ant role. For example, it has been widely accepted that the
nanostructure of HER catalysts could provide abundant act-
ive sites and facilitate the mass transfer and bubble release.
And extensive studies on the substrate or support effect for
HER catalysts have been done [29, 30] since practically most
if not all HER catalysts must be loaded on the support, and
the support effect may substantially influence the iR com-
pensation and the overall energy efficiency. Nevertheless, the
energy consumption for HER including the energy loss asso-
ciated with iR compensation is rarely discussed. We want
to make it clear that the support here refers to the substrate
as a free-standing electrode on which the electrocatalyst can
be loaded. There are a variety of supporting materials espe-
cially carbon-based supports such as carbon powder or car-
bon nanotube (CNT) used as an intermediate medium between
the catalyst and the electrode to increase the compatibility of
the two components. Although the carbon-based supporting
materials could facilitate the electron transfer, provide ample
active sites, and prevent the agglomeration of catalyst, which
is particularly beneficial to dispersed catalysts such as single
atom catalysts, they cause additional energy loss if used in
combination with other electrodes such as glass carbon elec-
trode or metal electrodes, and therefore the support induced
non-HER energy loss include contributions from both carbon
additives and the substrate electrode. Even some of them such
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as CNT could be made self-standing as the electrode, the cor-
responding series resistance is normally larger than that of the
electrodes made of metal foams. In contrast to the conven-
tional protocol in which various catalysts are loaded on the
same standard electrode (e.g. glass carbon electrode) and the
performance of the catalyst is evaluated after the iR compens-
ation is made, we advocate the alternative evaluation protocol
in which the overall performance of the catalyst and its sup-
porting electrode is examined, and therefore the compatibility
of the catalyst and the support and the ECE of the overall cata-
lyst/support complex are of great importance.

The energy loss associated with iR compensation is also
a key factor when evaluating the long-term stability of HER
catalysts. Compared with short time activity, long-term per-
formance is usually examined at relatively large current dens-
ity to mimic practical operating conditions. Under such harsh
conditions, the structural influence and the support effect are
expected to be more prominent. Presumably a good support
requires a small compensation for the ohmic drop energy
loss and the structures of both catalyst and support and
their compatibility may determine how these structures and
HER performance evolve during the durability test at large
current density.

In this mini-review, from the view of energy consumption
in the overall HER process, we summarize the influence of
different supports on the iR compensation for HER catalysts.
To make the discussion more organized, current HER cata-
lyst supports are classified as metal foams, non-metallic com-
pounds, composite materials, and other new types of materi-
als. Remarkably, this review proposes to rate HER electrocata-
lysts by using an ECE for the overall water electrolysis in its
single electrode reaction limit. This energy label is applied to
evaluate the HER performance of electrocatalysts for both the
transient activity and long-term stability. Also discussions are
made on the compatibility of the catalyst and the support, the
structural influence such as size and geometrical shape on the
long-term stability of the catalyst, and the connection with the
overall water electrolysis in PEMWE and AEMWE. Finally,
the challenges and opportunities for developing practical HER
electrocatalysts are discussed and proposed.

2. The support influence on the energy
consumption for HER catalysts

2.1. Energy consumption and iR compensation

Ideal high performance HER electrocatalyst should drive HER
at low energy consumption. The minimal driving force for
HER may be expressed in terms of the standard electrode
potential according to the Nernst equation, while the extra
energy cost required to overcome the activation barrier, and
the non-HER energy loss, is represented by the overpotential.
Conventionally, the non-HER energy loss part may be subtrac-
ted from the applied potential through the iR compensation
assuming a Coulomb efficiency of 100%. There are primarily
two ways to manually deduct the iR compensation part. The
first method is to deduct a fraction of α (85%–90%) of all the

overpotential applied for HER as given in equation (1). And
the secondmethod is to deduct part of the overpotential caused
by the Joule heat loss, in terms of the nonreactive resistance as
shown in equation (2),

Ecompensated = Eapp −αEapp (1)

Ecompensated = Eapp −βiRs. (2)

Here Eapp is the applied overpotential for HER, and
Ecompensated is the overpotential after iR compensation. Rs is
the series or solution resistance (see below), i is the current and
β takes a value in the range of 85%–100%. The first method
simply assumes that a constant proportion of the applied over-
potential can be attributed to the non-HER energy loss, but
obviously the non-HER proportion may not be a constant as
the current density changes. The second method seems more
reasonable, but the overpotential caused by environment still
accounts for a huge proportion and some uncertainties exist.
Automatic iR compensation may be performed by the electro-
chemical workstation but involving more complex treatments
such as the variation of Rs with respect to current density.
In fact, the drawbacks of iR compensation during HER have
already been noticed and discussed [26, 27], and the linear
sweep voltammetry (LSV) curves in figures 1(a)–(e) clearly
show the disparity of overpotentials obtained with or without
iR compensation.

Adopting iR compensation or not, the Rs in equation (2) is
definitely a goodmeasure of the non-HER energy loss andmay
be related with the ECE of the catalyst. Here Rs is defined in
a general sense including the series resistance of the solution
as well as the whole catalytic system, i.e. the electrocatalyst
itself and the support, and can be written by

Rs = x/KA. (3)

For a typical three electrode system, x is the distance
between the working electrode and the reference electrode,
but equation (3) may become invalid when x is too small to
guarantee the clearance of the charge transfer pathways. The
conductivity of the HER catalyst system K is inversely pro-
portional to Rs, and therefore efficient electron transport can
promote HER dynamics. The area A corresponds to the effect-
ive surface area of the working electrode.

In fact, the microscopic morphology of the catalyst does
affect Rs, and high specific surface area may reduce Rs appre-
ciably, e.g. soaking the same sample of Ni@AABS in 6 M
KOH results in Ni(OH)2/Ni@AABS with an increased spe-
cific surface area and a lower Rs [33]. Of course, the specific
surface area is not the only factor to control Rs. For example,
the Rs of Ni/Mo2C(1:2)-NCNFs produced from electrospinning
process could be as high as 5 Ω due to the used nanofiber of
low conductivity [34], although the polymer materials have
large specific surface area. In addition, the conductivityK may
become a comprehensive parameter for complicated systems,
including various contributions from the distance and posi-
tion of the working electrode and counter electrode, the trans-
port capability of the electrolyte, and even the properties of
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Figure 1. The effect of iR compensation and typical electrochemical cells for HER. (a) LSV for different catalysts with and without iR
compensation. (b) The proportion of the iR compensation part of overpotential. (c) The effect of iR compensation for LSV using different
percentages in the deduction. Reprinted from [27], © 2020 Elsevier Ltd All rights reserved. (d) LSV curves of Ni based catalysts with and
without iR compensation. Reprinted with permission from [31]. Copyright (2018) American Chemical Society. (e) LSV curves of MoS2

based catalysts; (f) The corresponding test device for HER in (e), note that the special configuration of the electrodes results in small iR
compensation. Reproduced from [32]. CC BY 4.0. (g) Typical double groove cell for HER test. Reproduced with permission from [33].
CC BY-NC-ND 4.0.

the test container. Figures 1(f)–(g) display some typical HER
test systems reported in the literature. Note that in the labor-
atory studies conventional settings are adopted with the sur-
face area of catalyst being 1 cm−2 and close distances on
the order of a few centimeters among working, reference, and
counter electrodes.

The adoption of a universal experimental settings would
allow for a meaningful comparison of ECE of electrocatalytic
HER. ECE is a widely used criterion for the performance eval-
uation of energy transformation devices such as heat engine,
solar cells, and fuel cells. In fact, for the overall water electro-
lysis, the ECE is well defined, i.e.

ECE=
Required energy
Input energy

× 100%

=
Equilibrium potential
Applied potential

× 100%. (4)

For example, if the applied potential is 1.7 V for the elec-
trolysis at 25 ◦C (E0 = 1.23 V), the ECE is 1.23/1.7= 72.4%.
Equation (4) is the ECE for a single WE cell with no technical
considerations on any accessories associated with extra energy
contributions such as heat bath, or reuse of waste heat etc.
And it is not recommended to replace the equilibrium poten-
tial by the so-called thermal neutral voltage (1.48 V at 25 ◦C)
or lower heating value at elevated temperatures since here we
are interested only in the efficiency of water electrolysis rather

than its coupling with external energy resources such as heat
bath or heat engine. However, as far as we know, there is no
well-defined ECE for HER. Nevertheless, we find an upper
limit of the ECE for HER to be useful for the performance
evaluation [10], i.e.

ECEul =
Equilibrium potential

Equilibrium potential+ overpotential
× 100%.

(5)

For example, if the applied overpotential is 100 mV for
HER at 25 ◦C (E0 = 1.23 V), the ECEul is 1.23/1.33= 92.5%.
Here we simply assume that the overpotential for oxygen evol-
ution reaction (OER) is zero and all electric energy is used for
HER, i.e. 100% Coulomb efficiency. Although the ECEul is
only the upper limit of the HER efficiency, it is still useful
in making a qualitative evaluation especially for the systemat-
ical comparison among a series of control experiments, such
as screening best catalysts or optimized fabrication conditions.

To rate the performance of HER electrocatalysts straight-
forwardly, we propose to introduce an energy label compris-
ing five levels based on ECE, as shown in table 1, which
also lists the corresponding label for the overall water elec-
trolysis. For example, the top level HER electrocatalyst is
expected to require an overpotential no more than 140 mV,
whereas the applied potential for the top level OWE is no more
than 1.37 V.
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Table 1. Energy label for HER and overall water electrolysis (OWE). ∗ The potential is referred to the standard equilibrium (cell) potential
at 25 ◦C (E0 = 1.23 V).

Levels I II III IV V

ECE (%) [90, 100] [80, 90] [70, 80] [60, 70] [0, 60]
HER over potential (V)∗ ⩽ 0.14 [0.14,0.31] [0.31,0.53] [0.53,0.82] ⩾ 0.82
OWE applied potential (V)∗ ⩽ 1.37 [1.37,1.54] [1.54,1.76] [1.76,2.05] ⩾ 2.05

Table 2. HER properties of some reported catalytic systems using metal foam as support. Ni foam (NiF); copper foam (CuF); iron foam
(FeF); cobalt foam (CoF).

Catalyst Support Electrolyte Rs (Ω)

η: mV/100 mA cm−2

ECE (%)With iRC

Ni2(1 − x)Mo2xP [35] NiF 1 M KOH 1 162 82.4
MoP/Ni2P [36] NiF 1 M KOH >1 191 80.9
MoS2/Ni3S2NWNF [37] NiF 1 M KOH >1.5 137 81.1
MoNi4 [9] NiF 1 M KOH 0.94 33 90.6
NiCo2S4/Ni [38] NiF 1 M KOH >1 >300 75.5
Ni(OH)2NiMoOx [39] NiF 1 M KOH 1 134 84.0
NiCoP-p [40] NiF 1 M KOH 1.54 122 81.7
MoOxSy/Ni3S2/NF [41] NiF 0.5 M H2SO4 2 >350 69.1
Pt/NiO@Ni/NF [42] NiF 1 M KOH >0.4 >60 92.5
Ni3N/Ni/NF [43] NiF 1 M KOH >1.6 64 84.6
C–Ni1 − xO [44] NiF 1 M KOH 1.6 >90 83.1
Ni/NiO@MoO3 − x [45] NiF 1 M KOH >1.5 75 84.5
MoS2(1x)Se2x/NiSe2 [46] NiF 0.5 M H2SO4 2 112 79.8
SANi-I(NiO) [47] NiF 1 M KOH 2 60 82.6
NiCo2S4 NW/NF [48] NiF 1 M KOH >4 >250 65.4
v-Ni12P5 [12] NiF 1 M KOH 0.697 >75 89.5
Ni4Mo/MoOx [49] CuF 1 M KOH >4 115 70.5
c-Ni@a-Ni(OH)2 [50] CuF 1 M KOH >1.5 142 80.8
Ni/Cu [51] CuF 1 M KOH 1 >150 83.1
Pt@Cu-0.3 [52] CuF 1 M PBS >2.5 >200 73.2
Ag@Cu2O/CF [53] CuF 1 M KOH >1 >250 77.8
Fe@N-CNT/IF [54] FeF 0.5 M Na2SO4 >1 >1000 52.8
FeS@IF [55] FeF 1 M KOH & 0.5 M NaCl 1 225 79.1
F, P-Fe3O4 [56] FeF 1 M KOH >1 179.5 81.5
RuNi-Fe2O3/IF [57] FeF 1 M KOH >0.7 75 89.5
Co4S3@Co foam [58] CoF 1 M KOH >1 >250 77.8

2.2. The influence of support for iR compensation

2.2.1. Metal foam as support for HER electrocatalysts.
Metal foam is a typical HER electrocatalyst support with the
combinational advantages of high specific surface area and
high conductivity. The reported Rs of the prepared catalysts
is around 1 Ω, as listed in table 2, although in different cata-
lyst systems there may contain different chemical elements or
microstructures. Few exceptions with a Rs greater than 2 Ω
may be attributed to the low ion conductivity of the electrolyte,
poor interfacial contact and therefore large interfacial resist-
ance. Generally speaking, Ni foam is the most frequently used
HER electrocatalyst support, since Ni itself shows the capa-
city for HER and is earth abundant. The HER active materi-
als could be grown in-situ on Ni foam in a variety of friendly
and simple ways, such as electrodeposition, hydrothermal, and
phosphorylation. As shown in figures 2(a)–(f), the width of
basic structure of these catalysts is about 60 µm despite of

different specific surface area or test installation. Although the
support influence forRs is the same, not all theNi foam suppor-
ted catalysts take the same Rs value, and the small variations
may be attributed to the differences in the specific surface area
and conductivity of the loaded catalyst and the interfacial res-
istance between the catalyst and the support.

The copper (Cu) foam is another prevailing support for
HER active materials due to the low cost and high conduct-
ivity. The typical width of the basic unit of Cu foam is around
50 µm. And the reported Rs value of catalysts supported by Cu
foam ranges from 1–5 Ω (figures 2(g)–(i), table 2), although
the conductivity of Cu foam is higher than that of Ni Foam.
Thus, it implies that the conductivity of the support is an
important factor but not the only one to determine the series
resistance. In fact, the HER performance is sometimes not
expected to be heavily dependent on the support since HER
occurs mainly on the catalyst surface. And it was reported that
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Figure 2. The morphology and EIS spectra of HER catalysts using metal foam as support. (a)–(c) SEM and EIS of Ni based catalysts using
Ni foam as support. Reprinted from [35], © 2018 Elsevier Ltd All rights reserved. (d)–(f) SEM and EIS of Ni foam support [59]. John Wiley
& Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g)–(h) SEM and EIS of Ni based catalysts using Cu foam as
support. Reproduced from [50] with permission from the Royal Society of Chemistry. (i) EIS of Ni based catalysts using Cu foam as
support [49]. John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (j)–(k) SEM and EIS Fe based catalysts
using Fe foam as support. Reproduced from [60] with permission from the Royal Society of Chemistry.

‘support effect’ would be effective only within the range of
nanoscale from the support/catalyst interfaces. However, here
we note that this ‘support effect’ is referred to the catalyst per-
formance after making the iR compensation, while the sup-
port effect on Rs, and on the overall HER performance could
be substantial. Other metal foams including iron foam [29]
(figures 2(j) and (k)), silver foam [62], and Cobalt Foam [61]
were also adopted as the HER catalyst support.

2.2.2. Non-metallic support for HER electrocatalysts. Non-
metallic support is another important type of support for HER
catalysts. This type of support has relatively low conductiv-
ity but features high specific surface area, as well as simple
and friendly manufacturing procedure. The mostly-used non-
metallic support is perhaps carbon cloth or fiber (CC/CF),
which have higher Rs than metallic supports in general. As

shown in table 3, the Rs of CC/CF falls in the range of 1.8–
7.5 Ω in our survey. The active materials loaded on CC/CF
are often composed of metals, alloys, or metal compounds,
which exhibit a lower conductivity than that using correspond-
ing pure metals as support, resulting in less efficient electron
transport during the HER process. As shown in figures 3(a)
and (b), the basic untie of the HER catalyst supported by
CC/CF is about 10 µm, and the morphology of the catalyst
surface is decorated with detailed structures on the nanoscale
including nanowire, nanosheets, or nanoparticles, which in
this sense shows no essential difference from those loaded
on metallic supports. Also small variations in Rs can be
found due to different catalyst substrate interactions (see for
example figure 3(c)).

Glassy carbon electrode is commonly used as the support
for catalysts not being self-supported during the HER process,
especially for the Pt-based catalysts. Here the self-supported

6
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Table 3. Summary of the HER properties of reported catalytic systems using non-metallic support or other new types of supports. Yang
et al [63] j: 50 mA cm−2. Li et al [64] j: 1000 mA cm−2.

Catalysts Electrolyte Support Rs (Ω)

η: mV/100 mA cm−2

ECE (%)
With
iRC

Without
iRC

n MoO3/Ni–NiO [65] 1 M KOH CF 1.8 162 / 73.6

NiMoN [66] 1 M KOH CF >7.5 >150 / 57.8

NiSe2 [67] / CF 2.5 >200 / 73.2

N-NiS2/CF [68] 1 M KOH CF 2.33 >200 / 74.0

S-Mo2C [69] 1 M KOH
0.5 M H2SO4

1 M PBS

CF 3.0 2.1 6.6 >100
>50
>400

/ 75.5

CoP/Ni2P/CC-4 [70] 0.5 M H2SO4 CC >2 123 / 79.2

SIS Ni–Co [71] / AgNWs@CF 1 >110 / 85.5

Co@CNTs-CC [72] 1 M KOH CNTs/CC >2.5 >200 / 73.2

NiP2−FeP2 [73] / CuNW/CuF 2 >200 / 75.5

Ir-NiMoP-
NiMoPxOy/CNTs-Gr/Cu[74]

1 M KOH
/

CNTs-Gr/Cu >1.3 >250 / 76.4

MHCF-CNTs@PEMAc [63] 1 M KOH
0.5 M H2SO4

1 M PBS

GC 4 5 10 >300
200
>200

/ 63.7

Mo2C/MoC/CNT [64] 1 M KOH CNT film >2 233 / 74.0

MoC-Mo2C-790 [75] 0.5 M H2SO4 Mo plate >1 190 >500 71.1

NiO/Ni(OH)2/Ni@AABS [33] 1 M KOH AgNW aerogel 0.33 / 77 94.1

Pt–Ni(N) NWs [76] 1 M KOH GC/Nafion 6 50 >150 89.1

catalyst means that it can be made as the free-standing elec-
trode rather than that it can be directly bound to the substrate
electrode without using supporting additives. The commer-
cial Pt/C is usually referred to be the most promising HER
catalyst, and the powder Pt/C has a theoretical specific sur-
face area higher than 950 m2 g−1. Unfortunately, Pt/C is not
a self-supported electrode and has to be bound to other sup-
ports using a binder such as Nafion, which could significantly
reduce the specific surface area and conductivity of the cata-
lyst. As illustrated in table 3, the Pt based catalysts supported
by glassy carbon electrode with the aid of Nafion have a Rs

around 5 Ω, which may lead to substantial energy overhead
during practical HER processes.

CNT is a newly emerging type of support for HER cata-
lysts, which has the advantages of low cost, robust mech-
anical properties, and being environmentally friendly, while
the corresponding production process of CNTs is still under
further exploration. Not only the CNT film was used as the
free-standing electrode [64], but also it was reported that
when composited with N-doped carbon framework, CNT

based nanocarbon complex showed notable HER activity as a
metal-free catalyst although trace metal impurities inside CNT
was claimed to be inactive for HER [63]. The Rs of the CNT
film electrode is larger than 2 Ω, which is higher than nor-
mal metallic supports. Rather than being used as self-standing
support, CNT is also a frequently used supporting additive to
enhance the compatibility between powder catalysts and tra-
ditional supports such as Ni foam [80, 81], the carbon cloth
or fiber [82–84], and Glassy carbon [85, 86] etc, which offers
high specific surface area, and conducive pathways connect-
ing the loaded catalyst and the supporting electrode. However
the series resistance of the catalytic complex depends on the
specific structure of CNT and catalyst substrate interactions
as well as the electrical conductivity of the supporting elec-
trode. For example, the SEM images of HER catalyst sup-
ported by CNTs (figures 3(d) and (e)) indicate that the basic
unite is on the nanoscale and the diameter is only about 15 nm.
Although this type of HER catalyst has high specific surface
area, the active materials distribution on the CNTs is not uni-
form (figure 3(d)), and therefore electron transport does not
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Figure 3. The morphology and EIS spectra of HER catalysts using non-metal foam as support. (a)–(c) Carbon cloth support. Reproduced
from [77] with permission from the Royal Society of Chemistry. (d)–(f) Carbon nanotubes support. Reproduced from [78]. CC BY 4.0. (g)
Schematic illustration of Ni3FeN/r-GO catalysts, and (h) Nyquist plots of Ni3FeN/r-GO at 200 mV. Reprinted with permission from [79].
Copyright (2018) American Chemical Society.

proceed smoothly since the CNTs themselves are not uni-
form either and exhibit a low conductivity. Consequently, the
catalyst supported by CNTs could have a Rs as high as 10 Ω,
as shown in figure 3(f). Still, the CNT supporting additive may
find its wide application in PEM and AEM systems of water
splitting, just like its carbon powder counterpart in Pt/C, due
to the compact configuration of WEs.

Graphene oxide-based composite material is another type
of supporting material for HER catalysts, which have garnered
much attention due to its excellent electron transport prop-
erties in comparison with other non-metallic supports [87].
However, this category of materials is often not self-supported,
thus needs to be used in combination with glassy carbon
electrode and binders such as Nafion, just like Pt/C powder.
Generally speaking, the Rs of the catalyst with this type of sup-
port is higher than the counterpart using metallic supports. As
an example, the Rs ofMo2C@NPC/NPRGO is higher than 5Ω
according to the EIS curves [87]. By contrast, another catalyst
with graphene oxide loaded onNi foam (Ni3FeN/r-GO-20) has
Rs around of 1.2 Ω according to the EIS curves (figures 3(g)
and (h)). Similar to graphene oxide, MXenes are also a new
type of supporting material that is not self-supported [88].

2.2.3. Other new supports for HER electrocatalysts.
Metallic-aerogels could be used as a new class of support. In
particular, the free-standing sliver nanowire (AgNW) aerogel-
based support (AABS) has the merits of high specific sur-
face area, high conductivity, and low density. Electrocatalysts
for HER supported by AABS (figures 4(a)–(c)) exhibited
a low Rs around 0.33 Ω, and two representative catalysts
NiMoP@AABS and NiO/Ni(OH)2/Ni@AABS achieved an
overpotential of only 87 mV and 77 mV at a current dens-
ity of 100 mA cm−2 without iR compensation, respectively,
which are much lower than most electrocatalysts reported in
the literature [33]. The excellent HER performance of AABS
catalysts is attributed to the nano effect induced by AABS. In
comparison with the catalysts loaded on the conventional sup-
ports on themicrometer scale, as shown in figure 4(a), the basic
unite of AABS is on the nanoscale, and this structure presum-
ably provides numerous accessible active sites and enhances
electron transport, which could significantly reduce non-HER
energy and promote the dynamics of HER process.

Taking Pt aerogel as HER catalyst support has also been
investigated. Recent work indicates that the Pt NW aerogel
needs to be used with glassy carbon electrode and Nafion, and
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Figure 4. The morphology and EIS spectra of HER catalysts using metallic-aerogels as support. (a)–(c) SEM, LSV curves and
corresponding Nyquist plots of Ni based catalysts loaded on AABS. Reproduced with permission from [33]. CC BY-NC-ND 4.0. (d)–(f)
SEM image, LSV curves and corresponding Nyquist plots of Pt0.25/Co on Co aerogel support. Reprinted from [89], © 2023 Elsevier B.V.
All rights reserved. (g) SEM image, LSV curves and corresponding Nyquist plots of PtSA-NiO/Ni on Ag NWs. Reproduced from [90].
CC BY 4.0.

the overpotential recorded was less than 70 mV at the cur-
rent density of 20 mA cm−2 without iR compensation [91].
In order to take advantage of high specific surface area and
conductivity, many HER catalysts made of metal nanowires
were loaded on cloth fabric, and remarkable HER performance
could be achieved. For example, Pt cluster supported Co aero-
gel catalyst (Pt0.25Co) obtained an overpotential of 51 mV at
100 mA cm−2 (figures 4(d)–(f)), the PtSA-NiO/Ni exhibited an
overpotential of 85 mV at a current density of 100 mA cm−2

(figures 4(g)–(i)), and the SIS Ni-Co@Ag NWs required an
overpotential around 170 mV at 300 mA cm−2, all with 95%
iR compensation [71]. The corresponding Rs were reported to
be around 2 Ω for the former two catalysts and 1 Ω for the last
catalyst. The large Rs values might be related with the observa-
tion that nano structures only exist on the surface of the cata-
lyst, but the basic untie structure beneath the surface is still on
the micrometer scale.

It is therefore important to note that the compatibility
between the catalyst and the substrate is the key factor to con-
trol the Rs, the support effect, and even the overall HER per-
formance. Specifically, the incompatibility between the nano-
structure of catalysts and the main framework of conven-
tional supports on the micrometer scale may lead to poor con-
tact between the catalyst and substrate, and therefore large

interfacial resistance, which results in extra energy consump-
tion and degraded HER performance. According to the ECE in
tables 2 and 3 for representative HER catalysts, and the energy
label in table 1, the catalysts loaded on metal foams are on
the level II or higher, significantly better than those loaded on
nonmetallic supports. This observation indicates that the high
conductivity of the support also helps to reduce the non-HER
energy loss.

3. Long-term stability of HER catalysts: structural
influence and energy efficiency

The long-term stability of HER catalysts is one of challenging
bottlenecks for practical applications. In this section, the struc-
tural influence including morphology, size, and dimensions on
the long-term stability of HER catalysts will be addressed first.
Particle, wires, sheets, or column are the commonly observed
structures for the HER electrocatalysts, and the fundamental
differences among different catalysts are the size and density.
These structural differences may have an impact on various
aspects including electronic transmission, the desorption and
adsorption of H2, and the role of force during the HER pro-
cess, which will eventually have an influence on the long-term
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Table 4. Summary of the stability properties of reported catalysts.

Catalysts

η: mV (j = 1 A cm−2) Time (h)
(j = 1 A cm−2) ECE (%)With iRC Without iRC

Mo2C/MoC/CNT [64] 233 >700 336 63.7
Mo-NiP@NF [93] 282 Rs > 1.8 1500 37.1
W0.05-RuP2@C3N4-NC [94] 194 / 400 (0.5 A) 600 (1 A)
Ni-chip [95] 297 mV / 1070 h
MoS2/Ni3S2 NW-NF [37] 200 >850 12 59.1
NiP2−FeP2-CuNW/CuF [73] >350 Rs > 2 50 34.4
Ni2P−Ni5P4@AABS [10] / 687 1008 (0.5–1 A) 64.2
Ni0.95Cu0.05DSS [96] 426 Rs > 2.5 110 42.0
Pt SAs/MoO2 [97] >600 Rs > 5 200 18.0
Ni2P-Fe2P [98] 389 Rs > 2 23 (0.5 A) 34.0
Ni3Mo3N [99] >700 Rs = 2.66 50 (1.1 A) 27.0
WC-N/W [100] >400 Rs > 1 >20 46.8
P-Fe3O4/IF [101] >220 Rs > 1 20 (0.5 A) 50.2
P-NiMoHZ [102] 210 / 200
α-MoB2 [103] 334 Rs > 5 60 (3.6 A) 18.7
NiCoP [104] 295 Rs > 1.6 25 39.4
3F-FeP [105] 302 >2300 24 34.8
A-NiCo LDH/NF [106] 381 Rs > 2 72 34.1
F-Co2P/Fe2P/IF [107] 260.5 / 10
Co/Se-MoS2-NF [108] 382 >1350 360 47.7
NiFe2O4 [109] >1500 Rs > 2 60 26.0
CoFeOH/CoFeP/IF [110] 221.8 >1500 100 45.1
Ru-Mo2C@CNT [111] 78 Rs > 2 1000 (0.5 A) 37.2
Ru-1.0 [112] >200 Rs > 7.5 100 13.8
R-CoC2O4@MXene [113] 216 Rs > 1 100 50.3
V-FeP [114] 290 >1200 24 50.6
Co-Mo5N6 [115] 280 Rs > 2 10 34.8

stability of HER catalysts. On the other hand, the long-term
energy efficiency of HER catalysts is also discussed.

One of the most prevailing criteria on the stability of HER
catalysts is to investigate the performance in a long duration
at a large current density such as 1000 mA cm−2, to match
the demands in industrial applications. Here table 4 summar-
izes the stability performance of the state-of-the-art HER cata-
lysts. In our survey, the porous Co−P is the most durable
HER catalyst reported [11]. As shown in figures 5(a)–(d),
the porous Co−P exhibited an overpotential of 290 mV at
the current density of 1000 mA cm−2 with iR compensation
(Rs ∼ 0.6Ω), and sustained for 3000 hwith negligible degrada-
tion. The overall framework of this catalyst is the Co−P chem-
ical compound loaded on the Co foam, and SEM images in
figure 5(a) show that Co−P presents a particle-like shape uni-
formly covered the surface of the catalyst, and the diameter of
the particles is around 100 nm. The catalyst of Co/Se-MoS2-
NF passed a stability test of 360 h at 1000 mA cm−2, detailed
in figures 5(e)–(h). Figure 5(g) displays the LSV curves of
Co/Se-MoS2-NF obtained with iR or without iR compensa-
tion, which sufficiently demonstrated the significance of iR
part. SEM images in figures 5(e) and (f) show the morphology
of the catalyst, indicating that the basic untie of Co/Se-MoS2-
NF is ball-like hole with the diameter of about 200 nm due to
the SiO2 template. Another typical structure is Pt/MoO2 NRs,
which maintained the stability for 200 h at 1000 mA cm−2,

as shown in figure 5(h), and the basic unit is the nanorod with
a diameter of about 200 nm. Also UP-RuNiSAs/C exhibited a
good stability for 100 h at 3000mA cm−2, and themicroscopic
morphology presented a bag-like structure with a diameter of
about 200 nm (figures 5(i)–(k)). Above all, the catalyst with
excellent stability during the HER process seems to have a rel-
atively large basic unit, which may be helpful to prevent the
catalyst from corrosion at large current density. Consistently,
a catalyst for OER, i.e. 3D-O2-Cat-1 showed an excellent sta-
bility retaining over 6000 h at 1000 mA cm−2 without decay
[92]. The SEM image revealed that the surface of the catalyst
presented a high-density lattice, and each single sheet is about
200 nm high and 200 nm wide, which is presumably robust
enough for passing the large OER current density.

By contrast, the long-term stability of HER catalysts
with dominated nanostructures are usually not satisfactory,
although nano structures and nano interfaces are believed to
be beneficial for HER dynamics, and the nano catalysts often
present a nearly zero onset overpotential during HER. For
example, the nano interface catalyst of Pt3Ni1 NWs-S/C only
preserved for 5 h at 5 mA cm−2 without iR compensation, and
the basic unit of this catalyst is a nanowire with a diameter of
about 20 nm (figures 5(l)–(m)).

Of course, if the nano-structure is not the only component
but grows on a higher-level main structure on the large scale
of micron level, the long-term stability of the catalyst could
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Figure 5. The morphology and HER performance of HER catalysts. Porous Co−P catalyst: (a) SEM image, (b) LSV and (c) Nyquist plots
for HER and OER. (d) Chronopotentiometric curves of porous Co−P for HER at a current density of 1000 mA cm−2 in 1.0 M KOH.
Reprinted with permission from [11]. Copyright (2020) American Chemical Society. Co/Se-Mo-S2-NF: (e) SEM image and (f)
corresponding EDX mappings. (g) LSV with or without iR compensation and Nyquist plots. (h) The chronopotentiometric curves of
long-term stability for Co/Se-Mo-S2-NF at 1000 mA cm−2. Reproduced from [108]. CC BY 4.0. UP-RuNiSAs/C: (i) SEM image, (j)
Nyquist plots and (k) long-term stability curves of UP-RuNiSAs/C. Reproduced from [116]. CC BY 4.0. (l) SEM image and (m) long-term
stability curves of Pt3Ni1 NWs-S/C. Reproduced from [117]. CC BY 4.0. (n) SEM image and o long-term stability curves of MoNi4.
Reproduced from [9]. CC BY 4.0.

be improved. For example, Cu NDs/Ni3S2 NTs hold an HER
stability for 30 h at the current density of around 90 mA cm−2,
the basic unit of which is the high density nanointerfaces on
the wires with the diameter of about 2 µm [118]. Above all, the
long-term stability of HER catalysts seems to favor the charac-
teristic microstructure at micron level, and a relatively simple
chemical composition. Just like the old Chinese saying goes,
Greatness in Simplicity.

On the other hand, nanosizing the catalyst and/or the
support may introduce numerous active sites and therefore
increase the HER activity. Thus, how to reconcile high activity

and low stability is worthwhile investigating for future stud-
ies. Also constructing an integrated framework incorporating
compatible catalyst and substrate is crucial to achieve optimal
overall HER performance.

In comparison with tables 2 and 3, the ECE of repres-
entative HER electrocatalysts during long term tests are sig-
nificantly lower (table 4), which is due to the substantially
increased current density (from 100 mA cm−2 to 1 A cm−2)
and the non-HER energy loss. In fact, most catalysts in table 4
are on the lowest level according to the energy label proposed
in table 1. This suggests that plenty of room is available for
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further improvements on the durability of HER electrocata-
lysts under large current density. Again, the catalyst substrate
interactions and compatibility are important in searching bet-
ter catalytic systems with high ECE.

4. PEM and AEM systems

For the mass production of H2, the alkaline WE (AWE) as
shown in figure 6(a) has been put in industrial applications
for many years. While the disadvantages of AWM include
the safety issues due to the easily mixing of the products
H2 and O2, and low current density indicating the low effi-
ciency of the system. As the promising candidates for the
next generation WE, the cells built based on solid polymer
of PEM or AEM (figures 6(b) and (c)) receive predominant
attentions in recent years, which may compensate the draw-
backs of the AWE system. In particular, the AEMWE system
is even close to be industrialized, which could completely dis-
pense with precious metals such as platinum (Pt), iridium (Ir)
and Ruthenium (Ru).

Whichever AWE, PEMWE or AEMWE is used, the fun-
damental HER process is the same to that occurs in the two-
electrode or three-electrode systems in laboratory, and the
major difference is that the former setups focus more on cost
control and involve more technical problems including oper-
ating at high temperature (say 50 ◦C–90 ◦C), high pressure
and with flowing electrolyte etc. The demands for the high-
performance catalyst in PEMWE or AEMWE systems are
similar to that for AWE, but with more stringent requirements
on the structure stability due to high operating temperature and
pressure. The energy loss corresponding to the iR drop part
does not seem to take a significant portion due to the ultrashort
distance between cathode and anode, but Rs inevitably exists
and even changes with the temperature or current density of
the cell system, which leads to the reduction of electrolytic
efficiency [120]. As shown in figure 6(d), the iR compensa-
tion part is about 0.1 V at 1.0 A cm−2 of the AEMWE cell.
Note that here Rs is the series resistance of the whole system
including contributions from both HER and OER catalysts,
and depends on various factors including electrical conduct-
ivity, specific surface area, support of the catalyst, and other
parts of the WE cell.

For the PEMWE system, the Pt based HER catalysts are
often used in couple with Iridium based OER catalysts to
achieve gratifying performance in the acidic environment. The
loading mass of Pt is often around 0.5 mg cm−2, and excel-
lent long-term stability can be observed at large current dens-
ity around 1 A cm−2. However, the applied potential is about
1.7 V or more in most cases, which corresponds to an ECE
of 72% or less for a single PEMWE cell. In addition, as
shown in the figure 6(e), the PEMmay be contaminated during
the long-term operation, which leads to decreased efficiency,
reduced cell lifetime and safety issues. The non-noble metal
catalysts have also been extensively investigated. For example,

the Cobalt based HER catalyst with a belt-shaped basic unit
on the micrometer level achieved a Pt-like performance with a
long-term stability more than 400 h at 1 A cm−2, as shown in
figures 6(f) and (g). And a performance list of a representat-
ive collection of HER catalysts used in PEMWE and AEMWE
systems can be found in table 5.

For the AEMWE systems, two central issues in the catalyst
development are the search for high performance noble-metal-
free catalysts and the long-term stability under large current
density. For example, recent studies reported that the nickel–
iron-based electrocatalyst CAPist-L1 sustained for 15 200 h at
1 A cm−2 in 1 M KOH as OER catalyst, based on which a
AEMWE cell was constructed coupled with Ni4Mo/MoO2 as
cathode [136] achieving high current density of 7.35A cm−2 at
2 V with good durability of 1500 h at 1 A cm−2. Although the
OER catalyst on the anode is often taken as the more import-
ant factor due to the sluggish 4 e- reaction kinetics, the HER
catalyst on the cathode is also vital. For instance, when the
HER catalyst is substituted from RuP2 to WS2 superstructure
in AMEWE with the same anode catalyst, the applied poten-
tial at 1 A cm−2 is decreased from 1.86 to 1.7 V [133], which
corresponds to an increase of the ECE from 65% to 71%.

In both PEMWE and AEMWE, the catalyst may be loaded
on either the porous transport layer (PTL) or membrane, which
forms the catalyst coated substrate or catalyst coated mem-
brane (CCM), respectively. Therefore, the property of the PTL
and membrane are crucial since they also serve as the support
as that in the traditional three electrode system. For example,
the AEMWE cell constructed using NA-Ru3Ni/C as both the
cathode and anode catalysts exhibited a very good long-term
stability of 2000 h at 1 A cm−2. However, the incompatib-
ility of catalyst and support leads to large Rs and non-HER
energy loss. The applied potential is 2.05 V at 1 A cm−2, cor-
responding to an ECE of only 59%, although the overpotential
with the iR compensation is low, i.e. 53 mV@100 mA cm−2

(figures 5(h) and (i)) [123]. By contrast, in forming CCM
with PEM such as Nafion, a hot-press process may be used
to ensure the catalyst such as Pt based particle completely
wrapped into the Nafion, which could help improve the com-
patibility of catalyst and support and therefore reduce the
non-HER energy loss. Due to the compact configuration of
PEMWE/AEMWE cells, both catalyst substrate interaction
and catalyst membrane interaction are important, and the per-
formance optimization requires comprehensive considerations
involving more factors. For example, Zheng et al reported
[142] an efficient AEMWE with judicious choices of Ni–Fe
based catalyst coupled with Pt/C, AEM, ionomer and PTL,
demonstrating a good stability of 800 h at 10 A cm−2.

Comparing the ECE for overall water electrolysis in table 5
and that for HER in table 4 at large current density of
1 A cm−2, it is clear that the energy efficient design of WE in
the cases of PEMWE and AEMWE indeed improves the long-
term ECE for large scale hydrogen production. Still the state
of the art OWE is on the third level according to the energy
label proposed in table 1. Further investigations are required.
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Figure 6. (a)–(c) Different industrial water electrolysis hydrogen production systems and their respective advantages and disadvantages.
Reprinted with permission from [119]. Copyright (2023) American Chemical Society. (d) The effect of iR compensation for an example of
the AEM system. Reproduced from [120], with permission from Springer Nature. (e) Evidence of Fe ion contamination in the PEM system,
Reprinted from [121], © 2019 Elsevier B.V. All rights reserved. (f)–(g) SEM of M-CoSe1.28S0.72 and the corresponding cell for long-term
testing in the PEM system, Reproduced with permission from [122]. Copyright © 2023 The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. Distributed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC). (h)–(i) Long-term testing of the same HER catalyst in a three-electrode
system and an AEM cell, respectively, Reproduced from [123] with permission from the Royal Society of Chemistry.

5. Conclusion

The energy consumption and the associated ECE are central
issues in the development of high performance electrocata-
lysts for HER and the overall water electrolysis. In this work,

a universal energy label comprising five levels for HER elec-
trocatalysts is proposed based on ECE in the single electrode
reaction limit, which allows for a comprehensive perform-
ance evaluation of HER electrocatalysts from the energy con-
sumption perspective. Practically, HER electrocatalysts are
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Table 5. Performance of representative HER catalysts in PEM and AEM systems.

Catalysts (PEM)

T(◦C) η: V
Time (h)
(j; 1 A cm−2) ECEa (%)HER OER

M-CoSe1.28S0.72 [122] IrO2 60 1.79 410 68.7
Alloyed Pt SA [124] IrO2 80 1.82 1000 67.6
Co59Cu41 [125] IrO2 90 1.96 48 62.8
RuP [126] Ir 80 1.70 60 (2 A) 72.4
Cu44.4Ni46Mo9.6 [127] IrO2 90 1.79 48 68.7
Co3O4 [128] IrO2 80 2.4 24 (1.5 A cm−2) 51.3
CoP [129] IrOx 55 2.3 1763(1.86 A) 53.5
Pt/C [130] IrO2@TaB2 80 1.67 6000 73.7
PANI/Ni2P [131] IrO2 80 1.82 320 67.5
WMoC [132] IrO2 80 1.89 700 65.8

Catalysts (AEM)

T(◦C) η: V
Time (h)
(j; 1 A cm−2) ECE (%)HER OER

WS2 superstructure [133] Commercial IrO2 60 1.70 1000 72.4
Ni-S-NiFe(OH)2 [134] Ni-S-NiFe(OH)2 25 1.88 140 65.4
CoN/VN@NF [135] P-CoVO@NF 70 1.76 1000(0.5 A) 69.9
Ni4Mo/MoO2 [136] CAPist-L1 80 ∼1.6 1500 76.9
NA-Ru3Ni/C [123] NA-Ru3Ni/C 60 2.05 2000 60.0
Ni3S2/Cr2S3@NF [137] NiFeCr LDH@NF 60 2.04 >35 60.3
VCoP-2/Ni [138] VCoP-2/Ni 60 1.70 600 72.4
NiCoP@NiFeP [139] NiCoP@Ni FeP 25 1.93 100 63.7
Ru SAs/WCx [140] NiFeOHx-NF 80 1.79 190 68.7
RuP2 [141] IrO2 50 1.88 (0.5 A) 100 (0.5 A) 65.4
a ECE calculated here is based on the standard equilibrium (cell) potential of 1.23 V at 25 ◦C.

loaded on supporting electrodes, and extra energy consump-
tion is required for the series resistance or the correspond-
ing iR compensation. Here the support effect on the non-
HER energy loss associated with iR compensation is reviewed
from the structural point of view, with the emphasis on the
transient activity and the long-term stability especially under
the ampere-per-square-meter-level current density. In general,
nonmetallic supports of low conductivity exhibit larger Rs

than metallic supports, resulting in more non-HER energy
loss. The new emerging nanostructure supports could offer
more accessible active sites and facile charge transport path-
ways than conventional micron level supports, and therefore
enhance HER performance. Since supporting materials are
usually more stable than the loading active materials, the long-
term stability of HER catalysts seems to depend more sensit-
ively on the active materials. Our survey on the existing lit-
erature indicates that the characteristic microstructure at the
(sub)micron level, and a relatively simple chemical composi-
tion are favorable for a good HER stability. Too small in the
size of nanostructure of HER catalysts may result in severe
stability degradation although high activity can be achieved.
Notably, the incompatibility between micron level supports
and nanoscale catalysts can lead to a high Rs, and therefore
cause a large amount of non-HER energy loss. The non-HER
energy loss may be reduced by a variety of energy-saving
designs such as shortening the distance between the cathode
and anode as done in PEMWE and AEMWE for the overall
water electrolysis. Nevertheless, the compact cell design and
harsh operating conditions for PEMWE and AEMWE usually

introduce more involved technical issues in the energy conver-
sion process and may require additional energy compensation
from external sources, which renders the single electrode reac-
tion such as HER an excellent testbed due to its nature of a sim-
plified fundamental process. This work highlights the import-
ance of the energy consumption in the global design of HER
electrocatalytic systems, and the better understanding of cata-
lyst support interactions in the further development of high-
performance energy-saving electrocatalysts.

6. Future perspective

Upgrading the energy label of HER electrocatalysts in partic-
ular for the long-term performance under large current dens-
ity will be challenging in future studies. Considering that fact
that most current catalysts exhibit quite low ECE for HER and
even for the overall water electrolysis, it seems that the rational
design based on better understanding of underlying molecu-
lar mechanisms is preferred to increase the success rate. As
more new catalysts have been developed, structural engineer-
ing of materials on the nanoscale is widely applied. Therefore,
molecular information on the structure-property relationship
would be predominant in understanding the underlying mech-
anism of HER. Experimental studies, in combined with the-
oretical modeling and computation, on either structure or
dynamics, in particular on the molecular scale, could provide
irreplaceable insights into the design of high-performance
energy-saving HER catalysts. There are numerous interesting
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topics worthwhile for future investigations, and below we sug-
gest a few directions as examples:

(i) The energy-saving design of the HER cell would benefit
the overall electrocatalytic performance. Key cell compon-
ents such as electrode and electrolyte should be optimized
to further reduce the energy consumption. For example,
the positioning, geometry, and the surface properties of
electrodes require refined modeling and characterization.
As demonstrated by the advantages and disadvantages of
PEMWE and AEMWE, the global design of the elec-
trocatalytic system in the same integrated framework with
high ECE should be given more careful consideration. In
particular, the compatibility of key cell components on the
cell scale and the energy management of the overall HER
cell are pivotal in future studies.

(ii) More attentions should be paid on the compatibility
of catalyst and support in the rational design of high-
performance energy-saving HER electrocatalysts. Recent
studies have already demonstrated that introducing nano-
structures to catalysts or supporting materials or both
may enhance HER performance. However, universal laws
such as general rules that govern the structure-property-
performance relationship are lacking. In addition, as the
size of the basic structural unit of the support (as free-
standing electrode) decreases down to the nanoscale, the
characteristic size of loading active materials becomes on
the same scale as that of the support, therefore the support
effect may go beyond the conventional scope, for example,
to synergistically couple with the interface effect, and per-
haps to influence the stability. Systematical investigations
on the catalyst and support interactions on the microscopic
scale and their roles in reducing the energy consumption in
the electrocatalytic reactions, from both experimental and
theoretical perspectives, are highly valuable in uncovering
the underlying mechanisms and fundamental rules of high
performance HER.

(iii) Generalizing the findings for the HER process to OER and
even the overall water electrolysis deserves serious invest-
igations in future. The underlying mechanisms may be
extended beyond the HER electrocatalysts. For example,
whether similar trends in the structural influence on the
catalytic HER performance can be found for OER cata-
lysts? Bifunctional catalysts that work well for both HER
and OER have long been known, and the question remains
unclear that whether they can achieve the best overall
energy efficiency or a compatible but different HER and
OER catalyst couple would be a better choice. The most
difference between HER and OER is perhaps the elec-
tron transfer pathway, therefore whether and how electron
transfer would affect the activity, the long-term stability of
the catalyst, and the energy consumption? Investigations
on such fundamental problems may require sophisticated
experimental tools such as in-situ and operando techniques
that can capture the unambiguous molecular events, as
well as advanced theoretical methods/simulation packages
that could treat complicated materials systems accurately
and efficiently.

These examples clearly illustrate that the electrocatalytic
HER is indeed a multifaceted problem with detailed struc-
tures and mechanisms on multiple scales. And a bright future
of this interdisciplinary field will come under the joint efforts
from researchers with different backgrounds in the continu-
ously growing community.
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