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Thereinto, electrocatalysis plays a critical role in clean energy conversion, enabling a series
of sustainable chemistries and processes for future technologies. Herein, we mainly discuss
recent advances of heterogeneous electrocatalysts for hydrogen production and storage via
several clean energy reactions such as hydrogen evolution, carbon dioxide and nitrogen
reduction. Emphasis is given to the structure/composition-catalytic activity relationship
and strategies of performance improvement. Certainly, several challenges and research
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Nitrogen reduction directions toward these reactions are also discussed. The comprehensive review might pro-
Electrocatalysts vide guidance to design robust electrocatalysts that allow for the sustainable production of
Nanostructures fuels and chemicals.
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Nomenclature

Acronyms

ALD atomic layer deposition

CcC carbon cloth

CNTs carbon nanotubes

CVD chemical vapor deposition

CcP carbon paper

cv cyclic voltammetry

DFT density functional theory

FE faradaic efficiency

HBE hydrogen bonding energy
HER hydrogen evolution reaction
MCVs  mesoporous carbon vesicles
MOF metal organic frameworks
MPC macroporous carbon

OER oxygen evolution reaction
oMC ordered mesoporous carbon
rGO reduced graphene oxide

RHE reversible hydrogen electrode
STM scanning tunneling microscopy
STS scanning tunneling spectroscopy

TMCs transition metal carbides

TMDs  transition metal dichalcogenides
TOF turnover frequency

XANES  X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy

0/1D zero/one-dimension

2D two-dimension
3D three-dimension
Symbols
b Tafel slope
AGy, Gibbs free energy for hydrogen adsorption
Jo exchange current density
n overpotential
N1o current density of 10 mA cm 2
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1. Introduction

Under the current background of increasing global energy demand and serious environmental issues connected with
burning fossil fuels, exploiting new energy supply based on low-carbon and renewable resource is particularly significant
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for the sustainable society [1-6]. Hydrogen (H,), as a clean energy carrier, holds great promise for addressing the above
issues and opening new avenue for future carbon-free energy economy by virtue of its highest energy density per unit mass
and the pollution-free by-product of only water [7-9]. However, effective production and storage of H, are still the particular
challenges of hydrogen economy. Today, among the main H, production pathways, producing H, from electricity-driven
splitting of water via the hydrogen evolution reaction (HER), preferably coupled with renewable energy resources (wind
or solar energy) can be more coinciding with long term consideration for future sustainable energy supply [10-14]. While
for the H, storage, besides the storage of H, as a compressed gas or cryogenic liquid or using hydrogen storage materials
(e.g., metal hydrides), chemical storage materials, especially formic acid (HCOOH), have attracted major concerns due to
their high hydrogen content and easy recharging as a liquid. Besides, ammonia (NH3), containing 17.6% of hydrogen by mass,
is also an ideal carrier for H, [15].

As earth’s atmosphere can provide abundant feedstock of H,0, CO,, and N,, which can potentially be converted into the
aforementioned products via electrochemical processes driven by renewable energy resources (wind or solar energy). Once
high-efficient electrocatalysts with the required properties are developed, the possible sustainable pathways for hydrogen
economy can be fabricated (Scheme 1). For instance, the water electrolysis has been regarded as a sustainable source of
H,. CO, captured from the atmosphere or decomposition of HCOOH could become a feedstock for fuels or HCOOH via elec-
trochemical reduction. Likewise, N, can also be carried out the similar cycle process. Although these electrochemical reac-
tions have been put forward for a long time, the overall energy efficiency is still questionable for practical application which
is likely attributed to the slow kinetics of the electrochemical reactions. Thus, the current implementation of these technolo-
gies on a large scale mainly hinges on seeking efficient catalysts to accelerate the reaction and thus improve the efficiency
[16]. Thereinto, precious metals have exhibited the best catalytic performance than others for many electrochemical reac-
tions, but their widespread application is greatly constrained by the scarcity and prohibited price, as well as the limited sta-
bility [17,18]. Therefore, the development of alternative electrocatalysts composed of low-cost and earth-abundant elements
has nowadays attracted much more research interests [19-25].

Considering the rapid and new development of electrocatalysts for these thriving fields, a comprehensive review may
help to compare different catalysts and guide the further scientific activities. In this review, we summarize the development
of heterogeneous catalysts for these reactions. Emphasis is given to the structure/composition-catalytic activity relationship
and strategies of performance improvement. Some important synthetic methods and strategies are also introduced, which
may apply to prepare other high-efficiency catalysts. Finally, some challenges and research directions are also discussed.

2. Catalysts for HER
2.1. Fundament for HER

Generally, the HER undergoes multi-step electrochemical reaction process occurring at the surface of electrode. Overall,
two different mechanisms with three possible reactions are widely accepted (Table 1). For instance, in acidic solution, both of
the two mechanisms must proceed via the first step, which is the hydrogen adsorption step, well-known as Volmer reaction.
In this step, an electron is transferred to the electrode surface to capture a proton and thus form the absorbed hydrogen
atom. Subsequently, difference occurs at this step of generating hydrogen. For Volmer-Heyrovsky mechanism, the formation

Scheme 1. Schematic illustration of possible sustainable pathways for hydrogen generation and storage.
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Table 1
Reaction steps for HER in acidic and alkaline electrolytes.
Overall reaction Reaction steps Equations Tafel slope (mV dec™')
2H" +2e~ — H, (Acidic solution) Volmer H'+e +* > H b =2.3RT/aF = 120
Heyrovsky H +H"+e > H, b=2.3RT/2F=30
Tafel 2H - H, b =2.3RT/(1 + o)F = 40
2H,0 +2e~ — H, + 20H~ (Alkaline solution) Volmer H,0+e — H +OH
Heyrovsky H,0+e +H — Hy+OH™
Tafel 2H - H,

of hydrogen is through the transfer of one electron to the absorbed hydrogen and thus couple of one proton. For Volmer-Tafel
pathway, hydrogen evolution is via the combining of two absorbed hydrogen, wherein the electrode surface must possess
proximal pair of hydrogen absorbed atom sites.

To estimate the HER activity of target electrocatalysts, some important parameters are required to be calculated, mainly
including overpotential (1), Tafel slope and exchange current density (jo), faradaic efficiency (FE), turnover frequency (TOF),
stability as well as the hydrogen bonding energy (HBE). Firstly, hydrogen evolution can be started at 0 V vs. reversible hydro-
gen electrode (RHE) at the standard condition, but actually larger potential is needed to push HER at target electrode,
wherein the excess potential compared to the theoretical one is overpotential. In most case, the overpotential to reach
the current density of 10 mA cm™2 (1)10) is used to compare the catalytic activity of catalysts, which is the metric relevant
to solar fuel synthesis. Then, the Tafel slope and exchange current density are two important kinetic parameters which can
be obtained from Tafel equation (1 = b log (j/jo), where b is the Tafel slope. The possible rate-determining reaction mecha-
nism of catalyst can be deduced by Tafel slope (Table 1) and the jq is correlated to the rate of electron transfer under equi-
librium conditions. In brief, the efficient electrocatalyst usually possesses the low overpotential, small Tafel slope and high
exchange current density during the HER process. As for FE, it is the ratio between the experimental and theoretical hydro-
gen production. Thereinto, the theoretical production can be calculated from galvanostatic or potentiostatic electrolysis and
the practical production can be obtained by gas chromatography, and most of FE loss originates from the heat loss or forma-
tion of other products. Besides, the catalytic activity of individual active site can be implied by TOF, which is defined as that a
catalyst can convert to a desired product per catalytic site per unit of time. However, it is difficult to garn precise TOF as the
heterogeneously electrocatalytic reaction always occurs at the surface of electrode. Therefore, the concentration of the so-
called surface metal ion is calculated and thus used to estimate the TOF of electrocatalyst [26,27], but this approach is suit-
able for the metallic based catalysts with obvious redox peaks in the electrolyte, such as Ni, Fe and Co. Considering from
practical application, the stability is another critical parameter, which can be characterized by two simple electrochemical
techniques: cyclic voltammetry (CV) and galvanostatic/potentiostatic electrolysis. Finally, ideal HER electrocatalysts should
have moderate HBE as the strong hydrogen bonding may block the active sites and thus fail to release hydrogen, while the
weak hydrogen bonding may fail to stabilize the intermediate and then prevent any reaction from further occurring. Thus,
the Gibbs free energy for hydrogen adsorption (AGy,) is a good descriptor of the intrinsic activity of a metal for HER, and a
plot of jo against AGy, was acquired and showed a volcano shape (Fig. 1) [28]. Obviously, Pt group metals which have the
highest activity are located at the summit of the volcano, and close to zero hydrogen absorption energy.

There are many parameters to measure the HER activity of electrocatalysts. However, comparing the performance of
different catalysts is complicated because of the various measurement conditions, such as deposited substrates, electrolyte
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Fig. 1. A volcano plot of experimentally measured exchange current density (jo) as a function of the DFT-calculated Gibbs free energy of adsorbed atomic
hydrogen (AGy-).
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compositions and concentrations as well as pH values. Thus, for well comparison of different catalysts, standard
electrochemical tests are of great value. As a successful example, Jaramillo et al. proposed a benchmark study on HER
electrocatalysts (Fig. 2), which may be greatly significant for the development of standard test techniques [29].

2.2. Catalysts based on Pt

As we all know, both theoretic and experiment researches show that precious metals, especially Pt, are the best electro-
catalysts for HER. Apart from their apparent advantages, the obvious drawbacks including scarcity and prohibitive cost still
plague on these precious metal catalysts, limiting their widespread commercial applications. Therefore, to reduce the usage
of precious metals but keep or improve the high catalytic activity is highly essential to ensure the sustainable hydrogen pro-
duction. Considering the fact that catalytic reaction occurs on the solid-liquid interface, so the most common methods are:
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Fig. 2. Protocol for benchmarking the performance of heterogeneous electrocatalysts for HER.
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(i) controlling the usage and exposing facet of Pt via forming alloy, core-shell and branch structure; (ii) loading nanostructure
Pt on some building blocks with special structure or property. To this context, much work has been done to select and syn-
thesize some promising substrates.

2.2.1. Construct alloy or core-shell structure

Achieving low-content Pt catalysts via alloying with other metals is an appealing and practical stratagem as which can
not only copy the individual advanced properties of Pt and other metals, but also usually exhibit amazing catalytic perfor-
mance because of their possible synergetic effect [30]. Therefore, many researchers have focused on fabricating Pt alloy cat-
alysts with optimized structure to achieve high catalytic activity but with extreme low-content of Pt. Typically, the PtNiCu
alloyed nanochains were synthesized, and exhibited excellent HER activity with a nearly negligible overpotential, a Tafel
slope of 28 mV dec™! and the 200 mA cm ™2 at only overpotential of 75 mV, which was almost 5 times than the equivalent
Pt mass of state-of-the-art Pt catalysts [31]. This high performance was mainly attributed to the nanochains structure to pro-
vide abundance of clean active facets on edge sites besides synergistic effect. To controllable synthesis alloy components,
Xiong et al. synthesized the PtFeCo alloy nanostructures in a tristar shape (Fig. 3) [32]. Thanks to the optimization of elec-
tronic and surface structure, the tristar sample displayed remarkably higher activity than nanoparticles, and the
1325 mA cm 2 could be achieved just at potential of 400 mV. Meanwhile, it also exhibited excellent durability with negligi-
ble decay before and after 5000 CV cycles. Importantly, they provided a different perspective to improve the HER perfor-
mance via tuning the d-band center and interatomic charge polarization.

Recently, alkaline electrolysis has received extensive attention because of its advantages, such as broad reactant availabil-
ity and high product purity. However, the HER performance of Pt-based catalysts in alkaline solution is far away from that in
acidic conditions. One strategy to improve the alkaline HER performance is integrating Pt nanostructures with the metal
hydroxides as the edges of metal hydroxides contributes to the dissociation of water [33]. For example, ultrathin Pt nano-
wires on single-layered Ni(OH), nanosheets were fabricated which exhibited 4-5 times higher HER activity than commercial
Pt/C in alkaline solution [34]. The superior HER activity is ascribed to that the Ni(OH), substrates can activate the HO—H
bond and thus remedy the limited capability of Pt in water dissociation, and the ultrathin Pt nanowires may expose more
active sites while retaining improved electrons transport. One issue in this method is that the lattice spacing of metal
hydroxides is usually larger than that of Pt, which is unfavorable to form intimate interface between metal hydroxides
and Pt, so the enhancement of HER activity is limit. Thus, the phase- and interface-engineered Pt-Ni nanowires catalysts
were prepared [35]. Due to the presence of proper NiOy/PtsNi interfaces, this catalyst exhibited excellent activity with a
low overpotential of 40 mV at 10 mA cm 2 in 1 M KOH and maintained its catalytic activity for 3 h with 10% activity loss.
This study provides a surface and phase-engineering strategy to further optimize the catalysts. Besides, the hexapod-like
ternary PtNiCo alloy nanostructures were synthesized. Similarly, the oxidation of Ni species facilitated the H-OH cleavage
reaction and overall reaction kinetics, thus exhibiting 10 times greater specific activity than Pt/C [36].

Generally, one serious issue, that is the leaching of non-Pt metal in the electrolyte, particularly in the acid medium, pla-
gues on Pt alloy catalysts, resulting in relatively low stability. In this context, the construction of core-shell structure is an
attractive strategy to decrease the Pt usage but with high stability since the non-Pt core is protected by the thin-layer Pt.
Note that only several outer layer Pt atom can be fully used in catalysis, further highlighting the superiority of core-shell
structure in view of making most use of Pt atom. In the past decades, many active Pt core-shell catalysts have been success-
fully constructed [37-39]. Chen’s group synthesized the Pt-WC core-shell catalyst by atomic layer deposition (ALD) [37], and
after ten ALD cycles, the HER catalytic activity could be close to the Pt/C catalyst, wherein the amount of Pt were nearly ten
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times less than bulk Pt catalyst to achieve the equivalent HER activity. Besides, the Cu-Pt core-shell nanowires were also
fabricated and the obtained highest mass activities could reach up to eight times higher than Pt/C for HER at neutral
electrolyte [38].

In addition to the above, the catalysts including multi-precious metals for core-shell structure are also prepared which
can provide special interface or surface polarization. The unique Pt-Pd-graphene stack structures were fabricated and the
surface polarization was enhanced with reduction of Pt thickness which caused the electron density of catalyst surface
increased (Fig. 4), thus contributing to improve HER activity [40]. By optimizing the Pt thickness, the obtained catalyst exhib-
ited the high activity with the 791 mA cm2 at potential of 300 mV and a Tafel slope of 10 mV dec™!, as well as the excellent
stability with negligible decay before and after 5000 CV cycles. Thus, using ALD technique to offer monolayer Pt deposition
may further enhanced HER activity with minimal usage of Pt. Moreover, isolated and layered growth of Pt on Pd were pre-
pared (Fig. 5) [41], and finally, the isolated growth exhibited the superior HER activity than layered growth because of the
high surface area and more exposed Pd/Pt interface. Besides, the well-defined Ru@Pt core-shell nanocatalysts were synthe-
sized which showed ultralow charge-transfer resistance [42]. However, the ultrasmall Pt particles without core atoms were
predicted to be the best Pt catalyst for HER by new density functional theory (DFT)-based global optimization theoretical
methods [43].

2.2.2. Choose special supports

In addition to exerting the advantages of Pt alloy and core-shell catalysts, low loading these Pt-based catalysts on excel-
lent supports with high corrosion resistance and abundant sites becomes another effective stratagem. The transition metal
carbides (TMCs) are widely used to support Pt because of their Pt-like catalytic properties [44-47]. For the monolayer pre-
cious metals on TMC substrates, Chen’s group has made the great contribution to this area, and an instructive finding about
volcano relationship between HER activity and DFT-calculated HBE is obtained [48], which is similar to previous study
[28,49,50]. These materials exhibited high catalytic activity near to bulk Pt. However, their long-term stability and unsuit-
able applying in the high current density electrolysis devices are still the challenge because of the low surface areas [51].
Based on this, recently, low-loadings of Pt supported on six TMCs powders were synthesized [45]. And eventually, the results
show that different carbides do not obviously change the intrinsic activity of the Pt/TMC catalysts, but have a significantly
effect on the dispersion of Pt, which causes the different electrochemical surface areas.

Besides, another special structure that the monolayer Pt deposited on carbon-covered faceted rhenium (C/Re) (1121) sur-
face was constructed and showed higher HER activity than bulk Pt (1 1 1) surface which may be due to the substantially
reduced HBE (Fig. 6) [52]. This is the first application of faceted metal surfaces as templates to synthesize the electrocatalyst
with well-defined surface structure and size on nanometer scale. Recently, single Pt atom and clusters supported on N-doped
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graphene nanosheets were synthesized by ALD [53], and the mass activity of this catalyst exhibited 37.4 times greater than
commercial Pt/C catalyst. Importantly, the X-ray absorption near-edge structure (XANES) spectrum was also used to study
the local electronic structure of Pt catalysts and their interaction with the support material. Finally, the excellent perfor-
mance was attributed to the partially unoccupied density of states of the Pt atoms’ 5d orbitals on the nitrogen-doped gra-
phene based on XANES and DFT. There is no doubt that the single atom catalysis can markedly decrease the Pt loading and
increase the Pt utilization efficiency. In addition, the ultra-low mass loading of Pt nanoparticles on carbon nanofibers and the
Pt nanocuboids supported on reduced graphene oxide (rGO) were also designed and showed good catalytic activity [54,55].

Although the Pt/C is the typical support enhanced HER catalyst, it suffers the carbon corrosion, migration and aggregation
of Pt and low stability. Therefore, some researchers reported the non-carbon robust supports, such as the Pt nanowires on
metal hydroxides nanosheets. Considering the high specific surface area of ultrathin transition metal dichalcogenides
(TMDs) nanosheets, the single-layer TiS, and TaS, nanosheets were prepared as novel dispersible platforms to deposit Pt
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and Au nanoparticles [56], and the Pt-TiS, composite exhibited the good catalytic performance. Apart from the
non-precious metal templates, the monolayer Pt supported on Au was also synthesized as the photoelectrochemical catalyst
for HER [57], meanwhile the other precious metal catalysts, such as Pd, Au, Ag, Rh or their alloys were also constructed
[58-69], but which were beyond the scope of our discussion. Table 2 lists and compares some excellent precious metal
catalysts for HER performance.

By means of these advanced routes, much progress has been made for Pt-based HER catalysts, which have possessed
extremely low loading of Pt, proper exposed active sites, high BET surface, stable structure, and thus high catalytic activity
and long-term durability. However, these issues including the aggregation and recombination of Pt, its low reserves and high
cost cannot be completely eliminated. Therefore, replacing Pt with other non-precious metal or metal free catalysts for HER
will be a promising way for the sustainable society.

To address the aforementioned problems of precious metal catalysts, intensive scientific researches have spotlighted on
the non-precious metal catalysts which are cheap and earth abundant. In general, the element compositions and interaction
with each part can control the intrinsic activity; meanwhile the specific surface and pore structure will determine the elec-
tron and mass transport properties, as well as the accessible parts of the active sites. Until now, the non-precious elements
for synthesizing the HER catalysts are mostly molybdenum (Mo), tungsten (W), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu)
and tin (Sn), and a series of these catalysts with preferable morphology and structure have been established for HER. There-
fore, for introducing conveniently, we divide the non-precious metal HER catalysts into catalysts based on Mo and W and
catalysts based on Fe, Co and Ni.

2.3. Catalysts based on Mo and W

Among various established HER electrocatalysts, the catalysts based on Mo and W are widely considered to be promising
substitutes for precious metals, and accounted for a large proportion of non-precious metal catalysts. Originally, the MoS,
was reported that hold great potential to serve as a HER electrocatalyst because the edge sites of MoS, was similar to nitro-
genase’s, which can drive HER effectively and the theoretical free energy of hydrogen adsorption on such catalyst is near to
that of Pt (AGy° ~ 0) [70]. Subsequently, the active site which was clearly bound up with the catalytic activity was identified
by Jaramillo and co-workers [71]. Henceforth, numerous materials based on Mo and W, such as the sulfides, selenides, car-
bides, nitrides and phosphides are extensively reported to boost the catalytic activity. Conventionally, these materials based
on Mo and W in bulk form show poor catalytic activity toward HER either in acid or alkaline medium. To this context, three
fascinated approaches are widely used to settle this fatal issue: (i) increasing the surface area to expose more active sites; (ii)
doping suitable heteroatoms to optimize the surface electronic structure and (iii) coupling with conductive species to
improve the electrical contact with active sites, or both. Normally, tailoring the structures of catalysts can achieve the above
purposes. Therefore, tremendous research efforts are invested in the constructing special structures. Herein, we introduced
the catalysts based on Mo and W by different structures, including zero/one-dimension (0/1D), two-dimension (2D) and
three-dimension (3D) nanostructures.

2.3.1. Zero/one-dimension nanostructure

2.3.1.1. Particles, wires or rods. Compared to the bulk materials, engineering nanostructures in the form of particles, wires/
rods can usually afford the catalysts with preferable facet or active sites, relatively large specific surface area, optimized elec-
tronic structure and some other special properties, thus remarkably boosting their HER performance. Therefore, the nanopar-
ticle catalysts based on Mo and W are widely synthesized [72-77]. Hu et al. showed the MoS, particles as an efficient catalyst
for the reduction of aqueous protons [78], and their group also first showed the molybdenum boride (MoB) and carbide
(Mo,C) were active HER catalysts in both acidic and basic solutions in detail [79]. Meanwhile, they proposed the catalytic
activity can be improved by optimizing the particle size, but the mechanistic questions of these catalysts are not clarified.
Considering from decreasing the particle size, the WS, nanodots were prepared by liquid-phase exfoliation method, and
the high activity was due to a high concentration of 1T-WS, as well as the quantum confinement and edge effects [80].

Table 2

Summary of HER performance of some excellent precious metal catalysts.
Catalysts Electrolyte Loading Overpotential Tafel slope Exchange current Stability Ref.

(mg cm2) (mV) (mA cm~2) density (mA cm2)

PtNiCu nanochains 0.5 M H,S04 0.06 MN200=75 28 N/A 1000 CV cycles [31]
TriStar PtFeCo shape 0.5 M H,S04 0.05 N1325 =400 21 N/A 5000 CV cycles [32]
Pt NWs/Ni(OH), NSs 0.1 M KOH 0.016 Nes=70 N/A N/A 4000 s [34]
Pt-Ni NWs 1M KOH 0.015 N0 =40 N/A N/A 3h [35]
PtNiCo nanohexapod 0.1 M KOH 0.01 Ns =22 N/A 1.4 N/A [36]
Pt-Pd-Gr 0.5 M H,S04 0.01 N791 =300 10 N/A 5000 CV cycles [40]
Pd@I-PtCu 0.5 M H,S0, 0.16 TNas1 =300 20 N/A N/A [41]
Single atom Pt/N-Gr 0.5 M H,S04 N/A MN1s =50 29 N/A 1000 CV cycles [53]
Pt/carbon nanofibers 0.5 M H,S04 N/A Nio=55 32 N/A 1000 CV cycles [54]

Cuboid-like Pt-CNSs/rGO 0.5 M H,S04 0.17 Nio=75 29 0.18 2000 CV cycles [55]
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And ultra-small Cu;S4,@MoS, hetero-nanoframes were also fabricated and exhibited high activity because of the nanoframe
heterostructure and Cu;S, template supporting which was crucial to maintain the full exposure of active edge sites [81].
Moreover, to expose more edge sites, a strategy to chemically unzip WS, nanotubes to form WS, nanoribbons was provided
and displayed enhanced HER activity [82].

In addition, the amorphous MoS, catalysts were also widely studied as they were not only facilely synthesized [83,84],
but also inherited some advantages of crystalline MoS, [72,76,85-88]. Thereinto, the structural transformation of amorphous
MoS; to amorphous MoS; and then crystalline MoS, during electrolytic process was confirmed [86]. However, the enhanced
HER activity may still attribute to the amorphous MoS; as the crystalline domains are extremely limited. Moreover, the
active sites of amorphous MoS, were hardly quantified because of uncertain structure and atomic-scale heterogeneity
[89-91]. Until recently, the polymeric structure and molecular nature of amorphous MoS, were revealed, which consisted
of discrete [Mo3S13]*>~ building blocks [92]. Thereinto, two of the terminal disulfide (S3~) ligands were shared to form poly-
mer chain, and another remained free and generated molybdenum hydride moieties, which was regarded as the active site
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for H, evolution (Fig. 7). Based on such clear structure understanding, the catalytic activity can be improved by further opti-
mizing the structure.

With respect to molybdenum carbides, Leonard et al. fabricated the nanoparticles with four phases (a-MoC;_x, N-MoC, y-
MoC and B-Mo-,C) for HER, and the y-MoC showed great potential to be an effective catalyst as verified by theoretical and
experimental analysis [93]. But the size and shape control of MoC was hard, which seriously affected its catalytic perfor-
mance. Thus, synthesis the MoC with special structures is the key to improve HER activity. For instance, the nanoporous
Mo,C nanowires were synthesized by simply calcining a MoOy/amine hybrid precursor [94], and the bimetallic carbide nano-
wire structure was also fabricated by a hydrothermal method and then facile carburization process, which consisted of nano-
sized Mo,C particles integrated on the highly conductive WC backbone [95]. Undoubtedly, their enhanced activity was
owing to the advantages derived from unique structure. Moreover, the core-shell MoO3-MoS, nanowires [96] and hetero-
nanowires of MoC-Mo,C [97] were also applied for HER effectively. Thereinto, the HER activity of MoOx/MoS, core-shell
nanowires can be enhanced by hydrazine treatment which acts as an electron dopant to increase the overall conductivity
[98]. Recently, Lou et al. synthesized the hierarchical B-Mo,C nanotubes by carburizing Mo-polydopamine nanotubes
[99]. Thanks to the well-defined structure, this catalyst also exhibited high activity in both acidic and alkaline conditions.

Recently, the molybdenum oxide is studied because of the low cost, nontoxic and high stability. Typically, the meso-
porous molybdenum oxide with nanosized crystalline walls was prepared by using a soft template synthesis method, which
exhibited high activity and excellent stability (longer than 12 h) under both acidic and alkaline conditions [100]. This high
performance was mainly attributed to the mesoporosity and oxygen vacancies which could facilitate HER activity by gener-
ating unusual electronic state near the Fermi level.

Apart from the sulfide and carbide of molybdenum, molybdenum phosphide nanoparticles were also proposed as HER
catalysts [101]. Moreover, the degree of phosphorization is largely correlated with catalytic activities and stabilities, and
a higher degree of phosphorization resulted in better performance [102]. Recently, the P-rich WP, submicroparticles were
synthesized and exhibited excellent HER performance with the overpotential of 161 mV to afford 10 mA cm~2 and a Tafel
slope of 57 mV dec™! [103]. In addition, the multicomponent catalysts were also prepared [104-107].

2.3.1.2. Doping. Introducing the extra non-metal element is an effective way to enhance the HER activity of host material via
tuning their electronic and surface structures [108]. The MoSy(1_x)Px solid solution was prepared and the 10 mA cm~—2 was
obtained at the overpotential of about 150 mV [109]. Considering the optimization of conductivity and active sites simulta-
neously, the S-decorated Mo,C nanostructures were designed and showed superior HER activity though the decoration of S
produced some adverse effect, such as reducing the electrochemically active surface areas and enlarging the impedance
resistance [110]. Besides, N-rich iron-tungsten carbonitride (Fe-WCN) core-shell nanostructures were also constructed
and demonstrated the good HER activity due to the existence of N-bound W species [111]. This strategy might be expanded
to synthesize other functional metallic nitrides. Additionally, they also found that N-content in Fe-WCN had a good relation-
ship with HER activity, and the low N-content could lead to the poor HER performance. But the possible role of Fe in this
catalyst was not discussed.

Besides the non-metal doping, metal doping is also used to improve the catalytic activity which might improve the intrin-
sic catalytic properties and increase effective electrochemical surface area [112-116]. As indicated by Hu et al., the Fe, Co and
Ni could promote the catalytic activity of amorphous MoSs films via leading to a high surface area or even increasing the
intrinsic activity of the MoS; film [114]. After that, the Co/Ni-W-sulfide (CoWS, and NiWS,) were synthesized as efficient
electrocatalysts for the HER over a wide pH range [116]. What's more, they found that MWS, (M is Co or Ni) catalysts pos-
sessed WS,-like layered structure and M-S-W bimetallic sulfide centres, moreover the primary catalytic activity was located
in the M-S centres. This contributed to understand how HER activity was promoted in metal-doped molybdenum and tung-
sten sulfide materials. Recently, Ni-MoS, hybrid nanoclusters were fabricated, and exhibited a 100 mV shift in the HER onset
potential and an almost 3-fold increase in exchange current density compared with the undoped MoS, nanoclusters [112].
Besides, the molybdenum-based ternary or multinary catalysts were also synthesized and showed excellent activity
[117-119].

The transition metals (Fe, Co and Ni) introduced into Mo,C were also discussed. Fe doped p-Mo,C catalysts were synthe-
sized via an amine-metal oxide composite method, and the enhanced activity was attributed to broader valence bands of
B-Mo,C and more electrons around the Fermi level, the graphitic carbon supports, and highly active Fe;(Mo0O,); species
on the surface after Fe was doped [115]. Ni-doped B-Mo,C was also synthesized by the same method, but gave lower
HER activity than Fe-doped B-Mo,C. Moreover, considering further-improved HER activity by optimizing structure, a
series of Co-doped Mo,C nanowires were developed [113], and the low overpotential (110 = 140 and 118 mV), small Tafel
slope (39 and 44 mV dec™!) were obtained in 0.5 M H,SO4 and 1.0 M KOH, respectively. Certainly, the Ni-doped Mo,C
nanowires were also fabricated [120].

2.3.1.3. Combine with conductive substrates. Combining nanoparticles with conductive substrates is a well-known route to
improve the electronic conductibility and also prevents the aggregation of the nanoparticles, thus greatly enhancing the cat-
alytic activity. A large number of studies have been carried out to improve the HER activity by this method [121-131]. Jar-
amillo et al. deposited the MoS, nanoparticles on a clean Au (11 1) substrate [71], which determined the active sites for
hydrogen evolution of MoS, nanoparticles, and they also proposed that tuning the electronic structure of edge was benefited
for improving the activity. After that, the graphite was also used as substrate to support [Mo3S4]** molecules, which exhib-
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ited high per-molecule catalytic efficiency, but the observed electrocatalytic stability was not satisfactory because of the des-
orption of catalyst molecules from the surface [132]. Dai’s group applied rGO as the support for MoS, nanoparticles [133],
and the obtained MoS,/rGO catalyst showed admirable HER activity with an onset potential of 100 mV and a low Tafel slope
of 41 mV dec™'. This was mainly attributed to the strong chemical and electronic coupling between the GO sheets and MoS,.
The chemical coupling made the MoS, selectively grow on GO free of aggregation, and the obtained small size and high dis-
persion of MoS, on GO afforded abundant and accessible edges which can serve as active catalytic sites for the HER. Mean-
while, the electronic coupling contributes to the electron transport from the less-conducting MoS, nanoparticles to the
electrode. After that, MoS, nanoparticles on mesoporous graphene foams were also synthesized [134], and the resultant cat-
alyst exhibited superior HER activity with 100 mA cm~2 achieved at 200 mV.

Recently, the P modified WN on rGO was prepared which exhibited high activity with a Tafel slope of 54 mV dec™! and an
overpotential of 85 mV at 10 mA cm~2 [135]. The interaction of P could cause the interfacial polarization which would
increase the electron density on the catalyst surface, and then improved the reaction activity. In addition, a hybrid material
based on Mo0O,, P-doped nanoporous carbon and rGO was fabricated which exhibited high activity and stability (Fig. 8) [136].
What’s more, the metallic WO,-carbon mesoporous nanowires were obtained by the calcination of inorganic/organic
WOs-ethylenediamine hybrid precursors. Thanks to the high concentration of oxygen vacancies and the large amount of
active sites, this catalyst exhibited outstanding catalytic activity with a Tafel slope of 46 mV dec™' and a low overpotential
of 58 mV at 10 mA cm~2 [137].

To further enhance the HER activity of molybdenum carbide, the Mo,C nanoparticles combined with carbon materials
have been widely adopted [138-141], as well as the molybdenum compounds [142,143] and multimetallic carbide [144].
The enhanced activity were mainly due to the low HBE, high conductivity and the compound support which contributed
to alleviate aggregation of the Mo,C, provide large electrolyte-accessible surface area and accelerate the electron transfer.
Thereinto, to avoid the inevitable aggregation and/or excessive growth of Mo,C nanoparticles as well as the easy oxidation
of their surface which will reduce the catalytic activity, the ultrafine Mo,C nanoparticles (less than 3 nm) uniformly embed-
ded within a carbon matrix were designed [145]. Thanks to the cooperative effects of ultrafine Mo,C nanoparticles, ultrathin
graphene shells and N dopant, this catalyst exhibited excellent activity with a low onset potential of 6 mV, a Tafel slope of
41 mV dec™! and the overpotential of 78 mV at 10 mA cm ™2, as well as good stability during 12 h continuous operation. Sim-
ilarly, Mo,C encapsulated by N, P-codoped carbon shells and N, P-codoped rGO were designed (Fig. 9) [146], and the HER
activity approached the performance of commercial Pt/C that the 10 mA cm2 could be achieved at the overpotential of only
34 mV. Besides, molybdenum or tungsten carbide nanoparticles rigidly embedded into the vertically aligned graphitic
carbon nanosheets were synthesized [147]. Furthermore, the Ni-encapsulated N-doped carbon vesicle material modified
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by Mo,C were also synthesized [148], and the existence of Ni ion made the Mo,C nanoparticles effectively decorate on the
substrate Ni@NCV. Thus, this catalyst exhibited high HER activity and durability with a low overpotential of 68 mV at
10 mA cm 2.

Very recently, well-defined pomegranate-like N,P-doped Mo,C@C nanospheres were fabricated and showed an extremely
low overpotential of 47 mV at 10 mA cm 2, which was attributed to uniform N,P-doped in the conductive carbon shell/ma-
trix and nanoporous structure [149]. In addition, Lou et al. also developed a MOFs-assisted strategy to synthesize porous
molybdenum carbide octahedral nanoparticles which relied on the in situ and confined carburization reaction. The prepared
catalyst showed remarkable HER activity in both acidic and basic solutions because of the desirable nanostructure with unu-
sual n-MoC phase embedded in an amorphous carbon matrix and a uniform mesoporous structure [150]. Similarly, the por-
ous MoP nano-octahedrons, as well as the Mo,C and MoN, were also prepared by analogous method and showed high
activity [151]. Some excellent HER performance of zero/one-dimension materials based on Mo and W is listed in Table 3.

Over the past decades, many inspired zero/one dimension electrocatalysts have been achieved for HER via abundant and
rational strategies to optimize structures, such as synthesizing from nanoparticle and nanodots to nanowires, doping and
choosing conductive substrate. Typically, these catalysts, characterizing with high special surface area, sufficient active sites,
good electron and mass transport properties, show high HER performance. However, the aforementioned problems are not
completely avoided, calling for more attention to the mechanism of forming catalysts and the according electrocatalytic
mechanisms.
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Table 3
Summary of HER performance of some zero/one-dimension materials based on Mo and W.
Catalysts Electrolyte Loading Overpotential Tafel slope Exchange current Stability Ref.
(mgcm=2)  (mV) (mAcm2)  density (mAcm2)

v-Mo,N NPs 0.5 M H,S04 0.102 Nio =381 100 N/A 1000 CV cycles [74]
1M KOH MN1o =353 108 N/A

WS, nanodots 0.5 M H,S04 0.016 N/A 51 0.11 1000 CV cycles [80]

Cu;S4@MoS, nanoframes 0.5 M H,S04 0.28 MN200 = 206 48 0.019 5000 CV cycles [81]

WS, nanoribbons 0.5 M H,S04 N/A N1o =225 68 N/A 1000 CV cycles [82]

MoC-Mo,C heteronanowires 0.5 M H,S0,4 0.14 Nio =126 43 0.011 3000 CV cycles [97]
1.0 M KOH Mo =120 42 N/A

B-Mo,C NTs 0.5 M H,S04 0.75 Mo =172 62 0.017 8h [99]
0.1 M KOH Nio=112 55 0.087

Mesoporous MoO3_x 0.1 M KOH 0.2 Nio =140 56 N/A 12h [100]

MoP NPs 0.5 M H,S04 0.86 T30 =180 54 0.034 40h [101]
1M KOH N/A 48 0.046 Corrosion

WP, submicroparticles 0.5 M H,S0,4 0.5 Mo =161 57 0.017 5000 CV cycles [103]

Molybdenum carbonitride 0.5 M H,S04 0.4 Mo =140 46 N/A 1000 CV cycles [105]

MoS;4Sex(1-x) NTs 0.5 M H,S04 0.32 N1o =219 55 N/A 1000 CV cycles [107]

MoS;(1-x)Px solid solution 0.5 M H,S0,4 0.285 Nio =120 57 N/A 20,000 CV cycles [109]

MoSx@Mo,C 0.5 M H,S04 0.213 Ni7s = 400 44 0.128 1000 CV cycles [110]

Co-Mo,C NWs 0.5 M H,S04 0.14 Nio =140 39 0.0051 3000 CV cycles [113]
1.0 M KOH Nio=118 44 N/A

Ni-Mo-N 0.5 M H,S04 1 MN20=53 39 0.91 24h [118]
1.0 M KOH MN20 =43 40 0.67

Ni-Mo,C NWs/Ni foam 6.0 M NaOH N/A MN1oo = 150 36.8 0.51 10,000 CV cycles [120]

WC/CNTs 0.5 M H,S04 N/A MN1o = 145 72 N/A 1000 CV cycles [121]
0.1 M KOH Nio =137 106

MoS; quantum dots/RGO 0.5 M H,S04 0.285 N1o =64 63 0.669 1000 CV cycles [125]

Porous MoC@graphite shell 0.5 M H,S04 0.76 Nio=124 43 0.015 3000 CV cycles [127]
1.0 M KOH Nio=77 50 0212 N/A

P-WN/rGO 0.5 M H,S04 0.337 N10=385 54 0.35 20h [135]

MoO,@PC-RGO 0.5 M H,S04 0.14 N1o =64 41 0.48 5000 CV cycles [136]

WO,-C NWs 0.5 M H,S04 0.35 N1o=58 46 0.64 2000 CV cycles [137]

Mo,C/NCF 0.5 M H,S04 0.28 Nio = 144 55 N/A 10,000 CV cycles [139]
1.0 M KOH N1 =100 65 Corrosion

Mo,C@NPC/NPRGO 0.5 M H,S04 0.14 Nio=34 33.6 1.09 1000 CV cycles [146]

MoxC-Ni@NCV 0.5 M H,S04 1.1 N1o=68 45 0.95 3000 CV cycles [148]

Mo,C@C nanospheres 0.5 M H,S04 0.9 Nio =141 56 0.029 2000 CV cycles [149]
1.0 M KOH N1o = 47 71 2.042 1000 CV cycles

MoC, nano-octahedrons 0.5 M H,S04 0.8 Nio =142 53 0.023 3000 CV cycles [150]
1.0 M KOH MN1o =151 59 0.029 Corrosion

MoP@PC 0.5 M H,S04 0.41 Nio=153 66 0.21 2000 CV cycles [151]

2.3.2. Two-dimension nanostructure

The 2D materials have been widely applied in many fields (such as electronics, energy storage/conversion and electro-
catalysis) in view of their unique structural and electronic properties, such as ultrahigh specific surface area, strong quantum
confinement of electrons in plane and surface structural disorder/defects [152-154]. Moreover, the 2D materials catalysts
based on Mo and W have been extensively researched.

2.3.2.1. Nanosheets. The chalcogenides nanosheets are widely synthesized. Thereinto, MoS, which has a layered crystal struc-
ture exhibits a quite strong tendency to form sheet-like morphology. The MoS, nanosheets with more active edge sites were
designed [155], and the optimization of lamellar structure was achieved via changing the annealing temperature which had
an important influence on the amount of exposed active sites and stack height. Further improving the catalytic activity by
doping Co on edge sites and then coating on supports with large surface area and high conductivity was also proposed.
Recently, the pure and stable metallic-phase MoS, nanosheets were synthesized which showed superior HER activity with
the 10 mA cm 2 at overpotential of 175 mV and a Tafel slope of 41 mV dec™' [156].

In addition to the synthesis of pure nanosheets, engineering the nanosheets with highly oriented structure and rich
defects can further improve the HER activity [157-160]. Few-layer MoS, with an expanded (0 0 2) plane and highly oriented
structure were synthesized, and exhibited good performance because of the high ion and mass transport, and abundant
active sites [157]. The defects engineered monolayer MoS, was synthesized by oxygen plasma exposure and hydrogen treat-
ment [159]. The introduced defects led to a high density of exposed edges which were benefited for the enhanced catalytic
activity. Similarly, Xie et al. synthesized the defect-rich MoS, ultrathin nanosheets [158]. The additional active edge sites
could be exposed because of the abundant defects that caused partial cracking of the catalytically inert basal planes. So
the obtained catalyst exhibited superior HER activity than the pure MoS, with an onset potential of 120 mV and a Tafel slope
of 50 mV dec!, as well as a good stability with negligible difference before and after 3000 CV cycles. This novel method
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could be also used to construct other effective catalysts with the controllable defect. Moreover, this group also firstly syn-
thesized atomically-thin MoN nanosheets with active surface sites by liquid exfoliation of the MoN bulk material [161],
and theoretical calculations demonstrated the metallic behavior of this atomically-thin nanosheets, which could effectively
facilitate electron transport during the catalytic process. Meanwhile, structural analyses showed the special surface of these
nanosheets were only composed of apical Mo atoms. As a result, it was confirmed the apical Mo atoms on the surface were
catalytically active for HER. Besides, the cobalt molybdenum nitride with a four-layered mixed closed packed structure was
constructed as a highly active and stable electrocatalyst for HER [162]. The layered nature of this structure has unique fea-
tures, but much work should be done to achieve optimal activity, such as exploiting synthetic routes to control over particle
size and/or access different Mo oxidation states, and the extra mechanism of this structure type should be discussed.

What's more, the MoS; nanosheets with controllable layers were successfully fabricated [163], and the HER activity could
be enhanced by reducing the layer number, thus the optimized single-layer MoS,-CNTs exhibited long-term durability and
high HER activity. Furthermore, monolayer WS, nanosheets was also reported as an efficient catalyst for HER [164], and the
enhanced electrocatalytic activity of WS, stemmed from the high concentration of strained metallic 1T (octahedral) phase in
the as-exfoliated nanosheets. Similarly, this group also obtained the MoS, nanosheets containing rich metallic 1T phase
[165]. They also found that electrochemical oxidation of the edges had a significance effect on catalytic activity of 2H phase
nanosheets, but no effect for 1T phase, and the catalytic performance of 2H phase can be promoted by the CNTs, suggesting
the critical role of both edges of nanosheets and charger transfer properties in improving the HER performance. And recently,
targeted synthesis of 2H and 1T phase MoS, monolayers were achieved [166]. Besides, the catalytic performance of MoS,
monolayers can be improved dramatically by catalyst size reduction and surface S depletion [167].

The basal plane of MoS,, which has been long considered to be inert for HER, is successfully activated and optimized with
excellent intrinsic HER activity by creating and further straining S vacancies [168]. Moreover, the local electronic structure of
the S-vacancies was directly probed using scanning tunneling microscopy/spectroscopy (STM/STS). Combined with theoret-
ical results, the presence of S-vacancies introduced additional electronic states in the gap, and the AGy, could be further
optimized by proper combinations of S-vacancy and strain, which led to the highest intrinsic HER activity (Fig. 10). Then
the strained S vacancy has an electron-transfer rate 4 times higher than that of the unstrained S vacancy based on the com-
binational approach of scanning electrochemical microscopy measurements and multiphysics modeling [ 169]. Moreover, the
electron transport of MoS; can be facilitated through electric field [170]. Very recently, the contributions to HER of all cat-
alytic active sites of MoS,, including phase, sulfur vacancies, edges and grain boundaries, have been revealed [171,172]. The
phase serves as the key role in determining the HER performance, and both edges and S-vacancies also contribute signifi-
cantly to the catalytic activity, while the grain boundaries may only provide minor benefit. Thus, engineering MoS, with
enriched 1T phase, sulfur defects and edge sites is the effective way to enhance the HER activity.
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Additionally, decorating or incorporating elements is also considered to induce special active sites. Generally, disorder
engineering could contribute to generate more active unsaturated sulfur atoms, and elemental incorporation was widely
used to adjust the electronic structure to tune the conductivity of materials. To balance the benefits between rich active sites
and good conductivity, Xie group firstly proposed a new method that elemental incorporation with controllable disorder
engineering to synthesize the oxygen incorporated MoS, ultrathin nanosheets with a moderate degree of disorder [173].
As expected, this catalyst showed superior HER performance and long-term stability, which broadened our vision to improve
the catalytic activity by synergistically structural and electronic modulations. Similarly, other non-metal elements
[174-177] or metal elements [178-180] introduced into nanosheets were also synthesized and showed excellent HER
activities. Thereinto, the MoS, doped with numbers of transition metals was screened by virtue of DFT calculations, resulting
in a volcano plot (Fig. 11), which was further confirmed by testing the HER measurements of Co- and Ni-doped MoS, [178].
Besides, few-layered sheets of MoS, interspersed with MoS, quantum dots was constructed [181], harvested the high
catalytic activity due to the large concentration of active edge.

In addition to construct ultrathin structure and importing with extra elements, coating the nanosheets on conductive
supports is another way to improve the HER activity because of enhanced electrical conductivity and high number of
exposed sites. The low crystalline MoS, nanosheets coated CNTs were synthesized [182], and exhibited high activity with
an onset potential of 90 mV and a Tafel slope of 45 mV dec™'. Zheng et al. synthesized MoS, nanosheets/rGO composite
as a HER catalyst [183], and the influence of oxidation degree of graphene for HER activity was also discussed. Eventually,
the medium oxidation of MoS,/rGO, composite which possessed the abundance of exposed active edge sites and excellent
internal electrical conductivity showed superior HER activity with an onset potential of 140 mV and a small Tafel slope of
41 mV dec . This further indicates that there is a balance between the numbers of exposed active sites and internal conduc-
tive channels. Similar work has been studied [184-193], especially the MoS,, MoSe; and WS, combined with carbon mate-
rials, but the property of these catalysts has not been greatly promoted.

What’s more, decorating or selecting doped substrate, such as N or S doped carbon, is also fabricated because of the
advantages of synergistic effect besides enhanced conductivity and exposed more sites [194-196]. The ultrathin MoS,/N-
rGO were synthesized to show the enlarged interlayer spacing can significantly improve the HER activity (Fig. 12) [197].
The amorphous MoS; layer directly bound at vertical NCNT forest surface were prepared [198], and thanks to special struc-
ture as well as the synergistic effect from the dense catalytic sites and fluent charge transport, the obtained MoS,/NCNT cat-
alyst showed excellent HER activity with an onset overpotential of ~75 mV and a small overpotential of 110 mV for
10 mA cm 2. To design the MoS, with few layers, a small size and rich in S atom, S-rich single-layered MoS, nanoplates
embedded in N-doped carbon nanofibers were fabricated [199], and showed extraordinary HER activity with a Tafel slope
of 38 mV dec™.

Inspired by the volcano plot [71], the catalysts included more elements are prepared for HER. Chen et al. synthesized
NiMo nitride nanosheets on a carbon support (NiMoN,/C) [200], which showed excellent activity with a small overpotential
of 78 mV and a Tafel slope of 35 mV dec™'. They attributed this to highly exposed reactive sites and synergetic effects among
its components. Moreover, other complicated structures, such as the MoO,@N-doped MoS, nanosheets [201], the layered
MoS, or MoSe, on SnO, nanotubes [202,203], Se doped layered Cu,MoS, [204] and the MoS,/rGO decorated with nano-
sized WC [205] were also synthesized. The catalysts including multi-elements prepared by doping or other methods may
achieve good results, but they have some disadvantages, such as the complicated synthetic processes, the low yields and
the difficulty to characterize which one played a major role in catalyst.

2.3.2.2. 2D binder-free planar electrode. Conventionally, either the nanosheets or composites based catalysts are usually pre-
pared by drop/dip-casting on conductive electrodes (such as glass carbon, ITO) using the polymer binder (Nafion, PTEE), but
at the price of cost and buried active sites, blocked mass/electron transport, reduced electrocatalytic activity and question-
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Fig. 12. (a) Schematic preparation process of MoS;/N-RGO-T nanocomposite. (b) HRTEM of MoS,/N-RGO-180. (c) Calculated free energy diagram for HER on
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different samples. (g) Cycling stability of MoS,/N-RGO-180 before and after 5000 CV cycles.

able durability. To bypass these issues, the catalysts directly grown on the current collectors to form 2D planar electrode
have been widely adopted. Monolayer MoS, on commercially available Au foils were first scalable synthesized [206], which
exhibited good activity. This result exhibited great potential to design effective HER electrodes except the precious metal
substrate. Then, the amorphous MoS, porous thin films on Mo substrate were fabricated [207], which exhibited long stability
and excellent HER performance with a small overpotential of 120 mV and a low Tafel slope of 41 mV dec™'. They ascribed
this to the amorphous feature, porous structure, optimized thickness and tight binding between the film and substrate.
Besides, the atomic MoS, thin films were synthesized to prove the strong interconnection of catalytic activity of MoS, films
and electrons hopping [208]. As a result, the hopping efficiency of electrons in vertical direction played a key role in catalysis.
And the MoS; clusters-N doped graphene hybrid hydrogel film was also prepared to provide the dual-active-site centers for
HER [209].

To expose more edges sites, the plasma-engineered or edge-oriented MoS, films have been discussed [210,211]. The
properly tailored edge-oriented MoS, films on Mo foil were designed which showed excellent HER activity and long-term
stability [210]. However, the thermodynamics favors the presence of inert basal planes, thus limiting the number of active
sites at the surface. So engineering the surface structure of MoS; is often used to preferentially expose edge sites. Further-
more, the double-gyroid MoS, films with a tunable thickness were synthesized by electrodeposition of Mo into a silica tem-
plate, followed by sulphidization. After etching the silica template, the obtained catalyst showed high HER activity [212].
This work provides a strategy that various templates can be used to construct special structures of electrocatalysts to
improve the catalytic activity.

Similarly, to maximally expose the edges, Cui et al. synthesized the MoS, and MoSe, thin films on substrate with verti-
cally aligned layers (Fig. 13a) [213]. They also confirmed that the number of edge sites rather than crystalline quality was
critical for HER activity, and this unique structure could make the edges of layered materials to be used more effectively.
Afterwards, their group synthesized the MoSe, and WSe, nanofilms with vertical layer orientation on curved and rough sur-
faces (Fig. 13b) [214]. This structure might contribute to enhance the catalytic activities because of the increasing of surface
area and the perpendicular orientation of layers. Eventually, the catalysts on curved and rough surfaces showed superior HER
activity compared to the flat substrates because of the unique layer orientation, and these catalysts exhibited high stability
due to the strong bonding between the layers and substrate. They also claimed that increasing the thickness of nanofilms or
doping with Ni atoms could further improve the catalytic activities. In addition, they used the electrochemical Li* ions inter-
calation method to tune the layer of vertically aligned MoS, nanofilms continuously, and thus optimized the HER activity
[215].

Macroporous MoSe; films were also demonstrated for HER, but the initial MoSe;/MoOs films showed poor catalytic activ-
ity [216]. However, this films were reductively converted to macroporous MoSe, under the HER process and exhibited
enhanced HER activity and long-term stability. Considering the numerous advantages of PPy, such as excellent conductivity,
large electrochemical surface area, as well as good stability, the extremely active PPy-MoS, films were fabricated via the
electrochemical copolymerization method, which showed outstanding HER activity with a positive onset potential of 0 V
and a small Tafel slope of 29 mV dec ! because of the higher S to Mo ratio and more bridging S3~ active sites, but the stability
was unsatisfactory without protection of Nafion as the composition of the films readily changed in this electrolyte, as well as
the mechanism for the formation of the PPy-MoS, films was unclear [217].

In addition, nanostructured MoS, films on Ti foils were synthesized [218], and a strategy was provided to enhance the
activity that constructing gas evolution catalytic material into a “superaerophobic” surface to removal of formed gas bubbles
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easily. The P doped MoO, nanoparticles on Mo foil was fabricated [219], and displayed good activity with a Tafel slope of
62 mV dec™' and the 10 mA cm~2 obtained at an overpotential of 135 mV. To explore the benefits of surface phosphosulfide
for HER, the molybdenum phosphosulfide (MoP/S) supported on Ti foils was prepared [220]. As a result, such catalyst
captured excellent stability and HER performance with a low overpotential of 86 mV to deliver the 10 mA cm~2. This work
indicates that introducing a surface phosphosulfide onto other metals may contribute to improve the activity and stability.
However, the reason of this high catalytic activity is ambiguous. Finally, some excellent HER performance based on two-
dimension materials of Mo and W are listed in Table 4.

Though vast endeavors are devoted to optimize the 2D materials or electrodes via exposing abundant special active sites,
tuning the electronic and porous structure, increasing the electrochemical active surface area, etc., huge progress has been
achieved at Mo and W based electrocatalysts toward HER. And these novel strategies promote deep insights in the electro-
catalysis HER. Furthermore, for future practical application, more attentions should be paid for exploring the catalytic mech-
anism and thus designed the preferable integrated electrodes attached with robust electrocatalysts.

2.3.3. Three-dimension nanostructure

As the HER always occurs at the surface of electrode, the electron and mass transport properties of catalyst is of great
significance for enhancing the performance. Therefore, the strategies to design 3D materials with porous structure and
increased electroactive surface area to expose more active sites have been widely explored.

2.3.3.1. 3D structure materials. The catalysts with 3D structure can highly expose more edge sites. The amorphous MoS,
nanoflowers were synthesized and the enhanced activity was obtained by synergistically structural and electronic modula-
tions [221], and then a flower-like MoS,-SiC hybrid structure was fabricated which showed superior HER activity with a low
overpotential of 40 mV (Fig. 14a) [222]. Similarly, the ultrathin WS, nanoflakes were prepared (Fig. 14b) [223]. As the abun-
dant accessible edges of this ultrathin nanoflakes, the catalyst showed high HER performance with an overpotential of
100 mV and a Tafel slope of 48 mV dec™'. Besides, the hierarchical MoS, microboxes were synthesized to be used as a
HER electrocatalyst, and it could also serve as an anode material for lithium-ion batteries (Fig. 14c) [224].
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Table 4
Summary of HER performance of some two-dimension materials based on Mo and W.
Catalysts Electrolyte Loading Overpotential Tafel slope Exchange current Stability Ref.
(mg cm?) (mV) (mA cm?) density (mA cm~2)

MoS; NSs 0.5 M H,S0,4 0.285 Nas =150 68 0.0389 1000 CV cycles [155]
M-MoS, NSs 0.5 M H,S0,4 0.043 Nio=175 41 N/A 1000 CV cycles [156]
Defect-rich MoS; NSs 0.5M H,SO04 0.285 N1z =200 50 0.00891 3000 CV cycles [158]
MoN NSs 0.5 M H,S04 0.285 MNsg =300 90 0.084 3000 CV cycles [161]
Cog,gMo0; 4N5 NSs 0.1 M HCIO4 0.24 N0 =200 N/A 0.23 3000 CV cycles [162]
Exfoliated WS, NSs. 0.5M H,SO04 0.0065 N/A 60 0.02 120h [164]
0-MoS; NSs 0.5 M H,SO04 0.285 N126 = 300 55 0.0126 3000 CV cycles [173]
N-MoS, NSs 0.5 M H,S0, 032 N1oo = 121 41 0.52 5000 CV cycles [174]
Se-MoS, NSs 0.5M H,SO04 0.285 Nas =400 55 N/A 9000 s [175]
N-WS, NSs 0.5 M H,SO04 0.32 MN1oo = 197 69.69 0.174 5000 CV cycles [176]
S-MoSe; NSs 0.5 M H,S04 0.28 N30 =156 60 N/A 10000 CV cycles [177]
V-MoS, NSs 1M H,SO4 0.285 N/A 69 N/A 1000 CV cycles [178]
MoS, NSs/CNT 0.5 M H,S0,4 0.136 N/A 44.6 N/A 2000 CV cycles [182]
MoS,/RGO NSs 0.5 M H,S0, 0.2 23 = 200 41 N/A 500 CV cycles [184]
MoS; NSs/GO 0.5 M H,S0,4 0.204 Nio=172 43 N/A 3000 CV cycles [185]
MoSe, NSs/RGO 0.5 M H,S0,4 0.285 Nio=195 67 N/A 1000 CV cycles [187]
MoS,/MoSe; NSs/GO 0.5 M H,SO04 047 N/A 61 N/A 1000 CV cycles [188]
MoS,/C NSs 0.5 M H,S0,4 0.57 TNss = 200 60 N/A 1000 CV cycles [189]
C-MoS; NSs 0.5 M H,S04 N/A Nio =159 56.1 N/A 1000 CV cycles [190]
CNT@MoSe; NSs 0.5 M H,S0,4 0.283 Nio=178 58 N/A 3000 CV cycles [191]
WS, /rGO NSs 0.5 M H,S04 0.562 Nio=170 52 N/A 3000 CV cycles [193]
MoS,@S-C NSs 0.5 M H,S0,4 N/A Nio=160 60 0316 1000 CV cycles [194]
MoS,@N-C NSs 0.5 M H,SO4 0.217 Nio=135 48 0.0242 1000 CV cycles [195]
Mo,C/N-C NSs 0.5 M H,SO4 0.566 Nio=19 28.9 1.9 1000 CV cycles [196]
MoS, NSs/N-RGO 0.5 M H,S0,4 0.14 Nio =56 413 0.72 5000 CV cycles [197]
MoSy/N-CNT NSs 0.5M H,SO04 N/A Nio=110 40 0.0331 1000 CV cycles [198]
S-rich MoS,/N-C NSs 0.5 M H,S0,4 N/A Nio=120 38 N/A 1000 CV cycles [199]
MoO,@N-MoS, NSs 0.5M H,S04 0.285 N/A 47.5 N/A 2000 CV cycles [201]

Fig. 14. (a) (A1) SEM and (A2) TEM images of MoS,-SiC hybrid. (b) (B1) SEM and (B2, B3) high-resolution TEM images of WS, nanoflakes. (c) (C1) Schematic
illustration of the template-assisted formation of hierarchical MoS, microboxes. (C2, C3) FESEM and (C4-C7) TEM images of hierarchical MoS, microboxes.

2.3.3.2. 3D integrated electrode. To avoid burying the active sites and low electron contact surface area caused by the insu-
lated polymer binder, as well as alleviating the gas accumulations for stabilizing the electrode during electrolysis process,
the 3D integrated HER electrodes are actively pursued. The MoS, nanosheets grown on the carbon cloth (CC) or carbon paper
(CP) were studied and exhibited good activity [225-231]. Besides, the 3D integrated electrodes based on MoSe;, Mo,C, WS,,
WN and MoP were also fabricated and showed high activity because of the superior structures [232-238]. Recently, the
porous Mo-W-P hybrid nanosheets grown on CC were synthesized through in situ phosphidation of Mo-W-0 hybrid
nanowires [239]. Thanks to the structural advantage and synergistic effect, the Mo-W-P/CC exhibited high HER activity with
a low overpotential of 138 mV to achieve 100 mA cm 2 and a Tafel slope of 52 mV dec™!. Besides, it showed excellent dura-
bility with no significant decay before and after 3000 CV cycles. Moreover, the 3D hierarchical porous NiMoN on CC was also
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structured [240]. Chen et al. designed monolayer MoS, films on the curved surface of 3D nanoporous gold [241]. The HER
activity was enhanced by lattice strain engineering. Furthermore, other cheap nanoporous metals to substitute the gold
substrate are also considered. The MoS, nanoflowers coated on rGO paper were also synthesized [242], but the HER activity
still needed to be improved. Moreover, the nanoflower-like MoO, on Ni foam were harvested, and exhibited high activity
with a Tafel slope of 66 mV dec ! and the 10 mA cm ™2 obtained at 55 mV [243]. Some other catalysts with nanoflakes were
also successfully fabricated [244,245].

In addition, component controllable WS;(;_x)Se,x nanotubes on carbon fibers were constructed [246]. As a result, the
catalyst which had more active sites and high conductivity exhibited excellent HER performance, and the composition
MoS; ¢Seq o displayed the highest HER activity among the MoS;1_x)Sexx [247]. Qiao et al. obtained the 3D WS, nanolayers
through artificial assembly of 2D WS, nanolayers and P, N and O-doped graphene sheets by a vacuum filtration process
[248]. The high activity (a Tafel slope of 52.7 mV dec™! and 10 mA cm 2 obtained an overpotential of 125 mV) was gained
owing to the 3D hierarchical porous structure, highly active 1T-WS, and heteroatoms-doping onto the graphene sheets.
Table 5 lists some excellent HER performance based on three-dimension materials of Mo and W.

All the inspired ways detailed above afford new perspectives on the HER electrocatalysts based on Mo and W. In view of
the intrinsic character and the well-designed structure, the Mo and W based catalysts have been comparable or even supe-
rior to the precious metal catalysts. Inspired by the process of identifying edge sites as the real active sites for HER, the HER
mechanisms of other materials should be promoted. Furthermore, porous structure will not only lead to the high surface area
to provide more active sites, but also facilitate sufficient transport of reactants and products. Without porous structure, the
electrolyte is only able to contact the surface of catalysts, leading to the possible accumulation of electrons/ions/molecules
and further decrease the reaction efficiency. Thereinto, nanowire catalysts with abundant porosity can enable rapid diffusion
of ions and electrons favoring a better activity. And the porous nanosheets structure will provide the maximum number of
edge sites, which are considered as active sites for many electrochemical reactions. While for the 3D porous structure, more
pathways for ion and mass transport with a minimal diffusion resistance giving facile electrocatalytic kinetics are provided.
On this basis, it is still of great challenges to explore more facile and scalable methods to form robust electrocatalysts for
practical applications.

2.4. Catalysts based on Fe, Co and Ni

Over the past decades, the transition-metal (Fe, Co, Ni) based materials have been explored as potential alternatives
toward HER because of their earth abundant and environmentally friendly nature, and considerable catalytic performances.
Here, we introduce the catalysts based on single element and the compounds of Fe, Co and Ni.

2.4.1. Catalysts based on Fe

Over the past decades, various HER catalysts based on the most abundant and cheapest Fe, have been attracted more
attentions by virtue of their highly catalytic activities. Among them, the iron phosphides are the successful examples. For
instance, FeP nanoparticles were prepared and showed good activity [249,250], and the HER performance could be enhanced
after stability test due to reduce surface-charge-transfer resistance in the HER process [249]. Then, the nanoparticles com-
bined with carbon materials were synthesized to fast electron transport and avoid agglomeration [251-256]. Thereinto, the
Fe nanoparticles encapsulated in carbon were also fabricated [257,258], Especially, to protect the active metal nanoparticles
from oxidation and the desired access of the reactants to the vicinity of the metal, the Fe encapsulated in a single-layer car-
bon cage were reported, which showed a low Tafel slope of 40 mV dec™! and overpotential of 77 mV to achieve 10 mA cm 2
[257]. In addition, the FeP nanosheets were discussed [259], but the activity should be improved.

For nanowires, it possesses many structure advantages, such as the high aspect ratios, few lattice boundaries and smooth
crystal planes. Thus, the FeP nanowire arrays were widely synthesized to construct the 3D integrated electrode, and exhib-

Table 5

Summary of HER performance of some three-dimension materials based on Mo and W.
Catalysts Electrolyte Loading Overpotential Tafel slope Exchange current Stability Ref.

(mg cm2) (mV) (mA cm?) density (mA cm2)

MoS, nanoflowers 0.5 M H,S04 0.071 N1z =300 52 0.014 1000 CV cycles [221]
WS, nanoflakes 0.5 M H,S04 0.35 N/A 48 N/A 10000 CV cycles [223]
MoS,.x/N-CNT/CP 0.5 M H,S04 N/A N1 =160 36 N/A 1h [225]
CF-NG@MoS, 0.5 M H,S04 0.32 N1o=170 53 N/A 1000 CV cycles [228]
MoS, NSs/CC 0.5 M H,S04 N/A Nio =224 58 N/A 1000 CV cycles [229]
MoP sponge 0.5 M H,S04 N/A N1o =105 126 3.052 60000 s [233]
WS,/GO/Ni foam 0.5 M H,S04 6 Nio=119 43 N/A 2000 CV cycles [234]
MoP, NSs/CC 0.5 M H,S04 7.8 N1o=58 63.6 0.83 2000 CV cycles [235]
MoSe;, NSs/CC 0.5 M H,S04 N/A N1 =220 76 0.0153 1000 CV cycles [237]
Mo-W-P/CC 0.5 M H,S04 N/A MNioo =138 52 0.288 4000 CV cycles [239]
Mo0,/Ni foam 1M KOH 4.5 N1o=55 66 1.8 15,000 CV cycles [243]

WS,@P, N, O-graphene 0.5 M H,S04 0.113 Mo =125 52.7 0.131 20h [248]
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Fig. 15. (a) (A1) Low- and (A2) high-magnification SEM images of FeP NA/Ti. (A3) Cross-section SEM image of FeP NA/Ti. (A4) Polarization curves and (A5)
Tafel plots of different samples. (b) (B1, B2) and (B3, B4) SEM images of the FeO(OH) NWs/rGO precursor and FeP NWs/rGO. (c) (C1) Schematic illustration
for the phosphidation process. (C2) XRD and SEM images for the FeOOH/carbon cloth samples after phosphidation at various temperatures. (C3)
Polarization curves for the catalysts prepared at different phosphidation temperatures. (C4) Tafel slopes extracted from the polarization curves.

ited better HER activity than others [260-263]. Notably, the FeP nanowire arrays on Ti plate were developed from its
B-FeOOH nanowire arrays/Ti precursor through the low temperature phosphidation reaction [262], which was used directly
as the self-supported 3D HER electrode and showed extremely high catalytic activity and good stability in acidic medium
with a low Tafel slope of 38 mV dec™! and 10 mA cm™2 obtained at the low overpotential of 55 mV (Fig. 15a). Then, the
porous FeP nanowire arrays on graphene sheets were gained and showed good activity (Fig. 15b) [261]. Similarly, the
rugae-like FeP nanocrystal assembly on CC were fabricated which exhibited exceptional activity with Tafel slope of about
29.2 mV dec”!, and impressively, the required overpotential to reach 10 mA cm~2 is only 34 mV (Fig. 15c¢) [264]. Their high
activity can be attributed to the elaborate structure which favors fast electron transport along the nanowires, releases
formed gas bubble immediately, and allows easy diffusion of electrolyte into all the active sites and consequently more
efficient use of the entire electrode. Besides, the FeS, nanostructures were also explored as efficient catalysts for the HER
[265-267]. Overall, the facile and low cost of Fe, admirable HER activity and optimizable fabrication process all confirmed
its greatly promising feasibility in electrochemical water splitting.

2.4.2. Catalysts based on Co
As for Co based HER catalysts, more efficient candidates mainly concentrate upon chalcogenides and phosphides. And
optimizing catalysts morphology or tuning electronic structure is the focus to improve their activity.

2.4.2.1. Chalcogenides. Cobalt sulfides, especially those with fine nanostructures, are emerging as an attractive HER catalysts.
The Co-S film was prepared by electrochemical deposition and showed an active HER catalyst in neutral condition, but the
catalytic performance in acidic media is inferior to that in basic [268]. Specific morphology of CoS; including film, microwire
and nanowire was prepared by controlling synthesis (Fig. 16) [269], wherein the CoS, nanowire showed superior catalytic
activity than others owing to the increased effective electrode surface area and easily detaching of hydrogen gas bubbles
from the electrode surface. This clearly demonstrated the relationship of structure and property. Recently, the amorphous
cobalt sulfide was also identified as the HER catalyst, and the high density of accessible S atoms was considered to account
for highly active performance based on the combination of Raman and X-ray absorption spectroscopy (XAS) experiments
[270].

Substituting non-metal elements to tune the electronic structure to change AGy, can also further improve the activity.
For instance, nanostructured ternary pyrite-type CoPS electrode was synthesized which could achieve 10 mA cm~2 at an
overpotential of 48 mV [271]. And then the CoS|P nanoparticles grown on CNTs were designed and showed excellent activity
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Fig. 16. (a) Schematic depictions of the preparation of a cobalt pyrite film, microwire array, or nanowire array on a graphite disk substrate. (b) A
polycrystalline CoS, film. (c) CoS, MWs. (d) CoS, NWs on graphite. (e) Electrochemical characterization of CoS, film, microwire array, and nanowire array
electrodes for HER. (f) Electrochemical impedance spectroscopy Nyquist plots of the different CoS, electrodes.

[272]. Furthermore, the effect of phosphorus substitution to the chemical stability and catalytic durability was revealed by
the DFT calculations and XAS data. Besides, the CoS, combined with rGO and CNT were also synthesized [273]. Thanks to the
special structural and electrical features of rGO, highly conductive and porous properties, the synergistic effect of them
endowed CoS,/rGO-CNT with high HER activity.

The widely accepted integrated electrodes are also fabricated. The metallic CogSg nanosheets on CC were synthesized
[274]. Though the activity should be further improved, the stability could retain 100 h under neutral conditions. And the
P doped CoS, nanosheets arrays on CP were also discussed. Thereinto, the enhancing HER performance was attributed to
P doping which played significant roles in promoting charge transfer, facilitating proton adsorption as well as the integrated
structure [275].

As another important chalcogenides, CoSe, has also been widely used as the electrocatalysts for HER. Cubic pyrite-type
CoSe, was prepared [276], and the CoSe, nanoparticles on graphite disks showed high HER activity with a Tafel slope of
40 mV dec™'. Then the polymorphic CoSe, with mixed orthorhombic and cubic phases were synthesized [277], and the
low onset overpotential of 70 mV and small Tafel slope of 30 mV dec! were harvested by this catalyst. Recently, a system-
atic and in-depth understanding of the clear relationship between CoSe, crystal structure and intrinsic electrocatalytic activ-
ity was revealed by the X-ray absorption fine structure (XAFS) analysis and DFT calculations [278]. The cubic phases
exhibited greatly enhanced HER activity over orthorhombic under alkaline conditions because of the higher electrical con-
ductivity, ideal water adsorption energy, and faster transformation efficiency of H,qs into hydrogen.

Besides, Cui et al. synthesized the 3D electrode of CoSe, nanoparticles on CP (Fig. 17a) [279], which showed high HER
activity and stability with a Tafel slope about 40 mV dec™! and a low overpotential of 180 mV at 100 mA cm~2. Then, the
CoSe, nanowires array on CC were also prepared (Fig. 17b) [280], and the resulted CoSe, nanowires/CC exhibited excellent
catalytic activity with the overpotential of only 164 mV to achieve 100 mA cm 2, and high durability with 48 h continuous
operation in acidic media. In spite of other complex and high energy input synthesis processes, this work provided a cost-
effective method to design the arrayed transition-metal chalcogenide electrode for large-scale applications. The other inte-
grated electrodes, such as CoSe, nanoneedles/Ti foils and ternary CoS,,Se;(1_x) nanowires/CP were also synthesized for the
HER and exhibited high activity [281-283].

2.4.2.2. Phosphides. Another large class of Co based catalysts, CoxP, can be facilely and large-scale synthesized by facile low-
temperature phosphidation reaction [284]. Three different morphologies of nanostructured CoP, including nanowires,
nanosheets and nanoparticles, were prepared [285]. Similarly, CoP nanowires possessed the highest catalytic activity and
stability. Then, the CNTs decorated with Co,P nanocrystals were prepared to improve the conductivity and exhibited high
activity [286,287]. Recently, Guo et al. developed CoP on various carbon materials, including imporous rGO, macroporous
carbon (MPC), mesoporous carbon vesicles (MCVs) and ordered mesoporous carbon (OMC) [288]. Thereinto, the CoP-OMC
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(B5) Tafel plots and (B6) Stability tests.

displayed the highest activity with an onset potential of 78 mV, a Tafel slope of 57 mV dec™! and outstanding long-term sta-
bility, as well as the 10 mA cm 2 could be achieved at overpotential of 112 mV. These indicated that the HER performance
was deeply relied on highly active catalytic sites, abundant mesoporous nanostructures and excellent electron transfer
kinetics.

The integrated electrodes based on CoP are widely considered because of the simple synthesis process and high activity
[289-291]. For instance, the CoP/Ti electrodes was constructed [289], which exhibited high activity with the 20 mA cm™2 at
only an overpotential of 85 mV. Afterwards, the CC was chose as a 3D scaffold, then nanoporous CoP nanowire arrays on CC
were developed via low-temperature phosphidation of the Co(OH)F/CC precursor [291]. This catalyst showed excellent cat-
alytic activity with an onset potential of 38 mV, a Tafel slope of 51 mV dec™!, and retained its activity for at least 80000 s in
acidic media. Not only that, the catalyst could be used in both neutral and basic conditions (Fig. 18). Besides, CoP films on a
Cu substrate were also designed, and showed an 85 mV overvoltage at 10 mA cm 2 [292]. These high activities have a close
correlation with the integrated structure.

Furthermore, the N-doped carbon-coated Co nanorod arrays supported on a Ti mesh were synthesized [293], and Zou
et al. synthesized cobalt-embedded nitrogen-rich CNTs as a highly active electrocatalyst for HER [294]. The Co-NRCNTs
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Fig. 18. SEM images of (a) Co(OH)F/CC and (b) CoP/CC. TEM images of (c) Co(OH)F and (d) CoP nanowire. (e) STEM image and EDX elemental mapping of P
and Co for the CoP nanowire. (f) Polarization curves of different samples. (g) Time-dependent current density curve for CoP/CC under static overpotential of
200 mV for 80000 s and (inset) Tafel plots. Polarization curves of CoP/CC in (h) 1.0 M PBS (pH 7) and (i) 1.0 M KOH (pH 14).

exhibited good activity with a small Tafel slope of 69 mV dec™! and the 10 mA cm 2 obtained at 260 mV. The result indicated
that N dopants, concomitant structural defects and metal nanoparticles might attribute to its catalytic activity. Recently, the
Co-C-N complex was synthesized for HER, and exhibited high activity that the 100 mA cm 2 could be achieved at about
200 mV [295-297]. In addition, the cobalt boride was also prepared for HER, and exhibited good performance [298,299].

2.4.3. Catalysts based on Ni

As the second highest abundance and lowest price after Fe among non-precious metals, Ni is also used to design catalysts,
and it is proved that Ni has the highest HER activity among the non-precious metals because of the appropriate AGy, [50].
Typically, three different shapes of nickel structures, including dendrites, particles and films, were formed on the glassy car-
bon by electrodeposition [300]. Therein, Ni dendrites were proved to have superior active and stable HER performance than
others in alkaline electrolyte because of a structural advantage to decrease the overpotential of HER and large electrochem-
ical surface area. The wool-ball-like Ni-CNTs composite were synthesized and showed favorable activity as the large surface
area and interaction between Ni matrix and CNTs [301]. Another nickel-carbon-based catalyst was also synthesized by car-
bonization of MOFs (Fig. 19), and electrochemical potential was applied to activate this Ni-carbon catalyst to obtain atom-
ically isolated Ni species anchored on graphitized carbon which exhibited excellent activity with 10 mA cm™2 at a low
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overpotential of 34 mV, a Tafel slope of 41 mV dec™!, a large exchange current density of 1.2 mA cm~2 and the long durability
of 25 h [302]. This opens a new area of tuning structure and functionality of metal-carbon-based catalyst at atomic scale, and
indicating the large potential of single atom catalysis.

The hollow and multifaceted Ni,P nanoparticles were synthesized, and then deposited it on Ti foils [303], but the stability
needed to be improved, especially in basic solutions. And then, Feng et al. prepared polydispersed Ni,P nanoparticles
deposited on glass carbon [304]. It clearly showed the stability was improved both in acidic and basic solutions. Recently,
monocrystalline Nij;Ps hollow spheres were prepared because of the considering of ultrahigh specific surface areas [305],
and the NiS and NisS; nanoparticles were also synthesized to investigate the structure effects for HER, and then the
importance of an appropriate atomic configuration was illustrated [306].

As we all know, the integrated electrodes can avoid the adverse effect of binder use. Thus, P-rich NiP, nanosheet arrays
supported on CC (NiP, NS/CC) were constructed [307], which showed higher catalytic activity than NiP, microparticles/CC
using Nafion. This was mainly attributed to the following factors: (i) the direct intimate contributed to electrons transfer
from CC to NiP, during proton reduction process; (ii) the high electrical conductivity of transition metal phosphides favored
fast electron transport along NiP, NS; (iii) the 3D structure of NiP, NS/CC and high special surface area of NiP, NS ensure the
efficient electrolyte diffusion and maximum utilization of more active sites; (iv) the binder-free feature not only effectively
avoided blocking of active sites and inhibited diffusion, but resulted in improved conductivity. Moreover, the NiP, NS/CC
exhibited excellent stability with at least 57 h continuous electrolysis, which was superior than Ni,P/Ti and Ni,P/glass car-
bon, and it also well performed in alkaline conditions. Ni,P films grown on Ti plate was also synthesized [308], and showed
remarkable catalytic activity in acidic media with a Tafel slope of 60 mV dec™! and the 100 mA cm~2 at 188 mV overpoten-
tial, meanwhile it maintained its catalytic activity for 15 h. Besides, Ni;;Ps nanoparticles loaded on the surface of silicon
nanowires were synthesized, and proved to be an robust catalyst for HER [309]. In addition, the nickel arsenide was con-
structed for integrated HER electrode and showed high catalytic activity [310-312].

2.4.4. Compounds of Fe, Co and Ni

In addition to the monometallic catalysts, considering from the other metal introducing might cause the surface area and
electronic structure changed, fine structures with bimetallic or multicomponent are constructed as efficient electrocatalysts
toward HER. The DFT was used to investigate HER mechanism of [NiFe] hydrogenase [313], and revealed the importance of
AGy,. In general, doping metal atoms is often used to modify the electronic structure to optimize AGy, and therefore
improve HER catalytic activity. Keep this in mind, the Co-doped iron pyrite (FeS;) on CNT (Fe;_xC04S,/CNT) hybrid catalysts
were fabricated [314]. Through tuning Co doping ratio, the resulted Feg 9C0q.1S,/CNT hybrid catalyst exhibited high activity
with about 120 mV overpotential at 20 mA cm™2, a Tafel slope of 46 mV dec™!, and long-term durability over 40 h in acid
electrolyte. Recently, hollow Co-based bimetallic sulfide (MyCos_xS4, M = Zn, Ni, and Cu) polyhedras were prepared by a sim-
ple self-template strategy [315]. Finally, the combination of hollow structure and homoincorporation of a second metal sig-
nificantly enhanced the activity of CosS4 as the homogeneous doping optimized the AGy, and improved the electrical
conductivity (Fig. 20). Besides, the Fe-Ni sulfide ultrathin nanosheets were synthesized and proved to be excellent HER cat-
alyst because of the high specific surface area, facile ion transport and charge transfer, abundant electrochemical active sites
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Fig. 20. (a) SEM and (b) TEM images of Zng30C0,70S4. (¢) Polarization data of different samples. (d) Time-dependent current density curve of HER over
Zny30C02.70S4. (€) Projected density of states of pristine and Zn-, Ni-, and Cu-doped CosS,. (f) Difference charge density of valence band (left) and conduction
band (right) in pristine and Zn-doped CosS,. Red and blue colors represent electron accumulation and electron depletion. (g) Calculated free-energy diagram
of HER at equilibrium potential on pristine and Zn-, Ni-, and Cu-doped C05S,.
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as well as the suitable AGy, [316]. Inspired by the idea that Ni species functionalized CoSe, nanobelts to be an efficient cat-
alyst for HER, the Ni/NiO/CoSe, nanocomposite was synthesized [317]. However, the high temperature annealing for gener-
ating over-oxidized NiO shells would increase the internal resistance and block the active sites. So the excellent activity was
obtained with an onset potential of about 30 mV, a small Tafel slope of 39 mV dec™! and the exchange current density of
1.4 x 1072 mA cm 2 in acid solutions. They attributed the enhanced property to the compact configuration of the Ni/NiO
core/shell nanoparticles anchored onto the spacious CoSe, nanobelts and provided a referenced strategy to couple with mul-

Table 6
Summary of HER performance of some excellent catalysts based on Fe, Co and Ni.
Catalysts Electrolyte Loading Overpotential Tafel slope Exchange current Stability Ref.
(mgem™2)  (mV) (mAcm™2)  density (mAcm?)

FeP NPs 0.5 M H,S04 N/A Nio =154 65 N/A 6000 s [249]
FeP-GS 0.5 M H,S04 0.28 Nio=123 50 0.12 1000 CV cycles [252]
FeP,/C 0.5 M H,S04 0.425 N/A 66 0.00175 2000 CV cycles [253]
HM-FeP@C 0.5 M H,S04 N/A Nio=115 56 0.191 3000 CV cycles [255]
FeP-CS 0.5 M H,S04 0.28 N1 =122 56 0.12 1000 CV cycles [256]
C-Fe NPs 0.5 M H,S04 0.18 Nio=77 40 0.19 1000 CV cycles [257]
FeP arrays/CC 0.5 M H,S04 1.5 N1o=58 45 0.5 5000 CV cycles [260]
P-FeP NWs/rGO 0.5 M H,S04 0.204 MN1o = 107 58.5 N/A 1000 CV cycles [259]
FeP NWs/Ti 0.5M H;S0, 3.2 N1o=55 38 0.42 15h [261]
FeP NSs/CC 0.5 M H,S04 49 Nio=34 29.2 0.68 24h [262]
CoS, NWs 0.5 M H,S04 1.7 Nio = 145 51.6 N/A Corrosion [269]
CoPS nanoplates 0.5 M H,S04 N/A Nio=48 56 0.984 36h [271]
CoS|P/CNTs 0.5 M H,S04 1.6 N1o =48 55 1.14 2000 CV cycles [272]
CoS,/RGO-CNT 0.5 M H,S04 1.15 MN1o = 142 51 0.0626 500 CV cycles [273]
CooSg NSs/CC 0.5 M H,S04 0.33 N1o =152 N/A N/A 11h [274]

pH=7 Nio=175 100 h

1M KOH N1 =270 30h
P-CoS, NSs/CP 0.5 M H,S04 N/A MN1o =67 50 0.47 3000 CV cycles [275]
Cubic-CoSe,/CC 1M KOH N/A Nio =190 85 N/A 12h [278]
CoSe, NPs/CP 0.5 M H,S04 2.5 N1oo = 180 42 0.0049 5000 CV cycles [279]
CoSe, nanoneedle/Ti 0.5 M H,S04 N/A MN2o =125 45 0.043 3000 CV cycles [281]
Co(SxSej_x)2 NWs/CP 0.5 M H,S04 N/A Nio =104 44 N/A 5000 CV cycles [282]
Co,P 0.5 M H,S04 0.56 N1o = 144 58 N/A 4h [284]
CoP NWs 0.5 M H,S04 0.35 Nio=110 54 N/A 50 h [285]
CoP/CNT 0.5 M H,S04 0.285 MN1o =122 54 0.13 18h [286]
CoP-OMC 0.5 M H,SO04 0.285 Nio=112 57 0.161 2000 CV cycles [288]
CoP NPs/Ti 0.5 M H,S04 2 N20 =85 50 N/A 24h [289]
CoP NWs/CC 0.5 M H,S04 0.92 MN1o =67 51 0.288 5000 CV cycles [291]
Co@N-C/Ti 0.5 M H,S04 11.2 N1o = 106 78.2 N/A 1000 CV cycles [293]
Co-N-CNTs 0.5 M H,S04 0.28 N1o = 260 80 0.01 85h [294]

pH=7 N1o = 540 N/A N/A 10h

1.0 M KOH N1 =370
Co-C-N/CF 0.5 M H,S04 N/A MN1o =138 55 N/A 2000 CV cycles [296]

pH=7 N1o=273 107

1.0 M KOH Nio=178 102
CoN,/C 0.5 M H,S0,4 2 Nio=133 57 0.07 5000 CV cycles [297]
CoB pH=7 N/A Nio =251 75 0.25 1000 CV cycles [299]
Ni@C 0.5 M H,S04 0.283 Nio=34 41 1.2 25h [302]
Ni,P NPs 0.5 M H,S04 1 MNioo = 180 46 0.033 500 CV cycles [303]
Niy,Ps hollow spheres 0.5 M H,S04 0.71 Nio =144 46 N/A 3000 CV cycles [305]
NiP, NSs/CC 0.5 M H,S04 4.3 Nio=75 51 0.26 57h [307]
Ni,P NPs/Ti 1M H,S0,4 2 MN1oo = 188 60 N/A 1000 CV cycles [308]
NiSe NWs/Ni foam 1M H,SO04 2.8 N1o=96 120 N/A 1000 CV cycles [310]
Porous NiSe,/Ni foam 0.5 M H,SO4 N/A Nio =143 49 0.0157 2000 CV cycles [311]
Fe; xCoxSy/CNT 0.5 M H,S04 7 MN2o =120 46 N/A 1000 CV cycles [314]
Hollow Zng 30C05 7054 0.5 M H,S04 0.285 N10=380 47.5 0.15 1000 CV cycles [315]

pH=7 N1o=90 N/A N/A N/A

1.0 M KOH Nio=85
Fe-Ni-S NSs 0.5 M H,S04 N/A Nio =105 40 0.02 40 h [316]
Ni/NiO/CoSe, nanocomposite 0.5 M H,SO04 0.28 N/A 39 0.014 N/A [317]
Ni-Co-P nanocubes 1.0 M KOH N/A N1o=150 60.6 N/A 1000 CV cycles [318]
CoMn-S@NiO/CC 1.0 M KOH 6.9 N100 = 253 147.3 N/A 12h [319]
Mn-CoP NSs/Ti 0.5 M H,S04 5.61 N1o =49 55 N/A 1000 CV cycles [320]

pH=7 N1 =86 52

1.0 M KOH No=76 82
CogSs-NixSy/Ni foam 1.0 M KOH 9 N1o=163 88 N/A 12h [321]

NiCo,S4 NFs/Ni foam 1.0 M KOH N/A N0 =65 845 N/A 10000 s [323]
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tifunctional nanostructures together to design effective catalysts. Besides, nickel cobalt phosphides quasi-hollow nanocubes
were also fabricated [318].

The integrated electrode based on multicomponent catalysts are also designed [319-323]. A novel CogSg-Ni,Sy/Ni foam
composite was prepared through the thermal decomposition of a cobalt-thiourea molecular precursor [321], and self-
assembled ultrathin NiCo,S4 nanoflakes grown on Ni foam were synthesized by the complete sulfidation of networked ultra-
thin NiCo-layered double hydroxide nanoflakes [323]. The advantages of this unique architecture, such as the ultrathin and
porous NiCo,S4 nanoflakes which can provide a huge number of exposed active sites, the highly-conductive Ni foam which
can promote the transfer of electrons, and the 3D networked structure which can facilitate the diffusion and penetration of
electrolyte, all contributed to the enhanced HER activity. Table 6 lists some excellent HER performance of catalysts based on
Fe, Co and Ni.

Albeit with relatively low stability, Fe, Co and Ni based catalysts are highly desirable in view of their obvious advantages
including high abundance, low-cost, environmentally friendly and high catalytic activity. It is worth noting that the Fe, Co
and Ni based catalysts are usually active for oxygen evolution reaction (OER) [324-333], the anode reaction of water split-
ting, such as CoO4@CN [332], CP/CTs/Co-S electrode [325], FeP on CC [331], endowing them as the promising bifunctional
catalysts for HER and OER operating in the same electrolyte for overall water splitting, which are very valuable for the prac-
tical application. Besides, the catalysts based on Cu, Sn, Ti and V are also synthesized to be used as electrocatalysts for HER,
but its catalytic activity still need to be improved [334-339].

2.5. Metal free catalysts based on carbon

In view of terrestrial scarcity and high cost of precious metal catalysts, and environment issues caused by metal releasing
of the non-precious metal catalysts, metal-free catalysts based on carbon for HER have aroused intensive research interests.
The ordered carbon nitride grown on various substrates (FTO, TiO,) were explored as HER electrodes in neutral and alkaline
environments [340]. Then, the graphitic-carbon nitride coupled with nitrogen-doped graphene (C3sN4@NG) was fabricated
and exhibited the overpotential of 240 mV to achieve 10 mA cm~2 and a Tafel slope of 51.5 mV dec™! [341]. The thermody-
namic calculations revealed that the unusual electrocatalytic performance was attributed to a synergistic effect of this hybrid
nanostructure, where g-C3N4 provided highly active hydrogen adsorption sites, while N-graphene facilitated electron-
transfer process for the proton reduction.

In addition, the single-wall CNTs and some graphitic carbons also show catalytic activity after treatment [342]. And the
pristine CNTs can be activated as a highly active metal free electrocatalyst by acidic oxidation and then further cathodic pre-
treatment [343]. Afterwards, an onset potential of 100 mV, and the Tafel slope of 71 mV dec™! were determined for this trea-
ted CNTs. Moreover, the negligible current loss indicated its good corrosion stability even after long-term test. Meanwhile,
SWCNTs were also verified to acquire the similar result. Because of the satisfactory properties of stability, conductivity and
surface modifying, CNTs may have better HER activity compared to Cgo(OH)g [344] and C3N4.
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Fig. 21. (a) NBO population analysis of six different nonmetallic heteroatoms in graphene matrix. pN and gN represent pyridinic and graphitic type of N,
respectively. Inset shows the proposed doping sites for different elements, sites 1 and 2 are the edge and center in-plane sites, respectively, and site 3 is an
out-of-plane center site in graphene. (b) The calculated free energy (AGy-) diagram for HER at the equilibrium potential (Ugyg = 0 V) for N- and/or P-doped
graphene models. (c) Relationship between AGy- and Eg;¢ for various models. Polarization curves and the corresponding Tafel plots of N- and/or P-doped
graphene electrocatalysts in (d, e) 0.5 M H,SO4 and (f) 0.1 M KOH. (g) Stability tests.



K.-H. Liu et al./ Progress in Materials Science 92 (2018) 64-111 91

Nowadays, heteroatom doping has become an effective way to tailor the electronic structure of carbon-based materials
and thus enhance the catalytic activity [345,346]. The metal-free, B-substituted graphene (B-SuG) was demonstrated as an
effective electrocatalyst for HER with a Tafel slope of 99 mV dec™! and fine stabilization [347]. Recently, the borocarbonitride
sheets were fabricated as excellent catalysts for HER by experiment and theoretical studies [348]. And the activity can be
further improved by compositional and morphological modifications.
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Fig. 22. (a) Preparation of nanoporous NS-doped graphene by CVD. (b) Potential defect structures in NS-doped nanoporous graphene. (c) Expected reaction
mechanism on nanoporous graphene. (d) CV curves of different samples. (e) Tafel plots for the different graphene samples. (f) Electrochemical impedance
spectroscopy of the graphene samples. (g) DFT-calculated HER activities of chemically doped nanoporous graphenes with a geometric lattice defect.

Table 7
Summary of HER performance of some excellent metal free catalysts.
Catalysts Electrolyte Loading Overpotential Tafel slope Exchange current Stability Ref.
(mg cm™2) (mV) (mA cm~2) density (mA cm™2)
C3N4@NG 0.5 M H,S04 0.1 N1o =240 51.5 0.00035 1000 CV cycles [341]
Activated CNTs 0.5 M H,S04 N/A Nio =220 71.3 0.016 4000 CV cycles [343]
B-GR 0.5 M H,S0,4 N/A N/A 99 0.0014 18h [347]
BxCyN, 0.5 M H,S04 N/A Nio=70 100 0.051 24 h [348]
N,P-GR 0.5 M H,S04 0.2 N1o =422 91 N/A 1000 CV cycles [352]
P-C5N4@N-GR 0.5 M H,S04 0.57 N1o =80 49.1 0.43 5000 CV cycles [353]
N,P-Carbon networks 0.5 M H,S04 0.3 N30 =210 89 0.16 4h [354]
N,P-Carbon nanofiber 0.5 M H,S04 N/A Nio =151 69 N/A 2000 CV cycles [355]
N,S-nanoporous GR 0.5 M H,S04 N/A N1o =280 80.5 0.0084 1000 CV cycles [356]
N,S-porous carbon 0.5 M H,S04 0.285 N1o =100 57.4 N/A 1000 CV cycles [357]
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Fig. 23. Comparison of HER activities of different materials reviewed in this article.
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Additionally, other heteroatoms (N, P and S) doped graphene have been widely prepared for electrocatalysis HER. And
Qiao’s group has made great contribution to this area [349-351]. The DFT investigation showed co-doping of N and P could
result in excellent HER activity. Thus, a typical chemical doping procedure was performed to incorporate N and P heteroa-
toms into the graphene simultaneously. Obviously, the N,P-graphene catalyst possessed much lower onset potential, smaller
Tafel slope and higher exchange current density than single-doped ones (Fig. 21). Meanwhile, it can be used in a wide pH
range of conditions with robust stability [352]. Their group also synthesized porous C3N4 nanolayers with N-doped graphene
sheets by a simple vacuum filtration method, which showed high HER activity [353]. Moreover, the activity origin and
catalyst design principles for electrocatalytic HER on heteroatom-doped graphene were also discussed [351]. Besides, the
N, P doped porous graphitic carbon networks were synthesized by self-assembling melamine-phytic acid supermolecular
aggregate in the presence of GO, followed by pyrolysis [354]. And the binder free N, P co-doped porous carbon nanofiber
network could also be prepared by in situ electropolymerization and the subsequent pyrolysis [355].

The N and S co-doped nanoporous graphene was synthesized by nanoporous Ni-based chemical vapor deposition (CVD)
(Fig. 22) [356]. The carbon defects alone in the graphene lattice showed inferior activity for HER, but the coupling of S and N
dopants with geometric defects in the graphene lattice produced an synergistic effect in tuning the H* absorption and then
leading to the outstanding HER catalysis. Besides, the N and S co-doped porous carbons were prepared by simple pyrolysis of
human hair which exhibited high activity with a Tafel slope of 57.4 mV dec™' and the 10 mA cm 2 obtained at 100 mV [357].
The synergistic interactions between N dopants and C-S-C moieties in the graphitic skeleton might play an essential role in
improving the HER performance. The listed metal free HER catalysts are summarized in Table 7.

Compared to the precious and non-precious metal based catalysts, the current metal free catalysts possess inferior cat-
alytic activity. However, the metal-free materials hold great promise in catalysis HER due to its excellent features with long-
term durability and low-cost. Besides, they can also service the suitable support for the metallic catalysts. Therefore, it is
highly desirable to select metal free catalysts with comparable catalytic activity but better stability compared to precious
metal catalysts for the further hydrogen supply. Besides, comparison of HER activities of different materials reviewed in this
article is shown in Fig. 23.

3. Heterogeneous catalytic decomposition of HCOOH

H,, considered as one of the most promising alternative energy carriers, can enable a clean energy future, but because of
its insecurity and difficulty to store, a safe, efficient hydrogen storage and delivery system is needed to develop urgently
[358]. Solid-state storage is thus being investigated as an alternative. Carbon-based structures are particularly attractive
for hydrogen storage because carbon is a light element, and graphene has potentially the most favorable gravimetric density
among the carbon-based materials. However, pristine carbon nanostructures are chemically too inert to act as possible
hydrogen storage medium [359]. Studies have shown that, at room temperature and under ambient pressure, the hydrogen
storage capacity and the adsorption energy E,q4 value of H, with pristine graphene and CNTs are both too small, which may
not exceed 1 wt% and —0.030 eV, respectively [360,361]. Attempts have thus been made to improve the binding of H, with
functionalized carbon nanostructures. One possible approach to increase their chemical activity is to modify the nanostruc-
tures by decoration, doping or substitution of alkali metals [362,363], transition metals [364,365], rare earth metals [366], Al
element [367-369] etc, which improves their hydrogen storage capacity. For example, Li decorated CNTs and graphene can
increase E.q of H, remarkably to —0.15 eV [361], and the E.q can be further tuned through external electric field [362]. Gra-
phene modified by Al can increase the corresponding E,q significantly because the Al atoms can act bridges to link H, mole-
cules and graphene, thus increasing the hydrogen storage capacity significantly up to 13 wt% [360,367-369].

Another storage type is atomic hydrogen storage through hydrogenation. The use of chemisorption as a storage mecha-
nism requires overcoming the high H, chemi(de)sorption barriers (1.5 eV/atom) to achieve loading/release kinetics at room
temperature. Possible catalytic strategies for hydrogen adsorption/desorption involve the functionalization of graphene with
metals such as palladium [370], known to catalyze the dissociation of hydrogen molecules into ions onto the graphene sur-
face. Recently, it is reported that an applied electric field could facilitate hydrogenation in N-doped graphene [371] and sil-
icone [372], with the dissociatively adsorbed H atoms diffusing on the surface with a low energy barrier in the presence of
the electric field; furthermore, the removal of the electric field led to the efficient release of hydrogen from the fully hydro-
genated N-doped graphene [373]. These new findings provide a new mechanism for hydrogenation/dehydrogenation of gra-
phene and thus provide a pathway for the development of high-performance graphene-based atomic hydrogen storage
materials.

Besides, liquid-phase chemical hydrogen storage materials, especially HCOOH, are regarded as attractive carriers for the
production and storage of H, due to the easy transportation, handling and storage [374]. Hydrogen stored in HCOOH can be
released through a catalytic dehydrogenation reaction (HCOOH — CO, + Hy, AG,9s k = —48.8 k] mol 1), while the undesirable
dehydration pathway (HCOOH — CO + H;0, AGgg k= —28.5 k] mol~1) should be strictly controlled [375]. Moreover, CO,, the
co-product of decomposition, can be electrocatalytic reduction back to HCOOH, which gives a way of realizing a CO,-neutral
hydrogen storage cycle (Scheme 1). Recently, heterogeneous catalytic decomposition of HCOOH has been intensely investi-
gated for hydrogen generation. And we briefly discussed here.

Although the heterogeneous catalyst for decomposition of HCOOH can be traced to early age [376,377], much attention
was aroused until that well-dispersed Au species on Al,05 could dehydrogenate HCOOH with much higher metal-time yields
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than Pt clusters [378]. Then, Xu group developed Au nanoparticles encapsulated within amine-functionalized Si nanospheres
for HCOOH decomposition, which exhibited outstanding catalytic activity and 100% H, selectivity for the full decomposition
of HCOOH at 363 K, and the presence of amines can make the Au nanoparticles highly active due to the strong metal-
molecular support interaction [379]. Cao et al. also deposited ultradispersed Au nanoparticles on zirconia as catalysts for
selective dehydrogenation of HCOOH-amine mixture [380]. The reaction proceeded efficiently and selectively under ambient
conditions, with no CO byproduct generation and giving a TOF of 1590 h™! at 323 K. Recently, the incorporation of potassium
ions in Au/Al,O3 to enhance the catalytic activity toward the dehydrogenation of HCOOH was also reported [381].

Pd-based catalysts have been reported to be the most active for HCOOH decomposition [382,383]. And suitable support
materials can play important roles in controlling the dispersion and growth of metal nanoparticles, thus boosting the cat-
alytic performance [384]. Hence, fabricating well-dispersed ultrafine metal nanoparticles has attracted tremendous atten-
tion. For example, nonoporous carbon supported Pd nanocatalyst showed notably catalytic activity with the TOF as high
as 2623 h™! at 323 K and 100% H, selectivity [385]. Moreover, selecting modified substrate can further improve the activity
due to the synergistic effect. Pd nanoparticles dispersed uniformly on mesoporous g-C3N4 substrate showed eminent cat-
alytic activity for boosting HCOOH decomposition at room temperature with a TOF of 144 h™! [386]. Xu et al. modified
GO with 1,4-phenylenediamine (PDA), and synthesized ultrafine Pd nanoparticles on PDA-rGO, which exhibited the TOF
of 3810 h™! at 323 K for HCOOH dehydrogenation under ambient conditions [387]. Very recently, Cao et al. has used a
pyridinic-N-doped carbon composite as support material to improve the efficiency of Pd nanoparticles for hydrogen gener-
ation, which showed superior activity for HCOOH dehydrogenation with almost full conversion (97.5%), achieving a TOF of
5530 h~! and turnover number of 50040 at 298 K [388]. This is the highest values ever reported under room temperature
compared with other heterogeneous catalysts.

To overcome the deactivation of Pd catalyst caused by the CO byproduct, bi/tri-metallic Pd-based composites, alloys or
core-shell nanostructures were constructed to enhance the catalytic activities and H;, selectivity by modifying the catalytic
surface of Pd nanoparticles [389-397]. Xing et al. demonstrated that Pd-Ag and Pd-Au alloy supported on carbon catalysts
could overcome the poisoning by CO by-product and obtain H, evolved steadily from the decomposition of HCOOH at low
temperature [398]. Moreover, the catalytic performance can be improved by the promotion effect of rare earth elements
(such as Ce and Eu) [399].

Besides, MOFs have emerged as very promising hybrid materials for the immobilization of functional nanoparticles
because of their high surface area and porosity [400]. Thus, the catalysts using the MOFs as the support were also prepared
[401-404]. Xu et al. firstly represented AuPd/MIL-101 and AuPd/ED-MIL-101 as highly active MOF-immobilized metal cat-
alysts for the full conversion of HCOOH to H, at convenient temperature [404]. Recently, Yan et al. developed a AuPd-MnOy
nanoparticles immobilized on ZIF-8-rGO [401|. Thereinto, MOF structure can effectively limit the growth and aggregation of
nanoparticles due to the “confinement effect”, and the existence of graphene can modify the electron structure of the sup-
ported nanoparticles. As a result, the resultant AuPd-MnOy/ZIF-8-rGO hybrid displayed eminent activity for the dehydro-
genation of HCOOH without any additive, and with a TOF of 382.1 h~! at 298 K.

Table 8
Summary of performance of some catalysts for the decomposition of HCOOH.

Catalyst Additive Temp. (K) TOF (h™") CO evolution Ref.

Au/Zr0, NEt; 323 1590 N/A [380]
Pd-B/C SF 303 1184 N/A [382]
Pd/C SF 298 64 N/A [383]
Pd/MSC-30 SF 323 2623 N/A [385]

SF 298 750 N/A

Pd/mpg-C3N,4 None 298 144 N/A [386]
Pd/PDA-rGO SF 323 3810 N/A [387]
Pd/CNg.2s None 298 5530 N/A [388]
AuPd-CeOx/N-rGO None 298 52.9 N/A [389]
Au@Pd/N-rGO None 298 89 N/A [390]
Ago1Pdo.o/rGO None 298 105.2 N/A [391]
Pd/basic resin SF 348 820 <5 ppm [392]
AgPd/C None 212 382 N/A [393]
RtRuBiO,/C None 353 312 N/A [394]
AgAuPd/rGO None 298 73.6 N/A [396]
CrAuPd/N-Si0, None 298 730 N/A [397]
PdAu-CeOx/C SF 365 227 <140 ppm [398]
PdAuEu/C SF 365 387 <100 ppm [399]
AuPd-MnOx/ZIF-8-rGO None 298 382.1 N/A [401]
Ag20Pdgo@MIL-101 None 353 848 N/A [402]
Pd/NH,-MIL-125 None 305 214 <5 ppm [403]
AuPd/ED-MIL-101 SF 363 106 Yes [404]
(Cos)Ago1Pdo./RGO SF 323 2736 N/A [407]
CoAuPd/DNA-rGO None 298 85 N/A [408]

Cog.3Aug 35Pdg 35/C None 298 80 N/A [409]
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Up to now, most of the reported heterogeneous catalysts are comprised only of precious metals, such as Pd, Au, Ag, and Pt,
hindering the large-scale practical applications due to their shortage and high cost [378,405]. The incorporation of first-row
transition metal into the noble metal structure could improve the acidic resistance of first-row transition metal, reduce the
dosage of noble metals, and enhance the catalytic activity. Thus, the catalysts with first-row transition metals were
synthesized [406-409]. Yan et al. firstly synthesized a trimetallic Cog30Aug35Pdg35/C nanocatalyst with a TOF of 80 h™!
and conversion of 91% at 298 K, which exhibited a much better activity for HCOOH dehydrogenation than the mono- and
bi-metallic counterparts [409]. Xu et al. firstly reported a non-noble metal sacrificial method to synthesize highly dispersed
AgPd nanoparticles on rGO, which can efficiently prevent the primary AgPd particles from aggregation. The as-synthesized
(Cog)Ago.1Pdg ¢ hybrid showed excellent catalytic activity with a TOF of 2739 h~! for the hydrogen generation at 323 K [407].
Finally, the performances of some catalysts for HCOOH decomposition are summarized (Table 8).

4. Electrochemical CO, reduction to HCOOH

With the increasing trepidations about CO,-induced problems, another important energy conversion reaction, the elec-
troreduction of CO, to value-added chemicals and fuels using renewable energy, has become the focus of attention
[410,411]. HCOOH, regarded as the promising chemical hydrogen storage material, can be produced by CO, reduction. There-
fore, one attractive hydrogen storage system: CO,—~HCOOH could be obtained (Scheme 1). So the electrocatalysts for CO,
reduction to HCOOH in aqueous solutions at ambient conditions are discussed here.

Although the reaction mechanism of electrochemical reduction of CO, to HCOOH (or formate) remains uncertain, the
commonly accepted possible reaction pathways are described as follows: the first step is to form the intermediate CO3 *
by one-electron transfer to adsorbed CO3. Subsequently, the HCOO~* is formed by electron transfer and proton migration
to cleave C—0 bonds. The HCOOH (or formate) is ultimately formed in aqueous media by desorbing from the electrocatalyst
surface and diffusing into electrolyte [412]. Based on the previous works, the Tafel slope is very useful for investigating the
reaction mechanism. A Tafel slope of 118 mV dec™! means the rate determining step is the initial one-electron transfer to
form the CO3 key intermediate, whereas the Tafel slope of 59 mV dec™! implies a one-electron pre-equilibrium step before
a later rate-limiting chemical step [410].

Due to the extremely stable of linear CO, molecule, some problems of electrocatalysts for CO, reduction should be over-
come, such as the large overpotential, low selectivity and inferior stability [413]. Therefore, to realize the wide application of
CO, reduction, electrocatalysts should possess both high activity and selectivity toward the particular product of interest. To
date, some metals, such as Sn, Co, Pb, are known to be selective for CO, to HCOOH (or formate) in aqueous media.

4.1. Catalysts based on Sn

Back in 1983, Kapusta et al. found that CO, could be reduced to HCOOH (or formate) on Sn electrode in aqueous solutions
[414], but the energetic efficiency is low because of the high overpotential. From then on, more and more studies about CO,
electroreduction to HCOOH (or formate) on Sn electrode were reported [415-418]. And the factors for activities were also
discussed. For example, the FE to HCOOH on Sn electrode could be influenced by the applied potential, the concentration
and pH of electrolyte, and the decrease of FE to HCOOH in the long electrolysis might be related to its own oxidation on
the anode, since the diffusion of HCOOH through the Nafion membrane could not be prevented completely [419]. Besides,
the reason of FE for CO, reduction decreased at very negative potential may be attributed to the decrease in effective active
surface area by deposition of alkali metal intermetallic [420]. The influence of electrolyte on the activity and selectivity of
formate formation on Sn catalysts was further studied. It turned out that the presence of Na* and SO~ could enhance FE
and energy efficiency, while HCO3 and K" accelerated the generation of formate. Furthermore, the FE to formate showed
a tendency of increasing with the decrease in electrolyte concentration [421].

Besides, to overcome mass transport limitations and achieve high current densities, the gas diffusion electrodes were
introduced for CO, electroreduction [422,423]. And the gas diffusion electrode with Sn can allow for the production of for-
mate at current densities up to 200 mA cm—2 with a FE of around 90% [423]. Recently, ultrathin metal layers have exhibited
highly active for CO, electroreduction, but they tend to oxidation, which would lead to the decline of electronic conductivity
and stability. Based on this consideration, ultrathin metallic Sn quantum sheets confined in graphene were synthesized
(Fig. 24a) [424]. The low-coordinated surface metal atoms were confirmed by XAFS, which meant many dangling bonds were
present (Fig. 24b and c). This contributed to stabilize the key CO3 intermediate (Fig. 24d), hence lowering the overall acti-
vation energy barrier. Thanks to the sandwich-like structure, the protection of graphene could avoid the oxidation of Sn
quantum sheets. And the notably increased electrochemical active area ensured 9 times larger CO, adsorption capacity rel-
ative to bulk Sn (Fig. 24e), and the highly-conductive graphene favors rate-determining electron transfer from CO, to CO3 .
Besides, this catalyst also displayed the small Tafel slope (83 mV dec™!) and superior stability for formate. This work may
provide a promising guidance for designing effective and robust catalysts for CO, electroreduction.

Recently, the presence of appropriate oxidation state on metal surfaces has received more attentions as it can stabilize the
key CO5 intermediate and facilitate the transfer of electron immediately [425]. As a result, the metals with their oxides on
surface exhibited higher CO, electroreduction activity. The significance of SnOx was evaluated by comparing the activity of
Sn electrodes with different pre-treatments [425,426]. As a result, the Sn electrode with a native SnO, layer showed high CO,



K.-H. Liu et al./ Progress in Materials Science 92 (2018) 64-111 95

a Glucose
Hydrothermal ey 1)500°C2h
180 °C ' . 2)1,000°C 5min S . el

T Carbon-coated Graphene confined
Ultrathin SnO, layer ultrathin SnO, layer Sn quantum sheets
b s C sfF 3

5¢
= o | —— Bulk Sn

= = —— 15 nm Sn nanoparticles
= < 8} —— Graphene confined
% E Sn quantum sheets

0 1 2 3 4 5 6

R(A)

o

(A"
v
T

.

—a— Graphene confined Sn &

& ‘o i quantum sheets a4
E E’ 20F —+— 15 nm Sn nanoparticles mixed W
< o with graphene '
E € —v— 15 nm Sn nanoparticles ¥ g
15F —=— BulkSn ' A
5 : £
5 “L s ‘..-" ‘,ﬂ (v
° o] 2 " I
- 10F » o~
c O " /‘/ v
e —— Graphene confined Sn quantum sheets E d ‘,"' .a’:('(
a -1 ~ 15 nm Sn nanoparticles mixed with graphene 5| - P
—— 15 nm Sn nanoparticles _§ 00°° ’;_}.ﬂ’
o N [ 9 .“"f_.t—"—l-—l-'—.‘_.ﬂ.-—.‘-.-—._—.
-2 n - 1 . A i 1 " 0 M 1 " "
-1.6 -1.4 -1.2 -1.0 -0.8 0.0 0.2 04 0.6 0.8 1.0
Applied potential (V vs. SCE) Relative pressure (P/P,)

Fig. 24. (a) Scheme illustration for the formation of Sn quantum sheets confined in grapheme. (b) Sn K-edge extended XAFS oscillation function k3y(k), (c)
the corresponding Fourier transforms FT(k>y(k)) for the graphene confined Sn quantum sheets, 15 nm Sn nanoparticles and bulk Sn, respectively. (d) single
oxidative LSV scans in Nj-saturated 0.1 M NaOH for the different samples. (e) CO, adsorption isotherms.

reduction activity, while the electrode etched to expose fresh Sn° surface exhibited almost exclusive H, evolution [425].
Moreover, the role of oxide layer thickness was also discussed by using the Sn-based gas diffusion electrode [427]. The cat-
alysts with a 3.5 nm thick layer exhibited the highest FE for HCOO~, and the 7.0 nm thick layer exhibited the highest FE for
CO, while the FE for H, increased with increasing the oxide thickness. This may imply that the change of surface structure
during the CO, electrolysis may influence not only the activity but also selectivity to products. Moreover, in situ attenuated
total reflectance infrared spectroscopy was applied to study the mechanism of CO, reduction on Sn films [428]. A metastable
oxide layer was present on Sn cathode even under reducing potentials, and a mechanism governing the reduction of CO, on
Sn electrodes was proposed. Besides, the oxidation state change of SnO, was also monitored in the process of CO, electrore-
dution [429]. They found that SnO, showed a higher FE to formate at moderate potentials, while the FE to formate signifi-
cantly dropped at more negative potentials since SnO, was reduced to metallic Sn. Recently, Luc et al. constructed a core-
shell catalyst with AgsSn core and ultrathin SnOy shell, and a volcano-like correlation between the bulk composition and
electrocatalytic performance was observed [430]. The optimal thickness of partially oxidized SnOy shell was ~1.7 nm. DFT
calculations showed that oxygen vacancies on the SnO (1 0 1) surface are stable at highly negative potentials and crucial
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for CO, activation. And such volcano-like relationship arises from the competing effects of favorable stabilization of OCHOx*
by lattice expansion and the electron conductivity loss due to the increased thickness of SnOy layer. Lately, Sn/SnS; electrode
derived from SnS, nanosheets was also applied for CO, reduction to formate with the maximum FE of 84.5% [431].

Pure SnO, materials can also be used for CO, electroreduction with a pretreatment of electrochemical reduction. For
instance, the effect of particle size at the reduced nano-SnO, surfaces was discussed, and the FE to formate could reach
the maximum on 5 nm particles, which might be due to an optimized affinity to surface binding of intermediates [432].
The FE to formate at reduced nano-Sn0O,/graphene increased to 93.6% with about 10.2 mA cm™2. In addition, the reduced
nano-SnO, catalysts were quite stable during electrolysis, and it may improve the current density by 1-2 orders of magni-
tude by using flow cell or gas diffusion electrodes. Furthermore, a 3D integrated electrode composed of mesoporous SnO,
nanosheets on CC was also constructed, and exhibited a partial current density of 45 mA cm 2 at a moderate overpotential
(0.88 V vs. Ag/AgCl) with a high FE of 87% [433]. Besides, SnO, porous nanowires with a high density of grain boundaries
exhibited a higher energy conversion efficiency of CO,-into-HCOOH (ca. 56%) than analogous catalysts [434].

4.2. Catalysts based on Co

In the past year, Xie et al. has made great contributions to Co-based electrocatalysts of CO, reduction to formate
[435-437]. In order to explore the role of metal and metal oxide sites, the 4-atom-thick Co sheets with and without surface
Co oxide were constructed [437]. Compared to the bulk metals, the surface Co atoms of the atomically thin sheets exhibited
higher activity and selectivity for formate at lower overpotential, and the partially oxidized Co 4-atom-thick layers showed
an outstanding activity with 90% FE for formate at an overpotential of only 0.24 V vs. SCE, and the value of FE could remain
over 40 h test with negligible decay in current density (>10 mA cm~2). The high activity was attributed to the high ECSA and
CO, adsorption content, and the oxidation of Co atom layer contributed to stabilize the key CO3™ intermediate and facilitate
the rate-determining chemical reaction of H* transfer. The work provided a novel direction that controlling the correct
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single-unit-cell layers. (c) Co K-edge extended XAFS oscillation function k*y(k). (d) The corresponding Fourier transforms FT(k>x(k)). (e) Linear sweep
voltammetric curves in a CO,-saturated (solid line) and N-saturated (dashed line) 0.1 M KHCO5 aqueous solution. (f) Chronoamperometry results at the
potential of —0.87 V versus SCE. (g) Calculated free energy diagrams.
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morphology and oxidation state could improve the activity of CO, reduction unexpectedly, even transformed a nearly non-
catalytic material into an active catalyst.

To verify the influence of exposed active sites and electrical conductivity, the ultrathin Cos04 layers with 1.7 nm or
3.51 nm thick were prepared [435]. The DFT calculations demonstrated that the charge density near Fermi level increased
and become more dispersed with decreasing the thickness, enabling enhanced electronic conductivity. And the atomic thick-
ness means the majority of lowered-coordination-number Co atoms are exposed on the surface, which served as the active
sites to adsorb higher amounts of CO, and stabilize the rate-determining CO3™ intermediate. Thus, the 1.72 nm thick Co304
layers exhibited the maximum FE to formate (>60%) at —0.88 V vs. SCE in long term electrolysis for 20 h.

Lately, to explore the effect of oxygen vacancies in CO, electroreduction, their group designed a model of oxygen-deficient
cobalt oxide single-unit-cell layers [436]. As illustrated in Fig. 25a, V,-rich and V,-poor Co;0,4 single-unit-cell layers were
synthesized through a lamellar inorganic-organic hybrid intermediate strategy. The presence of oxygen vacancy was con-
firmed by the O 1 s XPS spectra and EXAFS results (Fig. 25b-d). Energy calculations demonstrated that the presence of oxy-
gen vacancies lower the rate-limiting activation barrier via stabilizing the HCOO™* intermediate, which also facilitated CO,
adsorption (Fig. 25g). Finally, the V,-rich Co304 single-unit-cell layers exhibited current densities of 2.7 mA cm~2 with 85%
formate selectivity during the tested period of 40 h at —0.87 V vs. SCE. This work made a clear atomic-level correlation
between oxygen vacancies and CO, electroreduction (Fig. 25e and f).

4.3. Catalysts based on other metals

The metal Pd, typically considered the CO as the major CO, reduction product, can also produce formate [438]. And Kanan
et al. exhibited Pd nanoparticles dispersed on a carbon support reached high mass activities and current density [439]. Elec-
trokinetic measurements showed the rate-determining step was the addition of electrochemically generated surface
adsorbed hydrogen to CO,. The electrodes deactivate was attributed to the CO byproduct, and the activity can be recovered
by removing CO with brief air exposure. Recently, the surface morphology of Pd nanoparticle to the activity of CO, electrore-
duction to formate was explored [440]. It was confirmed that Pd nanoparticles with high-index facets could suppress CO for-
mation while promote the production of formate. Such a work contributes to the improvement of catalysts for the selective
production of fuels from CO, electroredution.

Another metal considered the CO as the major CO, reduction product is Zn. However, rational design the Zn structure can
also obtain the HCOOH. For instance, a novel Zn electrode was prepared and exhibited the current density of 12.8 mA cm 2
with 87.1% FE to formate [441]. Electrochemical studies showed that this Zn catalyst with a layer of nanoparticle had rough
surface and granular nanostructure. They suggested that the improvement in catalytic performance was attributed to the
active facets and special surface structure of Zn formed during reduction process of ZnO. Besides, Cu electrode also exhibited
the formate selectivity, but the FE is unsatisfactory [442-444].

Apart from the aforementioned metals, some other metals, such as mercury (Hg), lead (Pb) and indium (In), are also
reported for CO, electroreduction to produce HCOOH (or formate). However, applications of them are limited, which is
attributed to their acute toxicity, expensiveness or both [410,445,446]. Recently, the Si-doped Ga,03 electrode was reported
that could selectively produce HCOOH with a FE of over 88% in aqueous solutions [447].

Table 9
The performance of recently reported catalysts for CO, electroreduction to HCOOH.

Catalyst Electrolyte Potential FE Stability Ref.

Electrodeposited Sn 0.1 M KHCO3 —1.4Vvs. SCE 91% Unstable [415]
Sn GDE-20 wt% Nafion 0.5 M KHCOs —1.6 Vvs. SCE 80% N/A [417]
Sn 0.5 M KHCO3 —1.8 Vvs. Ag/AgCl 91% N/A [419]
Pure Sn 2 M KCl —1.8 Vvs. SCE 60% 6h [420]
Sn/GDE 0.1 M KHCO3 —1.57 V vs. SHE 90% 5h [423]
Sn quantum sheets-graphene 0.1 M NaHCO;3 —1.8 Vvs. SCE 85% 50 h [424]
Sn0O; NPs@rGO 0.5 M NaOH —1.1Vvs. Ag/AgCl 80% N/A [429]
Ag-Sn/Sn0, 0.5 M NaHCO; —0.8 Vvs. RHE 80% 24h [430]
SnS/rGO 0.5 M NaHCO; —1.4 Vvs. Ag/AgCl 84.5% 14h [431]
Nano-SnO;/graphene 0.1 M NaHCO3 —1.8 Vvs. SCE 93% 18h [432]
Sn0,/CC 0.5 M NaHCO3 —1.6 V vs. Ag/AgCl 87 +2% 24h [433]
1.72 nm thick Cos04 layers 0.1 M NaHCO3 —0.88 V vs. SCE 64.3% 20h [435]
V,-rich Co304 atomic layer 0.1 M KHCO; —0.88 V vs. SCE 87.6% 40 h [436]
Partially oxidized Co atomic layer 0.1 M Na,SO4 —0.85V vs. SCE 90.1% 60 h [437]
Pd/C 0.5 M KHCO3 —0.25 V vs. RHE 95% N/A [439]
Pd NPs 0.5 M KHCO; —0.2Vvs. RHE 97% N/A [440]
Si-doped Ga,03 3 MKCl+5M NaOH —1.8 Vvs. Ag/AgCl 88.85% N/A [447]
PEI-NCNT 0.1 M KHCO3 —1.8 Vvs. SCE 87% 24h [450]

N-graphene 0.5 M KHCO3 —0.84 V vs. RHE 73% 12h [451]
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4.4. Catalysts based on carbon-based materials

Apart from above metals and metal oxides, renewable carbon-based catalysts have also attracted attention for CO, elec-
troreduction [448,449]. However, the selectivity of formate should be improved. A N-CNT functioned with polyethylenimine
as a co-catalyst was constructed and the maximum FE to formate was reached to 87% with the 9.5 mA cm 2 [450]. They
found that polyethylenimine could stabilize the intermediate CO3™ and gather CO, in the overlayer. This study might open
a new avenue for effective CO, electroreduction on carbon-based materials and inspire the application of co-catalysis strate-
gies. Besides, N-graphene was applied for CO, electroreduction to formate with 73% FE [451]. At last the performances of
these catalysts are illustrated in Table 9.

5. Electrochemical N, reduction to NH;

NHj3 is regarded as another promising chemical hydrogen storage material due to the safety concerns, energy density con-
siderations and abundant N, feedstock [452]. However, due to the special and inert structure of N, which has extremely
high bond energy (940.95 k] mol~!) [453], and the absence of permanent dipole of the triple bond, the synthesis conditions
of NH3 using N, is extremely harsh, such as high temperature and pressure. And various endeavours have been applied to
realize N, reduction under mild conditions. Thereinto, electrochemical N, reduction reaction can be favored because it
can be powered by a renewable electricity source, and proceed at moderate temperature and atmospheric pressure. Here,
we summary recent electrocatalysts on NH3 synthesis by N, reduction in aqueous electrolyte.

In 1989, Furuya et al. reported the first electrochemical N, reduction at ambient temperature and pressure in aqueous
solutions on the metal phthalocyanine catalyst [454]. However, the activity and durability were not satisfactory. After that,
dinitrogen complexes were used for NH3 synthesis [455,456], whereas most of them are susceptible to air and/or water. Then
metal was also used to NH3 synthesis. Zhang et al. used Ru/C electrode to realize N, reduction with useful activity and sta-
bility [457]. And the difference in current between N, and He showed that N, may be reduced, but the actual yield of NH3
was not provided. Recently, Yan et al. successfully realized N, reduction under ambient conditions by use of tetrahexahedral
Au nanorods [458]. The FE of N, reduction was around 4%, and the highest yield of NH; (1.648 pg h~! cm™2) was obtained at
—0.2 V vs. RHE. Besides, hydrazine hydrate was also detected. Though N can be reduced on Au nanorods, the activity was not
satisfactory. As we know, the size of nano-materials and crystallinity will affect the catalytic activity. Therefore, sub-
nanoclusters Au were synthesized for N, reduction [459,460]. By using tannic acid as reducing agent and stabilizer, Au/
TiO, was successfully obtained. The ultra-small Au nanoparticles can form Au—O—Ti bonding, and this will deduce the
charge of Au partially shifts. Thus Au active sites will prefer adsorb nitrogen rather than H*. Finally, the highest yield of
NH; was reached up to 21.4 pg h~! mgcl, and the corresponding FE was 8.11%. As the amorphous material possessed high con-
centration of unsaturated sites, this might improve the chemical activity with respect to the interaction of small molecules
[461]. The synthesized a-Au/CeO,-rGO exhibited an NH3 synthesis rate of 8.3 ug h™! mgz: with FE of 10.1%. Recently, Centi
et al. obtained an NH; production rate of 2.2 x 10~ gyys h™! m~2 on Fe supported on CNTs in a flow of N, under ambient con-
ditions [462]. And the authors proposed that the interface between Fe nanoparticles and CNTs can activate N, and then hydro-
genate it. In addition, their group also investigated the effects of Fe content, cell design, electrolyte and applied voltage for N,
reduction [463]. As a result, the present data demonstrated that 30 wt% Fe,03-CNT was found to be optimal, and the cell design
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may affect NHs crossover through the membrane, and the electrolyte can affect the selectivity of NHs. Recently, Wang et al.
provided a Li* incorporation strategy to retard HER process and afford active sites for N, reduction [464]. Based on electrochem-
ical evaluation and DFT calculations (Fig. 26), Li* association with the O atoms in the poly(N-ethyl-benzene-1,2,4,5-tetracar
boxylic diimide) can retard the HER process and promote the adsorption of N, to afford a high potential scope for N, reduction
process to proceed in the “[0-Li*]-N,-Hy” alternating hydrogenation mode. This work provides an effective way to inhibit HER to
enhance the N, reduction selectivity. Besides, other catalysts applied in different electrolyte systems, such as solid or molten
salt electrolyte, are also discussed [465-467], but we don’t discussed here. Recently, Zhang et al. designed the Li-N, battery
and realized reversible N, fixation, exhibiting high FE and decreasing energy consumption, which might provide another per-
spective for N, reduction [468].

6. Summary and outlook

Herein, recent progress of catalysts for H, generation and storage, including the H, evolution, HCOOH decomposition, CO,
and N, electroreduction to HCOOH and NHj respectively, are summarized.

For HER, the Pt-based catalysts show the best catalytic performance, however, which are limited by high price and few
reserves. Recently, the single atom catalysis of precious metals can maximize their efficiency and meanwhile minimize the
usage, which provide a strategy for precious metals usage, but the stability should be improved to meet the requirements
of application. For non-precious metal compounds, the catalysts based on Mo have been widely discussed and many elegant
strategies are developed to enhance the catalytic activity, such as designing different nanostructures, doping other various ele-
ments and connecting with conductive supports or both. Therefore, many Mo-related catalysts exhibited high HER perfor-
mance, and a large number of theoretical studies based on MoS, on the active sites are also carried out. Besides, these
strategies can also be used for other electrocatalysts. As the same group element with Mo, W is also used to synthesize different
catalysts for HER, and WC, which showed Pt-like catalytic properties, can be used as promising supports. In addition, the VIII
group elements (Fe, Co and Ni) based materials which have higher abundance than Mo and W are also explored for electro-
catalysis HER, and some materials, such as phosphides, show extremely high catalytic activity, but many ambiguous under-
standing is still present, such as surface reconstruction. Recently, the metal-free catalysts, especially based on carbon
materials, have been proposed as next generation HER catalysts which exhibit considerable catalytic activity and robust sta-
bility. However, compared with metallic catalysts, the HER activity of metal free catalysts need to be greatly improved.
Although the structure optimization to achieve the excellent performance has been made for HER catalysts, but many chal-
lenges still puzzle this thriving field. And here some of them are listed. (i) Identifying the mechanism of catalysts, particularly
the composites which showed excellent HER activity, should be at the forefront of the researches into HER, which can guide us
to further optimize the properties of electrocatalysts. Conventionally, we often attribute the improved performance to the syn-
ergistic effects, wherein the real reason may be not so simple. Encouragingly, the investigation process of HER mechanism for
MoS, greatly promotes the quick development of MoS,-based HER catalysts, highlighting the importance of mechanism stud-
ies. To this end, in-situ characterization means and/or combining with the theoretical investigations should be extensively
explored. (ii) In view of the harsh working environment, the stability of electrodes is another important and considerable prob-
lem. The catalyst which exhibits excellent HER activity, but has bad stability, is still not appropriate to participate in the actual
application. Currently, most of the electrodes are only applicable in the single working environment, and much work only
focuses on morphology architecture to improve the activity, but the discussion about stability is scant. Therefore, exploring
an effective way to improve the stability is of great importance and challenge in the future works. (iii) Some HER catalysts
can be used for oxygen evolution, so constructing the bifunctional and integrated electrode enabling the operation in the same
electrolyte with satisfying catalytic activity toward OER and HER is also a good choice in view of the convenience and cost
reduction in the overall water splitting. (iv) Most of the catalysts are used in strong acid condition, and only few can operate
in all pH values. Considering the abundance of seawater, it is of great importance and need to design catalysts that can achieve
high activity in the seawater. (v) Though the HER activity of Pt is superior to others, the performance under high current den-
sity is unsatisfactory. So searching the stable and efficiently catalysts under high current density should be considered.

Despite the remarkable advances achieved in HCOOH decomposition, there are still some issues to be addressed. Foremost,
scalable production of stable non-precious catalysts to substitute noble-metal is imperative for practical applications. Then, a
deep understanding about catalytic mechanisms, the effect of particles shape on activity, and the interaction between
nanoparticles and supports are urgently needed, which may contribute to rational design the catalysts with desired properties.

For CO, electroreduction to HCOOH, though some catalysts have exhibited high selectivity and FE, the low energy effi-
ciency and insufficient stability are still the challenges for commercial application. Therefore it is vital to enhance the per-
formance of catalysts for CO, electroredution to formate from several aspects: (i) mechanistic and fundamental insights
during CO, reduction process. Much attention should be paid to this field due to the presence of many vague understandings.
(ii) Optimizing structure and composition of catalysts. The catalysts, which possess the different structure like ultrathin
sheets, core-shell and sandwich-like, exhibit unexpected selectivity. And the presence of oxides can further enhance the
activity. (iii) External test conditions. Besides improving the design of catalysts, several external conditions should be also
considered, such as electrolytes. The ion species and pH values both have influence on the performance. Besides, the reactors
should be optimized.
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While for NH; synthesis by N, reduction, until now, experimental results displayed extremely poor performance, and
only few catalysts could catalyze N, reduction. The most challenging problem is the adsorption and activation of N, on
the surface of catalysts. Thus, much attention should be paid for mechanistic details and atomic-scale processes at the
electrode-electrolyte interface. There is still much room for improvement of this promising but largely underexplored reac-
tion. Overall, Many difficulties should be overcome for these reactions, but with the rapid progress in technology and mate-
rials engineering, we believe practical applications of sustainable energy systems based on hydrogen are expected.
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