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Electrocatalyst engineering and structure-activity
relationship in hydrogen evolution reaction: From
nanostructures to single atoms

Yuan Panl’z, Chao Zhangz, Yan Lin3, Zhi Liul, Minmin Wang1 and Chen Chen”

ABSTRACT With the ever-pressing issues of global energy
demand and environmental pollution, molecular hydrogen
has been receiving increasing attention as a clean alternative
energy carrier. For hydrogen production, the design and de-
velopment of high-performance catalysts remains rather
challenging. As the compositions and structures of catalyst
interfaces have paramount influences on the catalytic perfor-
mances, the central topic here has always been to design and
engineer the interface structures via rational routes so as to
boost the activities and stabilities of electrocatalysts on hy-
drogen evolution reaction (HER). Here in this review, we focus
on the design and preparation of multi-scale catalysts speci-
fically catering to HER applications. We start from the design
and structure-activity relationship of catalytic nanostructures,
summarize the research progresses related to HER nanocata-
lysts, and interpret their high activities from the atomistic
perspective; then, we review the studies regarding the design,
preparation, HER applications and structure-activity re-
lationship of single-atom site catalysts (SASCs), and there-
upon discuss the future directions in designing HER-oriented
SASCs. At the end of this review, we present an outlook on the
development trends and faced challenges of catalysts for
electrochemical HER.

Keywords: electrocatalyst, structure-activity relationship, hy-
drogen evolution reaction, nanomaterials, single-atom site cata-
lysts

INTRODUCTION
With the ever-growing global energy demand and ever-
pressing environment issues, the concept of “hydrogen

economy” has received ever-broadening acknowl-
edgement. Ironically, 95% of the global hydrogen supply
now comes (directly or indirectly) from fossil fuels,
which, in essence, is in contradiction with the intention of
green and sustainable development [1,2]. The water on
the Earth constitutes a gigantic reservoir for hydrogen;
however, the production of hydrogen from water by
electrochemical method is a rather energy-intensive and
expensive process, thus not competitive with hydrogen
production from fossil fuels. In order to reduce the total
energy consumption, the overpotentials in water splitting
have to be lowered, and the efficiency has to be elevated
[3]. Up to date, relevant catalysts with the highest effi-
ciencies have been Pt and Pt-group metals, which gen-
erally suffer from low abundance and high costs, and are
therefore unsuitable for large-scale applications in in-
dustry [4]. As a result, it has become an urgent task to
develop catalysts based on low-cost non-noble metals or
single-atom site catalysts (SASCs) featuring low loadings
and high activities.

The compositions and structures of surfaces/interfaces
of catalysts are known to have great influences on their
catalytic performances; one of the central topics in hy-
drogen evolution reaction (HER) has always been to ra-
the
compositions, atom arrangement and electronic struc-

tionally design and manipulate chemical
tures at the catalyst interfaces to boost the activity and
stability [5]. Therefore, the key science in catalyst design

and preparation is to select the appropriate materials, and
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thereupon to construct specific interface structures and to
arrange the surface atoms in optimized configurations.
For the preparation methodology of advanced catalysts,
scientists need to develop new techniques, including (1)
manipulating the nanocatalysts at the atomic level, and
(2) fabricating catalytically active single-atom sites.

In this review (Fig. 1), we focus on the multi-scale
design and preparation of catalysts for the HER system.
We start from the design and structure-activity relation-
ship of catalytic nanostructures, summarize the research
progresses related to HER nanocatalysts, and interpret
their high activities from the atomistic perspective; then,
we review the studies regarding the design, preparation,
HER applications and structure-activity relationship of
SASCs, and thereupon discuss the future directions in
designing HER-oriented SASCs. At the end of this review,
we present an outlook on the development trends and
faced challenges of electrocatalysts for HER.

NANOCATALYST ENGINEERING FOR
HER

Noble metal nanocatalysts

Noble metal Pt is considered as the state-of-the-art HER
electrocatalyst for its much lower overpotential at the
same current density than those of other materials.
However, the large-scale industrial applications of this
metal are limited by its low abundance in the Earth’s
crust. In order to reduce the usages, maximize the atom
efficiencies and maintain the high activities, micro-
structured, nanostructured even single-atom electro-
catalysts with more exposed catalytic atoms have been in
pursuit [6,7]. As reported by Chen et al. [8], the shape of
Pt nanocrystals affects their catalytic activity and se-
lectivity for many electrocatalytic reactions (such as
oxygen reduction reaction (ORR), oxidation reaction of
methanol, ethanol, and formic acid), but for HER the
activity is mainly mentioned under the general test con-
ditions. Li et al. [9] reported an under-water, super-

Figure 1 The summarized schematic illustration of the research routes in this review.
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aerophobic, nanostructured Pt electrode with a pine-like
shape, which shows much better electrocatalytic HER
performances, with a dramatically abrupt increase in
current density with overpotential (3.85 mA mV'),
which is 2.55 and 13.75 times higher than that of Pt na-
nospheres and Pt flat electrodes. Introducing carbon
materials is an effective way to design various novel Pt-
based nanocatalysts for HER. Bai et al. [10] prepared a
unique Pd@Pt/graphene hybrid structure with Pt shell
thickness tunable (0.8-3.2 nm) (Fig. 2a-c). The results
suggest the Pt shell thickness greatly affects the HER
performance. When the shell thickness is reduced to
0.8 nm, the highest HER performance can be achieved
(791 mA cm  at 300 mV, Tafel slope of 10 mV dec ')
(Fig. 2d and e). The team proposed a surface polarization
mechanism, by which the shell thickness can be mini-
mized, thus reducing the usage of Pt.

Another effective way is reducing the Pt loadings while
better utilizing its high activity by combining other earth-
abundant elements. Esposito et al. [11] selected “Pt-like”
transition metal carbides (such as tungsten carbides,
WCs) to support the lowest possible loading (monolayer)
of Pt. Their studies suggest that replacing Pt atoms with
WC would not compromise the electrocatalytic activity,
and can also reduce the Pt loading in various electro-
catalytic applications by over an order of magnitude.
They also tried to support one Pt monolayer on mo-
lybdenum carbide (Mo,C) to reduce the cost. The results
suggest that this catalyst shows a Pt-like activity and ex-
cellent stability under HER conditions. Xing et al. [12]
used a three-dimensional (3D) substrate (carbon cloth
supported Co(OH), nanosheet (NS) array (Co(OH),/
CQC)) for Pt electrodeposition, and obtained a sample
denoted as Pt-Co(OH),/CC (with 5.7 wt% Pt loading). It
showed top performances for HER in both alkaline and
neutral conditions (4.8 and 2.6 times higher than those of
commercial Pt/C/CC, respectively). The synergistic cata-
Iytic effects between Co(OH), and Pt at the nano-inter-
faces led to the greatly improved performances. Similarly,
Xie et al. [13] directly grew an ultralow-Pt-content
(5.1 wt%) Ni(OH),-PtO, hybrid NS array on Ti mesh (the
resulting product denoted as Ni(OH),-PtO, NS/Ti). It
exhibits a superior activity (31.4 mV at 4 mA cm ) in
0.1 mol L' KOH. This catalyst also shows an excellent
stability, with nearly 100% faradaic efficiency after at least
100 h. Density functional theory (DFT) calculations re-
veal that the interface formed between Ni(OH), and PtO,
greatly promotes the H,O dissociation kinetics and op-
timizes the hydrogen adsorption free energy, thus
boosting the HER process. Tiwari et al. [14] used mela-
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mine-derived graphitic tubes (GTs) to anchor a multi-
component catalyst with ultralow Pt loading (1.4 pg/
electrode area (cm®)). With a Pt loading only 1/80 of that
for commercial 20% Pt/C, this catalyst only needs 18 mV
to deliver 10 mA cm ~ in 0.5 mol L' H,SO,, and gives a
turnover frequency (TOF) 96 times higher (7.22 s ') than
that for Pt/C catalyst, and it also shows a long-term
durability (for 10,000 cycles).

Downsizing Pt nanoparticles (NPs) to clusters or even
single atoms can maximize the exposure of active sites
and then greatly reduce the usage, which is desirable for
Pt-related industrial applications [15]. Wang et al. [16]
designed ultrafine Pt nanoclusters (NCs) confined by a
trigonal prismatic coordination cage (Fig. 2f-h). The
HER electrocatalytic activity of the Pt NCs is higher than
that of commercial Pt/C (Fig. 2i and j) owing to the
highly active surface, as well as the synergism between Pt
NCs and cage matrix. Besides, downsizing Pt to single-
atom scale can maximize the atom utilization by exposing
nearly all the metal atoms as active sites, which will be
discussed later (vide infra). Alloying Pt-group metals with
other non-noble metals (such as Cu [17,18], Fe [19], Co
[20,21]) can also be used to lower the loading. Previous
studies have suggested that metal Ni possesses a moderate
hydrogen binding energy close to that of Pt, and Pt-Ni
alloy may thus exhibit profitable electronic and sy-
nergistic effect for HER. Solvothermal method has been
proved competent for the preparation of Pt-Ni alloys.
Hexagonal close-packed Pt-Ni alloy nano-multipods were
prepared through a facile one-pot solvothermal method
by Cao et al. [5]. This Pt-Ni nano-multipods show su-
perior HER catalytic performance in alkaline condition
(65mV at 10mAcm >, mass current density is
3.03 mA mg(Pt)7l at =70 mV) thanks to the unique
crystal structure and excavated polyhedral morphology.
Zhang et al. [21] also prepared Pt-Ni anisotropic super-
structures (Pt-Ni ASs) through a solvothermal method,
which showed spatial heterogeneity (Fig. 2k-m). Fourier
transforms of EXAFS spectra of Pt L3-edge and Ni K-
edge demonstrated the formation of Pt-Ni ASs (Fig. 2n
and o). The HER electrocatalytic performances (27.7 mV
at 10 mA cm , with TOF reaching 18.63 H, s ' at 50 mV)
of these Pt-Ni ASs in alkaline conditions are superior to
that for commercial Pt/C (Fig. 2p and q). Oh et al. [22]
prepared hexapod-shaped Pt-Ni-Co alloy nanocatalysts
for the efficient alkaline HER through the selective re-
moval of the Ni@Co shell from core@double-shell
Pt@Ni@Co nanostructures. Studies suggest Co precursor
greatly affects the size and shape of this nanostructure.
This Pt-Ni-Co catalyst shows a 10 times higher specific
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Figure 2 (a) Schematic illustration, (b) high resolution transmission electron microscopy (HRTEM), and (c) high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy dispersive spectroscopy (EDS) mapping images of Pt-Pd nanocrystal on reduced
graphene oxide (rGO). (d) Linear sweep voltammetry (LSV) curves and (e) Tafel plots of Pt-Pd-rGO structures with different Pt thicknesses. The
dashed lines in (e) indicate the linear regions. Adapted with permission from Ref. [10]. Copyright 2014, Wiley-VCH Verlag GmbH & Co. (f)
Illustration of the assembly of trigonal prismatic {Ni,,} coordination cage and the fabrication of ultrafine Pt NCs. (g, h) Transmission electron
microscopy (TEM) of the Pt@CIAC-121 hybrids at different magnifications. (i) LSV curves of the Pt@CIAC-121 and Pt/C in 0.5 mol L ' H,SO, for
HER. (j) Comparison of current densities between Pt@CIAC-121 and Pt/C at different potentials. Adapted with permission from Ref. [16]. Copyright
2016, the American Chemical Society. (k, 1) HAADF-STEM images of the Pt-Ni anisotropic superstructures (ASs). Inset in (k): TEM image of a single
Pt-Ni AS. (m) HAADF-STEM and EDS elemental mapping images of a typical Pt-Ni AS. (n) Fourier transforms of extended X-ray absorption fine
structure (EXAFS) spectra at Pt L3-edge. (o) Fourier transforms of EXAFS spectra of Ni K-edge. (p) LSV curves of Pt-Ni ASs and Pt/C in 1.0 mol L
KOH. (q) Overpotentials at current density of 10 mA cm ~ (left) and exchange current densities (right) of Pt-Ni ASs and Pt/C. Adapted with
permission from Ref. [21]. Copyright 2018, Wiley-VCH Verlag GmbH & Co.
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activity than that of Pt/C. Shen et al. [23] prepared carbon
nanofiber (CNF) arrays decorated with Pt-Cu-Ni NPs,
which were conformally assembled on carbon felt (CF)
(denoted as PtCuNi/CNF@CF) through an ambient-pres-
sure chemical vapor deposition (CVD) process followed by
a spontaneous galvanic replacement reaction. This PtCuNi/
CNF@CF is proved to be an ideal binder-free HER ele-
trocatalyst on account of the high porosity, well-defined
geometry shape, good electron conductivity, and particular
characteristic of PtCuNi NPs in the tips of CFs.

Non-noble metals and related alloys

Ni has a moderate hydrogen binding energy, but metallic
Ni itself is not an ideal HER catalyst. Ni-Fe, Ni-Co, Ni-
Mo, Ni-Zn, Ni-W and Ni-Cr alloys have been explored
for HER, and among them NiMo alloy is the most pro-
mising candidate, yet it still has difficulty to match with
Pt in both activity and stability [24]. Besides alloying,
hybridizing with carbon materials has also been proved to
be an efficient way to boost the HER performances of
transition metals. Deng et al. [25] reported nitrogen-
doped carbon nanotubes (NCNTs) encapsulated Fe, Co
and the FeCo alloy (Fig. 3a) for HER in acid. The opti-
mized catalysts exhibited a good HER catalytic perfor-
mance (onset overpotential is 70 mV), which was close to
that of 40% Pt/C catalyst (Fig. 3b). DFT calculations in-
dicated that the optimized electronic structure and the
moderate adsorption free energy of H atoms on the cat-
alyst’s surface promoted the HER process (Fig. 3c and d).
Motivated by these results, they also encapsulated a uni-
form CoNi nanoalloy by ultrathin (1-3 layers) graphene
shells (Fig. 3e-g). The optimized catalyst exhibits almost
zero onset overpotential, and needs 142 mV to deliver
10 mA cm ° (Fig. 4h), which is comparable to that of
commercial 40% Pt/C [26]. DFT results show that the
high HER activity can be attributed to the moderate free
energy of H adsorption and the electronic potential dis-
tribution at the graphene surface (Fig. 3i and j). Ad-
ditionally, the decrease of the graphene layer number and
the increase of nitrogen dopant amount can improve the
electron density of the graphene shells, enhancing the
HER electrocatalytic performance (Fig. 3k). Tavakkoli et
al. [27] decorated single-walled carbon nanotubes
(SWNTs) with novel single-shell carbon-encapsulated Fe
NPs (SCEINs) (Fig. 31-m). The single carbon layer in
SCEIN/SWNT would not prevent the desired contact
between the reactants and vicinity of the Fe NPs, but can
protect the active Fe core from oxidation. Thus, this
SCEIN/SWNT displays superior HER catalytic properties
(onset potential is about 0 V, Tafel slope is 40 mV dec),
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which are even comparable to those of Pt in 0.5 mol L'
H,SO, (Fig. 3n).

Transition metal compounds

Because the HER process occurs on the surface of the
electrocatalysts, and the surface adsorption for hydrogen
is an important step, the Gibbs free energy of hydrogen
adsorption (AGy.) can work as an indicator to predict
whether a certain material is ideally capable of catalyzing
HER. When AGy- has a large negative value, it suggests
that the affinity between H,4 and the catalyst surface is
too strong, and it is difficult for the formed H,4, occu-
pying the active site to desorb, decreasing the catalytic
activity. When AGy- has a large positive value, it suggests
that H,4, and the catalyst surface have a weak binding,
which is not conducive to the formation of H,4 and
transition state of hydrogen, also decreasing the catalytic
activity. Therefore, an ideal AGy- for HER should be close
to 0. Nerskov et al. [28] obtained a volcano-like curve by
plotting AGy. versus the exchange current density. The
higher exchange current density suggests the better cat-
alytic activity of the catalyst. Noble metals, such as Pt,
located at the top of the volcano with AGy:- close to 0, are
expected to have the best catalytic activity. Besides,
transition metals Ni, Fe, Co, Cu, Mo, and W also have
appropriate AGy- values, and can form borides, carbides,
nitrides, chalcogenides and phosphides as efficient HER
electrocatalysts [6].

Transition metal phosphides

In 2005, Liu et al. [29] used DFT calculation to investigate
the Ni,P (001) surface, and their studies suggest that the
introduced P dilutes the surface concentration of Ni and
avoids the inactivation of active sites caused by strong
surface adsorption of H atoms. Besides, the formation of
the Ni-P bonds disturbs the electronic states of the initial
Ni, exhibiting a [NiFe] hydrogenase-like electronic
structure. Thus, Ni,P was inferred to be a highly active
HER electrocatalyst. However, it was not until 2013 that
this inference was verified by Schaak’s group [30], and in
the same year, Zhang’s group [31] first reported that FeP
was efficient on HER. Since then, the application of
transition metal phosphides in HER began to develop
[32,33]. In 2018, with core-shell ZIF-8@ZIF-67 as the
precursor, Pan et al. [34] designed and synthesized a
novel hybrid nanocatalyst—N-doped carbon nanotube
hollow polyhedron (NCNHP) encapsulated CoP NPs by a
pyrolysis-oxidation-phosphidation strategy (Fig. 4a-c).
During the pyrolysis process, ZIF-8 worked as seed, the
Zn nodes can evaporate at high temperature, and uni-
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Figure 3 (a) HRTEM image of FeCo@NCNTs with the inset showing the (110) crystal plane of the FeCo nanoparticle. (b) LSV curves. (c) The free
energy profiles of the Heyrovsky route. (d) A schematic representation of the HER process on the surface of Fe@NCNTs. The gray balls represent C
atoms, yellow for Fe, blue for N, red for O and white for H. Reproduced with permission from Ref. [25]. Copyright 2014, the Royal Society of
Chemistry. (¢) HRTEM image of CoNi@NC, showing the graphene shells and encapsulated metal NPs. Inset (e): crystal (111) plane of the CoNi alloy.
(f) Schematic illustration of the CoNi@NC structure shown in (e). (g) Statistical analysis of the number of layers in the graphene shells encapsulating
the metal NPs in CoNi@NC. (h) HER LSV curves for CONi@NC samples prepared at different temperatures. (i) Gibbs free energy (AG) profile of the
HER on various catalysts. (j) Volcano plot of the polarized current (iy) versus AGy. for a CoNi cluster, CoNi@C, and an N-doped graphene shell (N-
carbon). (k) Redistribution of the electron densities after the CoNi clusters have been covered by 1-3 layers of graphene. The differential charge
density is defined as the difference in the electron density with and without the CoNi cluster. The red and blue regions are regions of increased and
decreased electron density, respectively. Adapted with permission from Ref. [26]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. (I) HRTEM image
of SCEINs decorated on the sidewalls of the SWNTs; the inset shows Fe catalyst particles for the growth of the SWNTs (arrows demonstrate the
SWNT). (m) Schematic representation of SCEIN/SWNT sample simplifying the HRTEM images and HER on SCEINs. (n) The polarization curves of
SWNT (blue), SCEIN/SWNT (black), and Pt/C (red). The LSV curves were measured at a scan rate of 50 mV s ' in 0.5 mol L™ H,SO,. Adapted with
permission from Ref. [27]. Copyright 2015, Wiley-VCH Verlag GmbH & Co.
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Figure 4 (a) Schematic illustration and (b, c) TEM and HRTEM of the CoP/NCNHP catalyst. Inset in (c): fast Fourier transform (FFT) of the selected
area in the red box. (d, €) LSV of CoP/NCNHP and the compared samples in 0.5 mol L' H,SO,, and 1 mol L' KOH for HER, respectively. Adapted
with permission from Ref. [34]. Copyright 2018, the American Chemical Society. (f) Schematic illustration, (g-i) TEM and HRTEM images of
MoP@NCHSs-900. Insets in (h): the intensity profile along the yellow line, the FFT of the selected area of orange arrows. (j) Structural model of (i). (k)
LSV curves of electrocatalysts MoOP@NCHSs-T, bulk MoP, and commercial 20% Pt/C in 1.0 mol L KOH. (1) AGy- diagram (left) and the chemi-
sorption energies of OH (AEqy.) (right). (m) The schematic of the charge density differences, average Bader charge of NC and water dissociation
ability for three N forms based on the DFT calculation results. Blue, orange, red, silver, purple, and white balls represent Mo, P, N, C, O, and H atoms,
respectively. Adapted with permission from Ref. [35]. Copyright 2019, Wiley-VCH Verlag GmbH & Co.

formly dispersed Co NPs formed in the pyrolysis process
of ZIF-67 shell. Besides, they found the evaporation of the
Zn favorable for the formation of CNTs, then the mass
transfer was promoted. Due to the strong synergy be-
tween the CoP NPs and NCNHP, CoP/NCNHP shows
high HER (in acid and alkali) and oxygen evolution re-
action (OER) performance (in alkali) (Fig. 4d and e).
Given to the good electrocatalytic performance, they as-
sembled a primary battery with this catalyst, the electro-
catalytic measurement suggests the full water electrolysis
can be driven at 1.64 V, and shows excellent stability
(36 h without almost no attenuation of activity). DFT
calculation suggests the electron transfer from NCNHP to
CoP NPs can effectively increase the d-orbital density
near Fermi level of Co, promoting the adsorption of
hydrogen and improving the electrocatalytic perfor-
mance. Meanwhile, the theoretical calculation also sug-
gests the high oxidation resistance of the CoP/NCNHP
greatly improves the stability. This work is of great sig-
nificance for the design and application of transition
metal phosphides/carbon based catalysts with high effi-
ciency, stability and novel structure. In 2019, in research

June 2020 | Vol.63 No.6
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of Zhao et al. [35], polystyrene (PS) spheres was used as
sacrificial templates, and H;PMo,,04,:nH,0 was used as
oxidant to initiate pyrrole (Py) monomers around PS
templates to polymerize. After pyrolysis, MoP NPs were
successfully encapsulated in nitrogen-doped carbon hol-
low spheres to form the core-shell structure of HER
electrocatalyst (MoP@NCHSs) (Fig. 4f-j). This catalyst
shows good HER electrocatalytic performance, it only
needs 92mV to achieve the current density of
10 mA cm * (Fig. 4k). And the studies suggest that the
synergistic effect between MoP and pyridine N effectively
promotes the alkaline HER process, and the interaction
between them greatly increases the electron density on
the NCHSs carrier, thus accelerating HER; besides these,
the d-band center of Mo atom at the interface between
pyridine N and MoP decreases, weakening the Mo-H,4;
bond, and inhibiting the strong adsorption of OH by
pyridine N (Fig. 4] and m).

The theoretical calculation results suggest that P in
transition metal phosphides plays a key role in the HER
process. On the one hand, the electronegative P atoms in
phosphides can attract electrons transferred from metals,
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making the P atoms negatively charged and the metal
atoms positively charged. The P with negative charge not
only works as an alkaline group to trap the protons
produced in the process of hydrogen precipitation, but
also promotes the dissociation of hydrogen, thus avoiding
the long-time occupation of the active sites owing to the
strong adsorption of hydrogen. Wang’s group [36] gave
an elaboration on the effect of P on the hydrogen evo-
lution. Their study suggests that the P atoms in MoP can
work as “hydrogen deliverers”, and P can bond with
hydrogen at low coverages but release hydrogen at high
coverages. The special function of P atoms can create rich
active sites in MoP, making the phosphides very suitable
for HER. Besides, P atoms can also improve the corrosion
resistance of phosphides especially in acid. The undesired
dissolution becomes thermodynamically unfavorable be-
cause of the P atoms. At the same time, the surface oxi-
dation to form phosphate can further protect the
phosphides from dissolution in the electrolyte. Generally,
increasing the atomic percentage of P can produce more
HER active sites and improve the stability of the phos-
phides. However, the delocalization of electrons on the
metal is greatly limited by the highly electronegative P
atoms, impairing the electrical conductivity. Thus, it is
important to balance these two aspects by adjusting the
atomic ratio of P and the metal.

Recently, some research results [37,38] suggest there
exists only one kind of electron transfer in single metal
phosphides, producing only one kind of active sites,
which is not efficient enough for HER. Introducing a
foreign metal can provide more kinds of electron transfer,
and produce more active sites; also, there may exist sy-
nergistic and complementary effect between different
atoms, thus bi-metallic and even multi-metallic phos-
phides usually show better HER electrocatalytic perfor-
mances with respect to single-metallic counterparts. Tang
et al. [39] developed ternary Fe,Co,_,P nanowire array on
carbon cloth (FexCo,_,P/CC) for electrocatalytic HER.
Their studies suggest that the amount of Fe strongly affect
the HER activity. Electrocatalytic test suggests that
FeysCoysP/CC has the best activity (37 mV at
10 mA cm °). DFT calculations suggest that the replace-
ment of Co by Fe in CoP optimizes AGy- on the catalyst
surface. Similarly, the study of Li et al. [40] suggests that a
proper doping ratio of Fe in Ni,P can also significantly
improve the HER performance. The research of Liang et
al. [41] also suggests that the HER electroactivity of MoP
can be remarkably enhanced by the proper introduction
of Fe. Li et al. [42] synthesized rGO incorporating Co-
doped nickel phosphides (Ni,_,Co,P). The doping of Co
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and the hybridization with rGO effectively improve the
HER electrocatalytic performance within the pH range of
0-14, by virtue of the enriched active sites on the catalyst
surface and the accelerated charge transfer. DFT calcu-
lations suggest the Co doping leads to the moderate ad-
sorption of atomic hydrogen and easy desorption of the
formed H,. Man et al. [43] prepared Ni,P NPs doped with
transition metals (Fe, Co, Mn and Mo) for electrocatalytic
HER. Their results suggest that Mo-doped Ni,P shows the
best HER electrocatalytic activity because of the largest
degree of d-electron delocalization.

Transition metal sulfides

Hydrodesulfurization (HDS) proceeds via a similar
pathway to that of HER, both including a reversible
surface adsorption/desorption of hydrogen, thus broad-
ening the scope of the search for new HER catalysts.
Sulfides, especially MoS,, are widely used as HDS cata-
lysts to remove sulfur from natural gas and fuels, and
have proved to be efficient HER electrocatalysts [44]. Fe
[45], Co [46-48], Ni [49] and W [50-53] could also form
sulfides that are applicable to HER.

As early as 1977, Tributsch et al. [54] suggested that
bulk natural crystals of MoS, might show HER electro-
catalytic activity, yet its potential as efficient HER elec-
trocatalyst was not fully unveiled until 20 years later. In
2005, Hinnemann et al. [55] suggested that the basal
plane of MoS, is catalytically inert, while the true active
species are the sulfidated Mo-edges, on the basis of ana-
lyzing the free energy of hydrogen using DFT calcula-
tions. Two vyears later, this inference was proved
experimentally by Jaramillo et al. [56]. Now, this notion
has been widely accepted among the researchers. There-
fore, subsequent efforts have been devoted to maximizing
the exposure of such edge sites, among which one effi-
cient strategy is nano-structuring [57]. Kong et al. [58]
maximized the exposure of edges by growing MoS, and
MoSe, thin films with vertically aligned layers. Their
studies suggest that through this kinetically controlled
rapid growth strategy, the edge-terminated structure can
be synthesized on a diverse range of substrates. Kibsgaard
et al. [59] engineered the MoS, surface structure which
preferentially expose the edge sites by fabricating con-
tiguous large-area thin films of a highly ordered double-
gyroid MoS, bicontinuous network with nanosized pores.
The high surface curvature of this mesostructure of the
catalyst helps to expose a large fraction of edge sites and
provide high surface area, leading to an excellent HER
electrocatalytic activity. Wang et al. [60] used selective
steam etching to improve the density of active edge sites
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on MoS, basal plane. They suggest that the temperature
greatly affects the etched structure, and MoS, basal planes
with 1D nano-channels, 2D in-plane triangular pits and
3D vertical hexagonal cavities can be created by increas-
ing the temperature. The studies indicate that the surface
free energy barrier can be effectively decreased by the
extensive created active edges existing on the MoS, basal
plane, thus improving the HER electrocatalytic activity.
Recently, a pioneering strategy of introducing S va-
cancies into the basal plane has been proposed, which can
also improve the electrocatalytic performance. Li et al.
[61] firstly introduced S vacancies and strain activated to
activate and optimize the basal plane of monolayer 2H-
MoS. Their results show that creating and straining S
vacancies in the basal plane is efficient for optimizing the
electronic structure of MoS, to enhance the HER activity.
New bands in the gap near the Fermi level can be pro-
duced by S vacancies, and these states are localized
around the S vacancies, and hydrogen adsorption takes
place on these new gap states. With more S vacancies, the
number of gap states increases and the bands shift to-
wards the Fermi level. In addition, introducing tensile
strain makes the positions of these new bands further
move towards the Fermi level, which narrows the band
gap and increases the number of gap states around the
Fermi level, leading to the increased adsorption strength
on S vacancy site. Later, the HER kinetic data for both
unstrained and strained S vacancies on the basal plane of
MoS, monolayers were studied through scanning elec-
trochemical microscopy. Their study suggests that the
strained S vacancy has a 4 times higher electron-transfer
rate than that of the unstrained S vacancy. Besides, about
2% uniaxial tensile strain increases almost four folds the
electron-transfer rate constant (ki =1.0x10 " cms '),
confirming that the HER kinetics of S vacancies in MoS,
indeed can be accelerated by tensile elastic strain [62].
Tsai et al. [63] introduced electrochemical desulfurization
to generate S vacancies on the MoS, basal plane. In the
electrochemical desulfurization process, the S atoms in
the basal plane are hydrogenated into H,S and then re-
moved to form the S vacancies. The HER activity can be
significantly improved by varying the extent of de-
sulfurization and the concentration of S vacancies due to
the changed applied desulfurization potential and dura-
tion. Li et al. [64] reported the grain boundary may also
provide some catalytic activity for HER. Zhu et al. [65]
reported that domain boundaries in the basal plane of
monolayer MoS, can act as active sites for HER. Their
studies suggest the multi-hierarchy design on the 2H-2H
domain boundaries and 2H-1T phase boundaries can
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greatly improve the HER performances (activity, stability
and universality in both acid and alkali).

Transition metal selenides

Se locates in the same main group as S does in the per-
iodic table; therefore, metal selenides may possess great
potential for HER as well. In 2012, NiSe was prepared for
HER by Gao et al. [66]. Zhou et al. [67] demonstrated
that commercial Ni foam can be used as the starting
material to fabricate a robust porous NiSe, electrocatalyst
by simple acetic acid treatment and thermal selenization
in Ar atmosphere. X-ray photoelectron spectroscopy
(XPS) and EDS analysis suggest that a small fraction of
elemental Se is detected on the surface, and theoretical
calculations suggest the adsorbed Se monomers or dimers
on the surface could optimize AGy.. Facilitated by the
large electrochemically active surface and good electrical
conductivity, this NiSe, exhibits good catalytic activity
that approaches that of the benchmark Pt. Kong et al. [68]
developed CoSe, NPs grown on carbon fiber paper, which
exhibit an excellent HER activity (~180 mV at
100 mA cm >, Tafel slope is ~40 mV dec ). Studies on
molybdenum selenide (MoSe,) and tungsten selenide
(WSe,) as HER catalysts are not as extensive as those on
MoSe, and WSe,. Through periodic DFT, Tsai et al. [69]
studied the structures of the Mo/W-edges and the Se-
edges under HER conditions and their differential hy-
drogen adsorption free energies. Mo-edge and Se-edge on
both MoSe, and WSe, are found to be the predominant
active facets, and are predicted to have HER activities
comparable or even superior to that of MoS,. The design
optimization for MoSe, and WSe,, which could maximize
the exposure of edge sites, are also efficient for improving
HER performances. Coupling with highly conductive
carbon materials can help to expose more active sites and
accelerate the electron transfer process. Liu et al. [70]
synthesized MoSe, nanostructures anchored on rGO NSs
(MoSe,/rGO) for HER. The rich defects in the MoSe,
layers and high electrical conductivity of rGO are in fa-
vour of the exposure of active edge sites and electron
transfer, leading to the excellent HER performance. Tang
et al. [71] prepared MoSe, NSs and MoSe,/graphene
hybrids for HER. Both the experimental and theoretical
studies indicate that MoSe, has a great potential for HER,
and even may exceed MoS,. Yin et al. [72] simultaneously
regulated the phase and disorder to maximize the HER
activity of MoSe,. The synthesized, partially crystallized
1T-MoSe, NSs show an excellent HER performance.
Through structural and defect characterizations, they
concluded that the synergistic regulations of both phase
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and disorder in this 1T-MoSe, NSs facilitated the HER
process.

Transition metal carbides

Carbides (such as vanadium carbide [73], nickel carbide
[74], niobium carbide [75] and tantalum carbide [75])
have been reported for efficient electrocatalytic HER, and
molybdenum carbide and tungsten carbide are two typi-
cal examples. As early as 1970s, the studies of Levy [76]
and Bennett [77] suggested that introducing carbon to
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nocages and small apertures to confine the W(CO)¢ metal
precursor. After pyrolysis at high temperature, tungsten
carbide nanoclusters/NPs could be obtained, which have
moderated H adsorption free energy and exhibit excellent
HER performance in 0.5 mol L' H,80, (51mV at
10 mA cm °, Tafel slope is 499 mV dec ) (Fig. 5d and e).

Similar to tungsten carbides, intensive attention was
also attracted on molybdenum carbides. Kim et al. [79]
synthesized Mo,C, Fe;C, and WC NPs loaded on rGO
substrate for HER. Among these carbides, Mo,C/rGO
shows the best HER activity. Ma et al. [80] encapsulated
uniform Mo,C NPs (with size below 3 nm) with ultrathin
graphene shells (1-3 layers). The cooperative/synergistic
effects among Mo,C, graphene shells, and the doped N
contribute to the excellent HER performance in acidic
media (a low onset potential (6 mV), a small Tafel slope
(41mVdec'), a large exchange current density
(0.179 mA cm ) and a good stability (12 h)).

However, NPs are not an ideal form owing to the
eventual activity loss when used in pristine form and the
oxide-passivation in HER condition. Ko et al. [81] syn-
thesized WC nanowalls for HER. No oxidation took place
even after prolonged cycling tests (10,000 cycles) in the
HER environment, suggesting the superior stability due
to the highly crystalline and the smooth surface of the
pristine WC nanowalls. Wu et al. [82] prepared meso-
porous molybdenum carbide (MoC,) nano-octahedrons
composed of ultrafine nanocrystallites, which exhibit re-
markable HER electrocatalytic performances in both acid
and alkali. Humagain et al. [83] reported scalable synth-
esis of porous Mo,C nanostructures. The Mo,C catalyst
exhibits an excellent HER activity (35 and 60 mV at 0 and
10mAcm >, 60mV at 100mAcm ') and stability
(>100 h at 10 and 100 mA cm ).

Transition metal nitrides

Transition metal nitrides have also attracted much at-
tention as efficient HER electrocatalysts for their prop-
erties similar to noble metals. Many transition metal
nitrides have been reported to show good HER proper-
ties, such as WN [84], Ni;N [85,86], MoN [87], Co,N
[88], Fe,N [89]. Yu et al. [90] synthesized various porous
metallic nitrides on different substrates for HER in al-
kaline media. Compared with Fe,N and Ni;N, CoN is the
best single-metal nitride for HER in 1mol L' KOH
(95 mV at 100 mA cm >, and 212 mV at 100 mA cm ).
In addition, introducing Ni into CoN to form bi-metallic
nitrides of NiCoN would further improve the HER ac-
tivity (48mV at 100mAcm , and 149mV at
100 mA cm ). Titanium nitride (TiN), which shows good
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conductivity and corrosion resistance in aqueous solu-
tions, is also considered as a promising catalyst for HER.
Han et al. [91] directly synthesized single-crystalline TiN
nanowires used a CVD method. The TiN nanowires are
proved to be an efficient HER catalyst (92mV at
1 mA cm °, Tafel slope, 54 mV dec ') with a good che-
mical stability (20,000 cycles and 100 h) in acid. Zhu et al.
[92] coupled tungsten nitride (WN,) with nitrogen-rich
porous graphene-like carbon to optimize its HER activity.
Benefiting from the nanostructured WN, and the sy-
nergy, this catalyst exhibits a remarkable electrocatalytic
performance (Fig. 5f-i).

Transition metal borides

Compared with the above-mentioned compounds, the
reports with transition metal borides as active HER
electrocatalyst do not attract so much attention. Actually,
as early as 1992, Los and Lasia [93] used amorphous
nickel boride for alkaline HER, but since then borides as
active HER has not obtained considerable development
which may be due to the difficult synthesis process [94].
Masa et al. [95] used amorphous cobalt boride (Co,B) as
an efficient alkaline HER electrocatalyst. Lu et al. [96]
synthesized CoB NPs on CoO nanowire (CoB@CoO na-
noarray), which displays high activity (102 mV to reach
50 mA cm °) and durability (the current density only
degrades <17% after 20 h electrolysis) in 1.0 mol L'
KOH. Zhang et al. [97] electrolessly plated NiB, films for
the HER in a wide pH range. The particle size and
morphology of NiB, are greatly affected by the atomic
ratio of B to Ni, thus producing different electrocatalytic
performances. NiB s, (atomic ratio of Ni to B is 1:0.54)
film is the optimal electrocatalyst with 45, 54 and 135 mV
to reach the current density of 10 mA cm ~ in 0.5 mol L'
H,SO,, 1.0 mol L' phosphate buffer solution (PBS, pH 7)
and 1.0 mol L' KOH. Until 2012, molybdenum boride
(MoB) was first reported as active HER catalysts by
Vrubel et al. [98]. Park et al. [99] reported the synthesis
and the HER electrocatalytic studies of Mo,B, a-MoB, B-
MoB, and MoB,, and their results suggest the HER ac-
tivity increases with the increase of boron content. Gupta
et al. [100] synthesized Co-Ni-B nanocatalysts for elec-
trocatalyzing HER in a wide pH range. The results suggest
the molar ratio of Ni affects the activity greatly. Co-30Ni-
B (with 30% Ni) has the best HER catalytic activity
(170 mV at 10 mA cm 2, pH 7, 133 mV at 10 mA cm 2,
pH 14). Xu et al. [101] deposited CoNiB NPs on Ni foam
(CoNiB@NF), also showing good activity towards the
HER.
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STRUCTURE-ACTIVITY RELATIONSHIP
OF NANOCATALYSTS IN
ELECTROCHEMICAL HER

Modulation on microscopic structures (phase, size, and
morphology)

The changes of chemical and structural parameters on
microscopic structure (such as phase composition, size,
shape/morphology) would also lead to changes in
chemistry and structure on the surface, and would pro-
foundly affect the catalytic performances, as the hetero-
geneous catalysis processes occurred on the surface [102].
Pan et al. [103] synthesized three crystalline phases of
nickel phosphide (Ni,Ps, Ni,P, Ni;P,) (Fig. 6a-c), and
found all of these catalysts are efficient for acidic HER,
but the crystalline phase shows great effect on the HER
electrocatalytic performance. The electrocatalytic activity
follows the order of Ni;P,>Ni,P>Ni,,Ps (Fig. 6d), which
can be ascribed to the different electronic properties of Ni
and group effect of P—the highest positive charged Ni
and the strongest group effect P in NisP, led to the best
HER performance. And their later research [104] suggests
this crystalline phase effect also exists in cobalt phosphide
materials. To give a clear comprehension on the effect of
the crystalline phase on the HER performance, Callejas et
al. [105] compared the HER performances of the different
phase compositions of Co,P and CoP NPs with the same
morphology and size (thus minimizing contributions of
morphologies to the HER) (Fig. 6e and f). Their results
show that CoP gives a better HER catalytic activity than
Co,P because of the higher density of active sites in-
troduced by the increased P contents in CoP (Fig. 6g).
Even with the same atomic composition, the HER per-
formance of transition metal chalcogenides is sig-
nificantly affected by the phase. As widely recognized, 1T-
phase MoS, or 1T-phase WS, shows superior HER cata-
Iytic performances than the corresponding 2H-phase by
virtue of the enhanced charge transfer kinetics [50,106-
108].

Nanocatalysts with different shapes have different
crystallographic shapes, packing manners, densities and
even electronic states, which essentially affect the catalytic
performance [102]. On the other hand, HER involves
processes among three phases (gas/water/solid). During
the HER process, the formed H, bubbles may aggregate
on the catalysts’ surface, hindering the liquid mass
transport and electron transfer, decreasing the number of
exposed active sites, severely reducing the HER electro-
catalytic performance. “Superaerophobicity” is an ideal
surface state, which usually can be achieved by the for-
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mation of array architecture [109]. The study of Wang et
al. [110] suggested that the morphology of the electro-
catalyst surface greatly affect the equilibrium state of
formation/detachment of the gas bubbles. Lu et al. [111]
reported that MoS, nanostructures with vertically aligned
MoS, nanoplatelets show a under-water “super-
aerophobic” surface, making the as-formed H, bubbles
quickly driven off, and leading to a constant working
area, thus greatly promoting the HER performance. Si-
milarly, Li et al. [9] fabricated pine-shaped Pt nanos-
tructures with under-water superaerophobicity, which
showed a much higher HER performance than Pt nano-
spheres and flat electrodes.

Modulation on electronic structures

Introduction of foreign atoms into transition metal
compounds can help modulate the electronic structures
to improve the HER performances, and the introduced
atoms can be cations or anions [112,113]. Wang et al.
[114] investigated the HER performance of the cobalt-
doped FeS, NSs/CNTs (Fe;4Co,y,S,/CNT), and they be-
lieved that doping metal atoms can effectively modify the
electronic structure, thus optimizing the AGy. on the
catalyst surface, accelerating the HER process. Hou et al.
[115] constructed porous cobalt phosphorus selenide
nanosheets (Fig. 6h-1) for HER, which showed good
catalytic performances in alkaline media (150 and
180 mV at 10 and 20 mA cm ~, respectively) (Fig. 6m).
Theoretical calculations suggest that the replacement of
Se around the vacancies by P atoms tunes the electronic
structure of cobalt selenide, and optimizes the charge
transfer and hydrogen desorption, thus promoting the
kinetics (Fig. 6n).

Non-metal doping can also tune the electronic struc-
tures of electrocatalysts. Kibsgaard and Jaramillo [116]
doped S into MoP, forming molybdenum phosphosulfide
(MoP|S). The catalyst shows an improved HER activity
over pure MoP; the team believed that S and P can op-
timize the electronic structure to enhance the electro-
catalytic activity. Caban-Acevedo et al. [117] suggested
the doping of phosphorus on cobalt sulfides to form co-
balt phosphosulfide (CoPS) can change the S,” to (SP)’
dumbbells (Fig. 60-r), which increases the surface elec-
tronic density, resulting in an optimized hydrogen ad-
sorption, and thus enhancing HER process (Fig. 6s and t).
Hong et al. [118] also synthesized a self-supporting na-
noporous cobalt phosphosulfate (CoP|S) electrocatalyst
for HER in alkaline and acidic media, and their theore-
tical studies confirm the substitution of P by S can modify
the electronic structures of the catalyst, thereby improv-
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Figure 6 TEM images of nickel phosphide nanocrystals with different phases: (a) Ni,Ps, (b) Ni,P, and (c) NisP,. The size distributions of Ni;,P5 and
Ni,P are shown in the insets in (a) and (b). The selected area electron diffraction (SAED) pattern of NisP, is shown in the inset in (c). (d) LSV curves
of the samples in 0.5 mol L™ H,SO,. Reproduced with permission from Ref. [103]. Copyright 2015, the Royal Society of Chemistry. TEM images of ()
Co,P and (f) CoP, with enlarged regions and size distribution in the insets. (g) LSV curves in 0.5 mol L' H,S0, for Co,P/Ti and CoP/Ti electrodes,
along with Pt mesh and bare Ti foil for comparison. Adapted with permission from Ref. [105]. Copyright 2015, the American Chemical Society. (h)
Schematic illustration for the synthesis process of H-CoggsSe|P. (i) TEM and (j) HRTEM images of H-CoggsSe|P. Inset in (i): SAED pattern of H-
Coy 555€¢|P. (k) Simulated scanning TEM image of the CoygsSe. (1) Atomic force microscopy (AFM) image of H-Co, gsSe|P on silicon substrate. (m) LSV
curves of the samples for HER. (n) DFT-calculated free-energy diagrams of the HER. Adapted with permission from Ref. [115]. Copyright 2017,
Wiley-VCH Verlag GmbH & Co. SEM images of as-synthesized CoPs film (o) and CoPS NWs (p) on graphite, and cobalt hydroxide carbonate
hydrate nanoplates (CHCH NPIs) on carbon fiber paper before (q) and after (r) thermal conversion into CoPS NPIs. (s) LSV curves of the samples. (t)
Free-energy diagram. Reproduced with permission from Ref. [117]. Copyright 2015, Nature Publishing Group.
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ing the HER activity.

Modulation on d-band centers

HER falls in the category of heterogeneous catalysis,
which occurs on the surface of the catalyst through the
key hydrogen adsorption step, and an ideal hydrogen
adsorption commonly indicates a good electrocatalytic
HER activity. DFT calculations suggest the d-band center
could largely describe the adsorbate-metal interaction on
catalyst surfaces. The coupling between the valence state
of the adsorbate and the d-band of the transition metals
greatly reflects the adsorption energy variation of the
adsorbate. The higher-energy d states relative to the
Fermi energy (the highest occupied state) of the transition
metals indicate the stronger interaction with the ad-
sorbate [102], and vice versa. Chen et al. [119] used
transition metal V doping to tailor the d-band center of
Co4N NSs (Fig. 7a), thereby facilitating the H desorption,
and leading to an enhanced HER electrocatalytic activity
(37 mV at 10 mA cm ) (Fig. 7¢), even comparable to Pt/
C catalysts. Through a series of characterizations, espe-
cially Co L-edge X-ray absorption near edge structure
(XANES) (Fig. 7b), ultraviolet photoelectron spectro-
scopy (UPS), and DFT calculations, they suggested that
the improved HER electrocatalytic activity is because of
the downshift of the d-band center, which weakens the
adsorption of hydrogen. The DFT calculations suggest V
doped Co,N shows d-band center which is much farther
away from the Fermi level than Co,N (the d-band centers
for Co,N and V doped Co,N relative to the Fermi energy
are —1.79 and —1.85 eV, respectively) (Fig. 7d), and more
electrons fill the anti-bonding states after V doping, fa-
cilitating the hydrogen desorption, thereby optimizing the
AGy. (Fig. 7e). Pan et al [120] used a self-template
conversion method to synthesize a CoP hollow poly-
hedron frame (HPF) catalyst doped with foreign metal
(Fig. 7f). It is found that the doping of Ni can effectively
optimize the electronic structure and d-band center of
CoP, and the L-edge absorption of Co shifts negatively
after metal doping (Fig. 7g), indicating that the electron
transfer from the doped metal to the Co atom makes the
electron density around the Co atom higher, which is
conducive to the HER progress (Fig. 7h). The AGy- after
Ni doping is close to 0 eV, indicating that it has more
suitable hydrogen binding energy (Fig. 7i). Besides, the
doping of Ni makes the d-band center downshift from
Fermi level (Fig. 7j), thus reducing the hydrogen ad-
sorption energy, promoting the desorption of H from the
catalysts” surface and improving the HER performance.
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Design and engineering on heterointerfaces

Recently, many researchers are focusing on constructing
heterostructures for HER. Rational design and con-
trollable synthesis of heterostructured catalysts with the
ideal heterointerfaces can selectively integrate the ad-
vantages of different components, overcome the short-
comings of the single components, so as to achieve
superior electrocatalytic performances, and the formed
heterointerfaces even may give unexpected performances
and effects [121]. Most of the reported heterostructured
catalysts can be divided into two classes, active/active and
active/non-active, both showing enhanced electrocatalytic
performances than their counterparts for the following
superiorities [122].

(1) Most of the reported heterostructures show well-
defined nanostructures, substantially exposing active
sites, which can offer more adsorption sites for hydrogen
intermediates. Lin et al. [123] recently reported CoP/
NiCoP nanotadpoles (NTs)-like heterojunction (Fig. 7k
and 1) for efficient electrocatalytic HER over a wide pH
range (Fig. 7m and n). Characterizations suggested the
CoP/NiCoP NTs possess rich heterointerfaces between
CoP and NiCoP, which may expose more active sites for
HER. DFT calculations proved that an optimized AGy.
and H,O dissociation are achieved at the heterointerface,
accelerating the HER reaction in electrolytes with differ-
ent pH values.

(2) Introducing bulk (such as carbon cloth/paper,
nickel foam, Ti foils) or nanosized (such as CNTs, gra-
phene-based materials or graphitic carbon nitride, 2D
transition metal dichalcogenide) substrates to form ac-
tive/non-active heterostructures is a widely used and
readily implementable strategy to construct efficient HER
electrocatalysts, which can not only enhance the con-
ductivity and accelerate the mass diffusion in the elec-
trocatalytic process, but also offer a higher specific surface
area to disperse the active species, exposing more active
sites, meanwhile, avoiding the agglomeration, thus im-
proving both the activity and stability.

(3) The stability of the catalysts can also be improved by
the construction of heterostructures. For example,
through the formation of the well-defined core@shell
structures, the stable species can protect the other active
but not stable species. Lin et al. [124] synthesized multi-
dimensional Ni/NiCoP nano-heterojunctions (NHs). In
this heterojunction structure, Ni NPs are enclosed and
then strung by single-phased NiCoP, forming strings of
snap bean-like core@shell structures. This particular
structure not only takes the most of advantages of Ni
metal and bimetallic phosphides nanostructures, but also
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Figure 7 (a) Schematic representation of the preparation of a V-Co,N NS. (b) XANES Co L-edge spectra for Co,N and V-Co,N. The dashed lines
highlight the peak positions. (¢) LSV of Ni foam, Co,N, V-Co,N, and Pt/C. (d) The DOS plots of Co,N and V-Co,N as well as the corresponding
schematic illustration of bond formation between the reaction surface and the adsorbate. The d-band centers are also highlighted in the DOS curves.
(e) Free-energy diagram for the HER on Co,N and V-Co,N. Adapted with permission from Ref. [119]. Copyright 2018, Wiley-VCH Verlag GmbH &
Co. (f) Schematic illustration of the Ni-CoP/HPFs. (g) XANES spectra at the Co L-edge of CoP/HPFs and M-CoP/HPFs. (h) LSV curves in 0.5 mol L
H,SO,. (i) The calculated free-energy diagram of Ni-CoP, Mn-CoP, Fe-CoP and CoP. (j) Calculated DOS curves for CoP and Ni-CoP. Reprinted with
permission from Ref. [120]. Copyright 2019, Elsevier. (k) HAADF-STEM and (I) HRTEM (inset shows the calculated surface energies and FFT images
of CoP and NiCoP) of CoP/NiCoP NTs. LSV curves in (m) 1 mol L' KOH and (n) 0.5 mol L™ H,SO,. Adapted with permission from Ref. [123].
Copyright 2019, Wiley-VCH Verlag GmbH & Co. (0) A schematic illustration of the NiO/Ni-CNT structure. (p) Atomic resolution STEM bright-field
image showing the structure of a typical NiO/Ni particle on a CNT (small NiO NPs over a larger Ni nanoparticle core). Scale bar, 2 nm. (q)
Reconstructed elemental maps with Ni in red, C in blue and O in green for (d) NiO/Ni-CNT, scale bar is 5 nm. (r) LSV curves of NiO/Ni-CNT and
Pt/C in (s) 1 mol L' KOH, (t) NaHCO,-Na,CO; buffer (pH 10.0) and (j) potassium borate buffer (pH 9.5). Reproduced with permission from Ref.
[24]. Copyright 2014, Nature Publishing Group.

avoids the disadvantages (Ni is high conductivity, but  phosphides have high activity and stability, but with poor
easy to corrode and unstable in electrolyte; bimetallic  conductivity). Thus, the activity and stability are both
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elevated.

(4) The different components in heterostructures show
different electronegativities, and lead to the electronic
redistribution between different components, which can
tune the electronic structure or the band structures of the
electrocatalysts, thereby enhancing the catalytic perfor-
mance for HER. The electronic redistribution can be well
reflected by the XPS, especially the synchrotron-radia-
tion-based X-ray absorption spectroscopy (XAS). Recent
studies suggested that the formation of the hetero-
interfaces in heterostructured Ni/NiCoP NHs and CoP/
NiCoP NTs can tune the electronic structures of the
catalysts, thus promoting the HER process [123,124].

Besides, synergistic effect between different compo-
nents (which may be reflected indirectly in the above four
factors) is also an important factor that, as most of re-
levant researchers have stated, contributes greatly to the
enhancement of HER electrocatalytic performance. Gong
et al [24] constructed nickel oxide/nickel hetero-
structures on carbon nanotube sidewalls (Fig. 70-q),
which showed a high HER electrocatalytic performance
(Fig. 7r-t) even similar to that of Pt/C in 1 mol L' KOH.
Based on DFT calculation results, they believed that the
formation and desorption of OH may be a key step in
alkaline HER process. On the hetero-interface of the
nickel oxide/nickel heterostructures, synergy between Ni
and NiO is responsible for the excellent HER activity. By
virtue of the stronger electrostatic affinity and more un-
filled d orbitals in Ni** of NiO than in Ni metal, OH  is
more inclined to adsorb on the NiO sites, whereas the
nearby Ni sites benefit the H adsorption. The synergy
between the two components promotes the alkaline HER
process. Wang et al. [125] reported 1D metal/sulfide
heterostructures (PtNi/NiS) for acidic and alkaline HER.
DFT was used to calculate the energy barrier for H,O
dissociation (breaking the OH-H bond), and the result
suggests Pt (111) surface has a much higher energy bar-
rier (0.89 eV) than NiS (100) surface (0.32 eV), indicating
that the NiS surface can promote the step of water dis-
sociation, and then promote the formation of the H,y.
Pt;Ni (111) shows a AGy- value (0.09 or 0.13 eV) closer to
0 than that of NiS (100) (0.56 eV), suggesting that Pt;Ni is
beneficial for producing H,. In brief, the synergy between
Pt;Ni and NiS contributes greatly to the enhanced HER
activity in alkaline. NiS shows a stronger electrostatic
affinity to adsorb the OH and avoid blockade of the
active sites on Pt by virtue of the unfilled d orbitals on
Ni**, and the produced H" adsorbed on the nearby spare
Pt sites for the subsequent H, formation.
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SINGLE-ATOM SITE CATALYSTS
ENGINEERING FOR HER

Noble-metal-based SASCs

Pt SASCs

Metallic Pt is thus far recognized as the most active HER
catalyst. In this regard, currently the main tasks are to
further elevate its activity and reduce its loading in the
overall catalyst. The emerging concept of “single-atom
catalysis” offers a feasible solution to the above issues.
Single-atom catalysts (SACs) can be considered as sup-
ported catalysts with their catalytic entities downsized to
the extreme, and thus can maximize the utilization effi-
ciency of noble metals. Therefore, single-atom Pt are the
most frequently reported HER catalysts featuring single
atoms of noble metals. Liu et al. [126] designed a SAC
with Pt atoms anchored on onion-like carbon spheres
(denoted as Pt,/OLC) (Fig. 8a—d), with a Pt loading as low
as 0.27 wt%. In 0.5 mol L' H,SO,, the Pt,/OLC catalyst
gives a low overpotential (38 mV at 10 mA cm ) and a
high TOF value (40.78 H, s ' at 100 mV) (Fig. 8e and f).
These data are not only superior to those for the Pt/
graphene catalyst with a similar Pt loading (0.33 wt%)
obtained via the same preparation method, but also
comparable to those for commercial Pt/C catalyst with a
loading of 20 wt%. XANES and EXAFS combined with
HRTEM have revealed that, benefiting from the high
surface curvature of the OLC support, the single-atom Pt
sites have a local electric field effect. This unique structure
attracts protons to concentrate at the Pt sites, and pro-
motes the proton coupled electron transfer process,
leading to outstanding HER performances. This work
presents a new strategy to elevate the activity of single-
atom sites by modulating the nanostructure of carbon
support. Zhang et al. [127] reported an in situ electro-
chemical exfoliation method (Fig. 8g) to anchor single Pt
atoms on Mo,TC,T, support during the HER process. In
the obtained catalyst, each Pt atom occupies a Mo va-
cancy in the support, and forms three Pt-C bonds with
adjacent C atoms (Fig. 8h and i). In 0.5 mol L' H,SO,,
the catalyst gives an overpotential as low as 30 mV at
10 mA cm ~. The mass activity is 40 times as high as that
for commercial 20% Pt/C catalyst (Fig. 8j and k). Also, the
catalyst displays an outstanding stability during the
electrocatalytic test, with barely any decline in activity
after 10,000 cyclic voltammetry cycles or 100 h chron-
oamperometry. Ye et al. [128] developed a simple mi-
crowave-assisted method to reduce Pt precursor into
single atoms supported on aniline-stacked graphene (Pt
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Figure 8 (a) The schematic illustration of Pt;/OLC. (b) Spherical aberration (AC) corrected HAADF-STEM and (c) HRTEM images of Pt;,/OLC. (d)
The Pt L; edge FT-EXAFS spectra of Pt;/OLC (red), along with PtO, (yellow), Pt foil (blue) and the Pt ligands/OLC (black) (without O, exposure to
remove their ligands in MeCpPtMe; precursors) for comparison. Inset: the optimized atomic model of PtO,C,qs5, which exhibits Pt-O bonding in
accordance with the experiments, where the grey and brown balls represent the carbon atoms in the outer/inner shell of fullerene-like structure. (e)
LSV curves of Pt,/OLC (black) in comparison with 5 wt% and 20 wt% commercial Pt/C (red and orange, respectively) and Pt,/graphene (0.33%) (blue)
in a 0.5 mol L™ H,S0, electrolyte. (f) The mass activity of Pt;/OLC is normalized to the Pt loading at an overpotential of 38 mV with respect to the
reference catalysts. Reproduced with permission from Ref. [126]. Copyright 2019, Nature Publishing Group. (g) Schematic of the electrochemical
exfoliation process of MXene with immobilized single Pt atoms. (h) AC-HAADF-STEM image of Mo,TiC,T,-Ptg,. (i) Magnified HAADF-STEM
image of Mo,TiC,T,-Pts, and its corresponding simulated image, and illustration of the structure of Mo, TiC,T,-Ptg,, showing the isolated Pt atoms
(circles in (g) and (h)). (j) HER LSV curves of the samples in 0.5 mol L H,SO, solution. (k) Exchange current densities of the catalysts, and the mass
activities of state-of-the-art Pt/C and Mo,TiC,T,-PtSA. Reproduced with permission from Ref. [127]. Copyright 2018, Nature Publishing Group.
(1) Schematic diagram of the synthesis process. CE: counter electrode; RE: reference electrode; WE: working electrode. The CE is Pt. (m) SEM image of
a piece of Ptg,-NT-NF. (n) AC-HAADF-STEM of Ptg,-NT-NF. (0) HER polarization curves of NF, NT-NF, Pts,-NT-NF, and Pt/C in N,-saturated
1.0 mol L' PBS. Adapted with permission from Ref. [130]. Copyright 2017, Wiley-VCH Verlag GmbH & Co.
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SASs/AG, with a Pt loading of merely 0.44%). The catalyst
gives an excellent HER activity (an overpotential of
12mV at 10 mA cm ’; at an overpotential of 50 mV, the
mass activity reaches up to 22,400 A g(Pt) ', 46 times as
high as that for commercial 20 wt% Pt/C). Zhang et al.
[129] reported a novel dynamic reaction approach to
relocate the single Pt atoms on the surface of the pre-
cursor (carbon spheres) into the interiors of the porous
carbon matrix (PCM). HER tests reveal that the Pt atoms
immobilized in the crystal lattice of PCM display out-
standing performances in both acid and alkali.

Pt-based SACs can also give high HER performance
under neutral conditions. Zhang et al. [130] found that
during the electrocatalytic reaction (Fig. 81), the Pt atoms
on Pt anode can be dissolved into the electrolyte and then
deposited on the cathode; by exploiting this process, they
developed a novel potential-cycling method, and pre-
pared Pt atoms on CoP-based nanotube (NT) arrays
supported by a Ni foam (NF) (denoted as PtSA-NT-NF)
(Fig. 8m-n). For HER in neutral electrolyte (pH 7.2), the
catalyst gives an overpotential of 24 mV at 10 mA cm
(Fig. 80); at an overpotential of 50 mV, the mass activity
reaches 70 A g ', which is four times of that for com-
mercial 20 wt% Pt/C. Also, the catalyst displays a low
Tafel slope (30 mV dec ') and a high stability. This
method is also proved to be a general preparation method
for Pt-based SACs, with a range of materials applicable as
the cathode. Jiang et al. [131] employed a similar route
and prepared a catalyst comprising single Pt atoms sup-
ported on nanosized porous cobalt selenide (Pt/np-
CoygsSe). In neutral electrolyte (pH 7), the catalyst also
displays an HER electrocatalytic performance superior to
those of commercial Pt/C. By operando XAS and DFT
calculations, the team identified that the high HER ac-
tivity originates from the synergy between single Pt atoms
and np-CoygsSe.

Ru SASCs

Besides Pt, single atoms of other noble metals (such as
Ru) have also been reported as catalysts for HER. Yang et
al. [132] employed phosphorus nitride (PN) nanotubes as
support, and thereupon anchored single Ru atoms via the
interaction between the d orbitals of Ru and the lone-pair
electrons of N. The resulting catalyst displays a high HER
activity in acid, with an overpotential of 24 mV at
10 mA cm %, a Tafel slope of 38 mV dec'. The TOF
reaches 1.67 and 4.29 H, s ' at 25 and 50 mV, respec-
tively. The catalyst also exhibits a good stability at a
current density as large as 160 mA cm . Ramalingam et
al. [133] used 2D titanium carbide (Ti;C,T,) MXene as an
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effective carrier to load Ru single atoms (RuSA-N-S-
Ti,C,T,) (Fig. 9a—d). Through the formation of the Ru-
N, Ru-S bonds to stabilize Ru single atom (Fig. 9¢). And
the synthesized RuSA-N-S-Ti;C,T, shows outstanding
HER electrocatalytic performance in acid, which only
needs 76 mV to reach 10 mA cm ° (Fig. 9f). Theoretical
calculation suggests the activity enhancement derives
from the coordination effect of N and S in Ru and
Ti,C,T, MXene (Fig. 9g and h). Therefore, Ru-based
SACs for HER can also display superior activity and
stability to those of commercial Pt/C. Considering that
Ru is far less expensive than Pt, these Ru-based SACs are
expected to play a major role in future large-scale HER-
related applications. Besides the SACs based on noble
metals, Zhang et al. [134] also prepared bimetallic dimer
structures (Pt-Ru dimers) for acidic HER, showing higher
HER activity (>50 times higher than that of the com-
mercial Pt/C) and excellent stability due to the synergy
effect.

Ir SASCs

Lai et al. [135] used the 7 electrons on imidazole group of
ZIF-67 to bond metal ions M (M=Ir, Pt, Ru, Pd, Fe, Ni) to
form single-atom sites on a heterogeneous support
composed by the nitrogen-doped carbon matrix (N/C)
and Co NPs. The single-atoms can simultaneously anchor
on these two distinct domains, forming M@NC, and
centers of M@Co. The single-atom Ir catalyst exhibits the
best electrocatalytic performance. DFT calculations in-
dicate that the Ir@Co sites benefit the OER, while the
Ir@NC,; sites promote the HER process, accelerating the
full water splitting.

None-noble-metal-based SASCs

Ni SASC:s

Zhang et al. [136] reported a catalyst featuring single Ni
atoms anchored on defective graphene (A-Ni@DG), which
displays a high activity for electrochemical water splitting.
For OER in acid (0.5 mol L " H,S0,) and alkali (1 mol L
KOH), the catalyst displays an overpotential of 70 and
270 mV at 10 mA cm , respectively, far superior to com-
mercial Ir/C catalyst, and the HER activity is close to that of
commercial Pt/C as well. Li et al. [137] reported a single-
atom tailoring strategy to prepare Pt nanowires decorated
with single Ni atoms (denoted as SANi-PtNWs) (Fig. 9i-1).
Most activated Pt sites were created with adjacent nickel
atoms, which endow the catalyst with a high HER activity in
alkaline media. At an overpotential of =70 mV, the mass
activity reaches 11.8+0.43 A mg(Pt) ', far surpassing the
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Figure 9 (a) Schematic illustration of the synthesis route of RuSA-N-S-Ti;C,T, catalyst. (b) TEM image of RuSA-N-S-Ti;C,T, shows the 2D Ti;C,T,
NSs. Scale bar, 200 nm. (c) HRTEM image of few-layered RuSA-N-S-Ti,C,T,, scale bar, 20 nm. (d) AC-HAADF-STEM image of RuSA-N-S-Ti,C,T,
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curves of the catalysts in 0.5 mol L ' H,SO,. Inset: the magnified view of the HER polarization curve of Rugy-N-S-Ti,;C,T,. (g) Atomic model of the
Rug,-N-S-Ti;C, T, catalyst (blue, brown, red, light blue, yellow, green, and gray colored balls represent Ti, C, O, F, S, N, and Ru atoms, respectively).
(h) The calculated AGy; diagram. Adapted with permission from Ref. [133]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. (i) Schematic diagram
and (j) HAADF-STEM image of SANi-PtNWs. White arrows highlight the surface defects, steps and concave cavity sites. (k) Pt EXAFS fitting result.
(1) Ni EXAFS fitting result. ECSA normalized (m) and Pt mass loading normalized (n) HER LSV curves. (o) Comparison of ECSA (black arrow, left
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RHE for all tested materials. Reproduced with permission from Ref. [137]. Copyright 2019, Nature Publishing Group.
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team’s previous record (3.03~Amg(Pt)71 for excavated
PtNi nanomultipods) and the then-world-record
(7.23 A mg(Pt)71 for PtNi-O octahedra) (Fig. 9m-o).
Lou’s group [138] reported the partial replacement of Mo
atoms in MoS, by single Ni atoms via surface modifica-
tion, which could effectively optimize the electronic
structures of activated S atoms in the basal plane, un-
leashing their inherent activity. To sum up, the in-
troduction of single Ni atoms is a general and effective
approach to preparing high-performance HER catalysts.
Besides, on the basis of first principle calculations, Ling et
al. [139] designed the first “single-atom bifunctional”
catalyst for electrochemical water splitting. The catalyst
features single Ni atoms anchored in B, boron monolayer
with unique geometry, and is expected to show compe-
tence for overall water splitting.

Fe SASCs

Xue et al. [140] employed graphdiyne as support, and
thereupon loaded Fe(0) and Ni(0) atoms with atomic
dispersion, by taking advantage of the C=C bonds, large
surface area and high porosity of graphdiyne (GD)
(Fig. 10a—d). The resulting Fe(0)/GD and Ni(0)/GD cat-
alysts show high activity and stability in HER test, with
overpotentials of 66 and 88 mV at 10 mA cm  (Fig. 10e),
respectively. At an overpotential of 0.2 V, the mass ac-
tivities of these two catalysts are 34.6 and 7.19 times as
high as that for commercial 20% Pt/C (Fig. 10f), with the
upper limit number of the active sites of 2.56x10' sites
per cm’ and 2.38x10' sites per cm’, 17 and 15.8 times as
high as that for Pt(111) (1.5x10" sites per cm®). This
work offers a new strategy for the development and ap-
plication of zero-valence single-atom metals. Pan et al.
[141] reported a polymerization-pyrolysis-evaporation
approach and prepared a catalyst with single Fe atoms
anchored on N-doped porous carbon. AC-HAADE-
STEM, EXAFS and “Fe Mossbauer spectroscopy con-
firmed the active sites with a Fe-N, structure. The catalyst
displays a good HER electrocatalytic performance in al-
kaline electrolyte (1 mol L' KOH).

Co SASCs

Fei et al. [142] published the first report of anchoring
single Co atoms on N-doped graphene. By AC-HAADEF-
STEM and EXAFS, they revealed that the bonding be-
tween Co and N can promote the HER process. This
catalyst displays high activity and stability in both acid
(0.5 mol L' H,S0,) and alkali (1 mol L' KOH), with an
overpotential of 147 and 270 mV at 10 mA cm , re-
spectively. This team [143] also reported the fast, mi-
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crowave-assisted preparation (within 2s) of N-doped
graphene supporting different single metal atoms (Co, Ni,
Cu). Compared with those obtained via conventional
thermolysis, the catalysts obtained with this microwave-
assisted method feature less ordered coordination en-
vironments around the single metal atoms, and a higher
degree of defects. The corresponding Co-based catalyst
displays an exceptional HER catalytic performance, with
an onset potential close to 0, a Tafel slope of 80 mV dec .
At a current density of 10 mA cmfz, the overpotential is
only 175 mV. Sun et al. [144] employed a dual-template
cooperative pyrolysis approach (Fig. 10g) and prepared a
catalyst comprising highly dispersed Co single-atom-site
(SAS) embedded on hierarchically ordered porous N-
doped carbon (HOPNC) (denoted as Co-SAS/HOPNC)
(Fig. 10h—1). The Co-Ny active sites can effectively alter
the electronic structure of the catalyst, and confer a high
HER performance in acidic media (Fig. 10m), with an
overpotential of 137 mV at 10 mA cm >. At over-
potentials of 100 and 200 mV, the TOF reaches 0.41 and
385 ', respectively. The catalyst also displays a good
stability.

Mo SASCs

Chen et al. [145] reported a catalyst with single Mo atoms
loaded on N-doped carbon, with Mo,N,C, active sites.
For HER in alkaline electrolyte (0.1 mol L' KOH), this
catalyst displays a higher activity than Mo,C and MoN,
with an onset potential of merely 13 mV. At a current
density of 10 mA cm , the overpotential is only 132 mV.
Also, the catalyst has a higher stability than Pt/C. Com-
pared with Mo,C, MoN and N-doped graphene, the
Mo,N,C, catalytic site also showed the lowest absolute
value of AGy, as demonstrated by DFT results.

W SASCs

Chen et al. [146] designed and prepared a metal-organic
frameworks (MOF)-derived catalyst with N-doped car-
bon supporting single W atoms (denoted as W-SAC).
AC-HAADF-STEM and EXAFS confirmed that the active
sites exist in the form of W N,C;. The catalyst gives a
high activity and stability for HER in both acidic and
alkaline conditions. In 0.1 molL ' KOH, the over-
potential is 85 mV at 10 mA c¢m , only 5 mV higher than
that for commercial Pt/C; the Tafel slope is 53 mV dec .
In 0.5mol L' H,S0,, the overpotential is 105 mV at
10 mA cm %, and the Tafel slope is 58 mV dec’'. DFT
calculation suggested the W,N,C; moiety played an im-
portant role in optimizing hydrogen adsorption free en-
ergy, thereby enhancing the HER performance.

June 2020 | Vol.63 No.6



SCIENCE CHINA Materials REVIEWS

b 0 C 4
N —— FelGD (Exp.)
i. ===« Fe/GD (Fit)
€, 37 — Fe foil
L} ‘x
1 2 3 v
ot 4 £ 2
=
i
1
0 d =
9D carbon clath (GG) h T T T
~ Wtz s, & Cupyriding © ¢ © M (Fe N 0 2 1 6 8
RA)
F 100 r's
y;
<80 =005V 4 =020V s
: [l [ Feis
g NIGD 128 186 l. B
< 0] FercD 352 80.0 r
m = puc 01z 23
@ H
W a
]
0 Bl =
et iEe
-60 =
-08  -06 04 02 00 000 005 010 015 020 025

E(V)vs RHE QOverpotential (V) vs RHE

©Resol +Dicyandiamide oVB12
<~F127 | Solvent

B8 —
k Co foil x 0.2 I as CoSASHOPNC | °z 01
. ——Co0x 0.3 2.0 —— Fitting S s
= —— 0,003 E . |——Co-SASIOMNC
= ——— Co-SAS/HOPNC =191 hopnc
< £ 45| —Barece
= 5
L T -204
]
g -25
5w 0.5 MH,S0,
5 08 -06 -04 02 00

Potential (V vs. RHE)

Figure 10 (a) Synthesis protocols for Ni/GD and Fe/GD. (b) AC-HAADF-STEM image of Fe/GD (inset: size distribution of Fe atoms counted from
AC-HAADEF-STEM images, (>1070 Fe atoms considered, the most probable value is 1.02 + 0.33 A)). Scale bar, 2 nm. (c) Ex situ EXAFS spectra of Fe/
GD and Fe foil at the Fe K-edge. (d) Adsorption of single metal atoms on GD (left: possible adsorption sites; right: optimized configuration). (e) LSV
curves of (i) Pt/C, (ii) Fe/GD, (iii) Ni/GD, (iv) GDF, and (v) CC (inset: enlarged view of the LSV curves for Fe/GD and Ni/GD near the onset region).
(f) Mass activities of Ni/GD, Fe/GD, and Pt/C (inset: mass activities obtained at overpotentials of 0.05 and 0.20 V). Reproduced with permission from
Ref. [140]. Copyright 2018, Nature Publishing Group. (g) Schematic illustration of the synthesis of Co-SAS/HOPNC. (h) TEM and (i, j) AC HAADF-
STEM images of the Co-SAS/HOPNC. Isolated single Co atoms are marked with light-yellow circles. (k) Fourier transforms of EXAFS curves of Co-
SAS/HOPNC, CoO, Co;0,, and Co foil at Co K edge. (1) The corresponding EXAFS fitting curves of Co-SAS/HOPNC. Inset: schematic model of Co-
SAS/HOPNC: Co (orange), N (blue), and C (gray). (m) HER LSV curves of the samples. Reproduced with permission from Ref. [144]. Copyright 2018,
National Academy of Sciences.
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I SASCs the activity. By downsizing the catalytic entities, the atom
Zhao et al. [147] prepared a Ni-I precursor in a vacuum-  utilization efficiency can be effectively elevated. For in-
sealed ampoule; the sample underwent pyrolysis in va-  stance, Cheng et al. [148] employed N-doped graphene as
cuum, and cyclic voltammetric activation in KOH solu-  support, and thereupon loaded a series of Pt catalysts with

tions, yielding a single-atom Ni-I catalyst (denoted as  varying sizes via atomic layer deposition (ALD). By pre-
SANI-I). Most I atoms in the Ni-I precursor were re-  cisely controlling the ALD cycles, the size of Pt species
placed by oxygen atoms and hydroxide anions during the = can vary from single atoms, sub-nanometer clusters, to
activation process. By HAADF-STEM and XAS char-  nanosized particles (Fig. 11a-b). The single Pt atoms and
acterizations, atomically dispersed I atoms were con- Pt clusters display exceptionally high activities (with a
firmed in the single-atom nickel iodide (SANi-I) catalyst.  mass activity 37 times as high as that for commercial 20%
The SANi-I features a high structural stability, and high ~ Pt/C) and stabilities in 0.5 mol L' H,SO, (Fig. 11c).
HER activity. The catalyst can deliver a current density of
100 mA cm ~ under an overpotential of 60 mV, better =~ Coordination effect
than those for Pt/C (61 mV) and A-Ni-OH (285 mV).  The in-depth understanding of the structure-activity re-
The team investigated the HER mechanism using in sifu  lationship between the coordination environments in
Raman spectroscopy, and found that the Ni atoms ad-  SACs and their catalytic performances would be of gui-
jacent to single I atoms can promote the formation of I-  dance for the development and application of new, ad-
H,q4, intermediates and thus accelerate the dissociation of ~ vanced SACs. For instance, Yin et al. [149] judiciously
adsorbed water molecules. This report uncovers new  exploited the coordination affinity between C=C bonds in
opportunities for non-metal-based SASCs in the field of  graphdiyne support and Pt atoms, and successfully con-
energy conversion. structed two Pt-based SACs that feature different co-
ordination environments (Fig. 11d and e). They found

STRUCTURE-ACTIVITY RELATIONSHIP that the four-coordinated C,-Pt-Cl, site has more un-

OF SASCs IN HER occupied 5d orbitals, which is beneficial to the HER
process. The catalyst with four-coordinated sites displays
Size effect a superior HER mass activity and stability in 0.5 mol L'

The size of catalyst is one of the key factors that influence ~ H,SO,, with its mass activity 3.3 and 26.9 times as high as
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Figure 11 HAADF-STEM images of Pt/NGNs samples with (a) 50 and (b) 100 ALD cycles. Scale bars, 10 nm. (c) The HER LSV curves for Pt/NGNs
and Pt/C catalysts in 0.5 mol L ' H,SO,. The inset shows the enlarged curves at the onset potential region of the HER for the different catalysts.
Reproduced with permission from Ref. [148]. Copyright 2016, Nature Publishing Group. AC-HAADF-STEM images for Pt-GDY1 (d) and Pt-GDY2
(). Insets show the corresponding configuration. (f) The LSV curves for Pt-GDY1, Pt-GDY2 and Pt/C in 0.5 mol L' H,SO,. Adapted with permission
from Ref. [149]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. (g) The HER LSV curves of the catalysts. (h) The calculated free energy diagram for
HER. Adapted with permission from Ref. [132]. Copyright 2018, Wiley-VCH Verlag GmbH & Co.
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those for the catalyst with five-coordinated C-Pt-Cl, sites
(Fig. 11f) and commercial Pt/C, respectively.

Support effect

As is well known, the role of support in catalysis is not
merely to provide a large specific surface area, but more
importantly, to help optimize the local geometric/elec-
tronic structures of metal species. For SACs, the support
effect becomes more prominent. For instance, Yang et al.
[132] compared single Ru atoms anchored on different
supports, including PN imide nanotubes, commercial
XC-72 conductive carbon black and C;N,. They found
that the single Ru atoms on PN nanotubes give an
overpotential as low as 24 mV at 10 mA cm >, only
14 mV higher than that for commercial Pt/C. By contrast,
the Ru atoms anchored on XC-72 and C;N, show 191 and
58 mV, respectively (Fig. 11g). The catalyst with PN
support has a faster kinetics, with a Tafel slope of
38 mV dec ', lower than those for XC-72 (122 mV dec ')
and C,N, (125 mV dec ). Compared with carbon and
C;N, support, the AGy- of the Ru SAs on PN is much
closer to 0, thus improving the HER performance
(Fig. 11h). These results confirm that support effect plays
a major role in Ru-based SACs for HER.

THE DEVELOPMENT TRENDS AND
FACED CHALLENGES OF CATALYSTS FOR
ELECTROCHEMICAL HER

Considering the research processes thus far, SASCs gen-
erally display high economicalness by virtue of the uni-
form active sites and maximized atomic utilization
efficiency. Currently, the research on SASCs catering to
HER is still in its infancy. Noble-metal-based SASCs have
demonstrated activities and stabilities superior to those
for commercial Pt/C, and also feature lower metal load-
ings and much reduced expenses. Despite the great pro-
mises of SACs, the bottlenecks in preparation are still
limiting their applications. A major goal in this regard is
to achieve the mass production of SASCs based on noble
metals. For HER catalysts based on non-noble metals,
their activities now can be comparable to that for com-
mercial Pt/C; one of the future tasks is to develop general
preparation methods that allow for large-scale production
with high loadings, so as to achieve the replacement of
noble metals.

For hydrogen production via electrochemical water
splitting, it should be firstly noted that, although the re-
action can be run at all pH values, the neutral pH con-
dition is generally preferred. Second, most of the
currently available techniques require pure water as re-
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© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

actant, whereas resources from other waterbodies (such
as sea water, and industrial wastewater) received much
less attention, primarily because the impurities in these
waters can lead to side reactions and corrosion of the
electrodes. Third, electrochemical water splitting, from
the perspectives of both fundamental and application, has
to overcome the issues of activity and stability under high
current densities typical in industry, and relevant tests
need to be run at a current density at least 500 or
1000 mA cm * for long terms. Last but not least, the
electrochemical device for water splitting can be coupled
with other systems, allowing for rich opportunities in, for
example, sunlight-powered water splitting, coordinated
HER and chlorine evolution reaction for chloralkali
process, coordinated production of hydrogen and sulfur.
Therefore, developing SACs with high activity, high se-
lectivity, high stability and low cost for HER is the key to
further elevating the catalytic efficiency.

SUMMARY AND PROSPECTS

In this review, we systematically summarized the research
progresses regarding HER-oriented nanocatalysts, dis-
cussed the structure-activity relationship, and interpreted
their high activities from an atomistic perspective; we also
overviewed the design, preparation and applications of a
variety of HER-oriented SASCs, as well as the structure-
activity relationship at the atomic level, and discussed the
future directions for the development of high-perfor-
mance SASCs for HER. At the current stage, the research
on SASCs is still at its infancy, and there exist a number
of challenges in the development and application of
SASCs catering to HER. Firstly, in regard to preparation,
the cost of preparing SASCs has to be lowered; the car-
bon-supported SASCs thus far are mostly obtained via
pyrolysis, and more facile preparation strategies are still
in need (for example, preparing the catalysts directly from
bulk metals). Secondly, powerful in situ characterization
techniques are still in urgent demand (such as TEM,
environmental AC-HAADEF-STEM, XAS, Mossbauer
spectroscopy), as these techniques enable in situ mon-
itoring of the reaction processes, identification of the real
active sites, and help deepen our understanding of the
structure-activity relationship at the atomic level.
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