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1 | INTRODUCTION

Abstract

Hydrogen produced from electrocatalytic water splitting means is deemed to
be a promising route to construct a low-carbon, eco-friendly, and high-
efficiency modern energy system. The design and construction of highly
active catalysts with affordable prices toward alkaline hydrogen evolution
reaction (HER) are effective in accelerating the overall water-splitting process.
So far, ruthenium (Ru) based catalysts deliver comparable or even superior
catalytic performance relative to the platinum (Pt)/C benchmark. Combined
with their price advantage, Ru-based catalysts are undoubtedly considered as
one of the perfect alternatives of Pt toward the alkaline HER. Extensive efforts
have been made to reasonably synthesize Ru-related materials, but a careful
insight into material engineering strategies and induced effects remain in its
infancy. In this review, recent progress on the material engineering strategies
for improving the catalytic activity of Ru-related catalysts, including electronic
regulation, geometric modulation, local structure alteration, self-optimization
strategies, and the induced structure-activity relationship are comprehen-
sively summarized. Furthermore, the challenges and perspectives on future
studies of Ru-related electrocatalysts for the alkaline HER are also proposed.

KEYWORDS
alkaline condition, challenges and perspectives, hydrogen evolution reaction, modification
strategies, ruthenium-based materials

store.”™ The production of hydrogen through a low-cost
and highly efficient means is a decisive issue and has

Hydrogen is a promising secondhand energy with bo-
untiful sources, environmentally friendly, and zero-
carbon. It can help renewable energy to be absorbed on
a large scale, and realize massive peak adjustment of the
power grid and cross-seasonal and cross-regional energy

long been explored. Compared to industrial steam
reforming with low-purity hydrogen, electrochemical
water splitting in alkaline conditions provides an effective
and promising route to produce hydrogen with high pu-
rity.>”” More importantly, such technology can be driven
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by renewable energy sources. Nevertheless, the reaction
kinetics of cathodic hydrogen evolution reaction (HER)
in alkaline conditions is relatively sluggish and urgently
needs highly active HER catalysts to accelerate the whole
process.* "' Moreover, the alkaline HER also plays a
determining role in the energy-intensive chlor-alkali
technique.'** Thus, the design and construction of
significantly active catalysts toward the alkaline HER is
greatly significant for future energy saving and pollution
reduction.

The sluggish reaction kinetics of the alkaline HER are
caused by the indispensable H,O cleaving step, which
produces the hydrogen protons required for succedent
reaction steps.'>!” As illustrated in Figure 1, there are two
steps for the alkaline HER process including H,O disso-
ciation and H, generation.'®'? Firstly, the water molecule
is dissociated into a hydroxyl ion and an adsorbed
hydrogen proton on the active site (Volmer step). After-
ward, two adsorbed hydrogen protons combine to produce
a hydrogen molecule (Tafel step), or the adsorbed
hydrogen proton combines with a water molecule by
interaction to produce a hydrogen molecule (Heyrovsky
step). In a word, the total reaction steps of HER in alkaline
conditions are shown in the following equations.

H,0 + e~ — H* + OH™ (Volmer)

2H* — H, (Tafel) or H,O + e~ + H* - H,
+ OH™ (Heyrovsky)

Of note, the catalysts of the alkaline HER should ensure
both steps with fast reaction kinetics, leading to the design
of advanced catalysts with high activity difficulties.*
Noble metal platinum (Pt) is deemed to be the “Holy
Grail” toward the electrocatalytic reactions related to
hydrogen/oxygen.”' ** Nevertheless, the large-scale use of
Pt-based catalysts is mainly subjected to its high cost.
Lately, Pt-group ruthenium (Ru) has been widely explored
to act as one of the hopeful alternatives of Pt, which is

attributed to its comparatively low price.?>® Until now,
extensive efforts have been made to elaborately synthesize
greatly active Ru-based electrocatalysts for the alkaline
HER, and many of them display considerable and even
superior performance than the commercial Pt/C bench-
mark.””*® Although some excellent related reviews
have been published,”**° the rational design strategies
to construct Ru-based materials, coupled with their
structure-activity relationship toward the alkaline HER,
are lacking and desired. This review mainly summarizes
the material engineering strategies for improving the
catalytic performance of Ru-related catalysts, including
electronic regulation, geometric modulation, local struc-
ture alteration, and self-optimization, and analyzes in
detail the induced structure-activity relationship for the
alkaline HER. Finally, the challenges and opportunities of
designing greatly active Ru-based materials toward the
alkaline HER are proposed.

2 | MATERIAL ENGINEERING ON Ru-
BASED ELECTROCATALYSTS

The material engineering on Ru-based electrocatalysts
for the alkaline HER can efficaciously regulate their ele-
ctronic properties, thus inducing the regulation of ad-
sorption energy for the reaction intermediates and the
decrease in the reaction energy barrier of the decision step.
Hence, developing appropriate engineering strategies to
enhance the overall performances of Ru-related catalysts is
effective and desired. This part will summarize the mate-
rial engineering strategies on Ru-related catalysts toward
the alkaline HER as illustrated in Figure 2 and Table 1.

2.1 | Electronic regulation

The electronic structure of Ru-related electrocatalysts is
of the utmost importance to their catalytic activity for the

. L H\o/ H Volmer H o/H

H,O dissociation 1 = 1""

/ 777/ 777/ 7/
H, 4 H,+

H 5 H 0, A H
\Q H H Q/ H/ *H H o/
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7SS/ vs VOO
Tafel Heyrovsky

FIGURE 1 A scheme illustrating hydrogen evolution reaction mechanism in alkaline conditions.
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FIGURE 2 Visualized overview of strategies to enhance the
catalytic performance of Ru-based catalysts toward the alkaline
HER. HER, hydrogen evolution reaction; Ru, ruthenium.

alkaline HER, which is closely relevant to the interaction
force between reaction intermediates and active sites.”"”?
In general, electronic regulation includes metal element
engineering, nonmetal element engineering, hetero-
structure engineering, and electronic metal-support
interaction (EMSI).

2.1.1 | Metal element engineering

Alloying with foreign metal atoms can greatly enhance
the intrinsic catalytic properties of the Ru metal host,
which is attributed to the electronic regulation effect of
other metals with different atomic radii and electroneg-
ativity.*'>*7® In addition, the introduced foreign metal
atoms may serve as extra catalytic active sites to collec-
tively improve the alkaline HER activity. For example,
Chen et al. prepared the RuAu single-atom alloy
(RuAu SAA) through the liquid laser ablation method
(Figure 3A).*! It is to be noted that, the Au atoms occu-
pied the locations of Ru atoms and were atomically
dispersed in the Ru host (Figure 3B). Thus, the RuAu
SAA displayed a superior alkaline HER activity
(24 mV@10 mA cm™2), lower than that of Pt/C (46 mV).
Combining experimental and theoretical data indicated
that the introduction of Au into the Ru host not only
regulated the electronic properties of Ru with the elec-
tron transfer from Ru to Au but also induced relay
catalysis with Ru atoms as H,O splitting sites and Au

atoms as H, formation sites (Figure 3C). Mu et al. pre-
pared defect-rich RuRh, bimetallene nanorings by hy-
drothermal reaction (Figure 3D,E).*> RuRh, bimetallene
presented a lower overpotential of 24 mV at 10 mA cm ™2
for the alkaline HER relative to Pt (32 mV). They
found that the electronic properties of RuRh, bimet-
allene were effectively adjusted by the synergistic effect,
including the alloying effect, the strain effect from
the RuRh,, and the quantum size effect induced by its
unique nanostructure, which highly promoted the opti-
mization of the hydrogen adsorption energy of H inter-
mediate and dissociation energy of absorbed water
(Figure 3F).

Other than alloying with noble metals, the incorpo-
ration of abundant transition metals can not only
improve the activity of Ru by regulating its electronic
properties but also greatly lower the consumption of
noble Ru metal.”**> Liu et al. designed a scalable and
general synthetic strategy for the preparation of bi-
metallic RuM/CQDs (RuNi, RuMn, RuCu) using carbon
quantum dots as both the carbon and nitrogen sources
(Figure 3G).>* Taking RuNi/CQDs as an example, phys-
ical structure characterizations indicated the formation of
RuNi alloy and uniformly doped Ni, which had a low Ru
content of 1.42 wt% (Figure 3H). Excitingly, the RuNi/
CQDs delivered a low overpotential of 13 mV at a current
density of 10 mA cm™ toward the alkaline HER. More-
over, its mass activity was 24 times greater than that of
the commercial Pt/C at 13 mV. Characterization analysis
and theoretical calculation indicated that Ni doping in
the Ru lattice led to a negatively charged Ru and signif-
icantly lowered the adsorption energy of H*, hence
increasing the catalytic performance of RuNi/CQDs for
the alkaline HER (Figure 3I). Note that the modification
carbon matrix by metal doping can also further optimize
the binding energy of active sites. Zhao et al. constructed
a RuBi atomic alloy nanoparticle anchored on graphene
with the dopant of single Bi atoms (RuBi SAA/Bi@0OG)
via a one-step pyrolysis strategy (Figure 3J,K).>* XAS and
XPS studies revealed the charge redistribution on the Ru
was induced by the synergistic regulation from the
introduction of single Bi atoms and neighboring Bi-O-C
species, which could accelerate reaction kinetics for the
alkaline HER. Consequently, the RuBi SAA/Bi@OG
presented a smaller overpotential of 17.5 mV compared to
Pt/C (37.8 mV) at 10 mA cm™? in an alkaline electrolyte.
Moreover, its mass activity was 72.2 times higher than
that of the commercial Pt/C at 150 mV. Theoretical cal-
culations indicated that the double atomic-tuned method
induced the charge optimization of Ru nanoparticles,
which promoted the optimization of H,O dissociation
and H, adsorption behavior on the Ru active sites
(Figure 3L).
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TABLE 1 Summary of representative Ru-based electrocatalysts toward the alkaline HER.

Material
engineering
strategies

Electronic regulation

Geometric
modulation

Local structure
alteration

Catalysts

RuAu SAA
RuRh, bimetallene
RuNi/CQDs
RuBi SAA/Bi@OG
RuCo ANSs
RuNi NSs

RuCu NSs
LaRuSi
FeCoNiMnRu HEA
P-Ru/C
P,Mo-Ru@PC
S-RuP@NPSC
2DPC-RuMo
Ru-Ru,P
Ru,P/WO;@NPC
Ru/Ni/WC@NPC
Ru@GnP

Ru NCs/BNG
Ru/Co@0G
Ru-Fe;0,/C
Ru/r-TiO,
Ru/P-TiO,
Ru/HfO,
NiRug;5-BDC
Ru@Ni-MOF
Ruganp/DC
Ru-1.0

NCPO-Ru NCs
4H/fcc Ru NTs
Ru MNSs
PdH,@Ru

CoRuy 5/CQDs
Ru/np-MoS,

Rup 8521015025
DR-Ru
Pyrite-type RuS,
NA-Ru;Ni

IrRu DSACs

Electrolyte
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH

Overpotential (mV)

at 10 mA cm™2

24
24
13
17.5
10
15
20
72
71/100 mA cm™
31
21
92
18
18
15

3
22
14
13
11
15
27
39
34
22
18.8
13
11
23
24
30
18
30
14
28.2
78
54/100 mA cm™
10

Tafel slope
(mV dec™)

37
31
40
29.2
20.6
28

68

67.4

105

21.7
90.23
25
30.2
18
334
28
28.9
228
25
49
283
29
32
40
3558
253
29
29.4
338
30
38.5
31
29
40.8
50
28
34

Overpotential
(mV) of Pt/C at
10 mA cm™?

46

32

54
60

39
33

32
37
23
20
33
26
31
17

34

22

46
322

38

27

46

70

46

30

32

61.2

88/100 mA cm™
31
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31
32
33
34
35
36
37
38
39
40
27
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

(Continues)
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TABLE 1 (Continued)

Material Overpotential
engineering Overpotential (mV) Tafel slope (mV) of Pt/C at
strategies Catalysts Electrolyte at 10 mA cm™> (mV dec™) 10 mA cm™ References
Self-optimization Ru/NC 1 M KOH 25 29 24 68
SRO single crystal 1 M KOH 18 22 17 69
PtRu/mCNTs 1 M KOH 15 33.5 39 70

Abbreviations: CQDs, carbon quantum dots; HEA, high entropy alloys; HER, hydrogen evolution reaction; Ru, ruthenium; SAA, single-atom alloy; SRO,
Sro,RuO,.
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FIGURE 3 (A) The schematic setup of PLAL and the formation process of SAA nanoparticles. (B) Atomic-resolution HAADF-STEM
image, Au atoms (marked by red circles) are uniformly distributed throughout the particle. (C) Thermodynamic and kinetic barriers for
hydrogen evolution in three catalysts.* Copyright 2019 Wiley-VCH. (D) Schematic illustration of the synthetic process of the RuRh,
bimetallene nanoring catalyst. (E) HAADF-STEM image of RuRh, nanorings. (F) Free energy diagrams for water dissociation potential on
Rh top site, Ru top site, RuRh, top site, and RuRh, top site (associated with strain effect).>* Copyright 2021 Wiley-VCH. (G) Schematic
illustration of the synthesis of the RuNi/CQDs-600 electrocatalyst. () HAADF-STEM image of RuNi/CQDs-600. (I) The calculated
adsorption free-energy diagrams for the Volmer step on the RuNi, Pt, and Ru over various exposed surfaces (001), (101), (100), and (111)
with H coverage of 1 ML (ML = monolayer).**> Copyright 2020 Wiley-VCH. (J) Schematic illustration for preparation of RuBi SAA/Bi@OG.
(K) Aberration-corrected HAADF STEM image of RuBi SAA/Bi@OG. (L) The relationship between local charge redistribution of Ru
nanoparticle and its AGy-.>* Copyright 2023 Wiley-VCH. HAADF-STEM, high-angle annular dark field-scanning transmission electron
microscopy; PLAL, laser ablation in liquid; SAA, single-atom alloy.
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Metal element engineering coupled with morphology
engineering may further improve the catalytic activity of
Ru-related materials toward the alkaline HER. For
instance, Cai et al. synthesized nanosheet-structured
RuCo alloy (RuCo ANSs) via co-precipitation coupled
with an electrochemical reduction strategy.*®> Structural

EcoEnergy wi gy =

characterizations displayed that the Ru atoms were indi-
vidually implanted into the co-host with plane-symmetric
structures in the X and Y directions, while asymmetric
structures in the Z direction, resulting in optimized elec-
tronic properties (Figure 4A,B). Moreover, the binding
energy of Ru-H in RuCo ANSs was remarkably increased
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FIGURE 4 (A)STEM image and (B) atomic structure of Ru-substituted Co (200) of RuCo ANSs. (C) TPD tests of Co precursor, RuCo
ANSs, and Ru/C. (D) The PDOS of Ru 4d orbitals before and after H* adsorption.*® Copyright 2022 Wiley-VCH. (E) High-magnification
TEM image of an individual RuNi NS.*® Copyright 2019 Elsevier. (F) High-magnification TEM image of RuCu NSs. (G) The PDOS of H,0
adsorption on RuCu NSs.*” Copyright 2019 Wiley-VCH. (H) HR-STEM image of LaRuSi. (I) H adsorption-free energy at different sites of
LaRusSi. (J) In situ Raman spectra of the LaRuSi catalyst at various potentials (vs. RHE) under HER conditions in 1 M KOH. (K) LSV curves
of LaRuSi-ua, LaRuSi, and Pt/C in 1 M KOH.*® Copyright 2022 Wiley-VCH. (L) Schematic illustration of HEA electrocatalysts with
identified electronegativity-dependent preferences for active site adsorption of the intermediates OH* and H* during H,O dissociation and
H, production steps. (M) Correlation between the HER overpotentials at 100 mA cm 2, Tafel slopes, and the electronegativities of metals X
(Cr, Mn, and Cu). (N) Correlation between the energy barrier for H,O dissociation at different metal sites and the electronegativities of
metals (Cr, Mn, and Cu). (O) Correlation between AGy- at different metal sites and the electronegativities of metals X (Cr, Mn, and Cu).
(P) Adjustment of the HER activities of HEA electrocatalysts by tailoring the electronegativity of the composition.>* Copyright 2022
Springer Nature. HEA, high entropy alloys; HER, hydrogen evolution reaction; HR-STEM, high-resolution scanning transmission electron
microscopy; LSV, linear sweep voltammetry; PDOS, projected density of states; RHE, reversible hydrogen electrode; TEM, transmission

electron microscopy; TPD, temperature program desorption.
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in comparison with Ru nanoparticles (Figure 4C).
Consequently, the RuCo ANSs showed an overpotential as
low as 10 mV at 10 mA cm™2 in the alkaline electrolyte,
superior to Pt/C. Density functional theory (DFT)
demonstrated that the binding energy of Ru-H was
essentially induced by the robust interaction between the
Ru 4dz® and the H 1s (Figure 4D). Furthermore, the
electron redispersion between Ru sites and Co properly
lowered the d-band center of Ru, thus optimizing the
adsorption/desorption behavior of H intermediate in the
RuCo ANSs. Liu et al. designed a RuNi alloy with unique
multilayered nanosheet nanostructures (RuNi NSs) via a
one-pot solvothermal method (Figure 4E).*® They found
that the RuNi NSs delivered lower overpotential of 15 mV
compared to the commercial Ru/C (70 mV) and Pt/C
(54 mV) at 10 mA cm™? for the alkaline HER, which was
due to its high active surface area; moreover, the incor-
poration of Ni atoms induced the optimization of water
cleaving and hydrogen adsorption/desorption behavior on
the RuNi NSs surface. Yao et al. constructed channel-rich
RuCu nanosheets (RuCu NSs) by a wet chemical strategy,
which was made up of crystallized Ru, amorphous Cu,
and abundant approachable channels (Figure 4F).” It is
worth noting that, such rich channels contributed to
providing enough effective surface area and accelerating
the transportation of mass for improving the electro-
catalytic activity. Hence, the RuCu NSs displayed a low
overpotential of 20 mV for the alkaline HER relative to Pt/
C (60 mV) at 10 mA cm 2 Theoretical calculations
exhibited that the wide range of electron-rich Ru 4d bands
and electron-rich Cu 3d bands were beneficial to the sta-
bilization of charge redistribution between Ru and reac-
tion intermediates. Moreover, the lowered H 1s and H,O
2p bands confirmed the strong adsorption to promote the
alkaline HER process (Figure 4G).

Many previous studies have indicated that the reac-
tion sites of Ru-related catalysts are mainly Ru sites, but
unusual active sites may also appear. For example, Shen
et al. prepared LaRusSi catalyst by arc melting combined
with rapid annealing treatment (Figure 4H).*® Experi-
mental measurements combined with theoretical calcu-
lations confirmed that the actual active sites toward the
alkaline HER in LaRusSi system were Si sites, rather than
the commonly hypothetical Ru sites. However, the
hydrogen adsorption energy on Si sites approached zero
(Figure 41). Moreover, the proper hydrogen adsorption on
Si sites during the alkaline process was also confirmed by
in situ Raman characterization (Figure 4J). As a result,
the LaRuSi showed good activity with a low overpotential
of 72 mV at a current density of 10 mA cm™?
approaching Pt/C (Figure 4K).

Comparing alloys with few elements, high entropy
alloys (HEA) can easily achieve multiple active sites to

acquire highly active, durable, and economical electro-
catalysts through ingenious element regulation. Hao et al.
designed a FeCoNiXRu (X: Cu, Cr, and Mn) HEA catalyst
by using a polymer nanofiber reactor strategy, which
possessed two categories of active sites with different
adsorption energy for different reaction intermediates
(Figure 4L).*° Operando electrochemical Raman spectra
combined with theoretical calculations confirmed that
the Co sites were the water dissociation sites, while the
Ru sites were the hydrogen adsorption/desorption sites in
the FeCoNiMnRu HEA (Figure 4M-0O). More impor-
tantly, the catalytic activities of HEA catalysts could be
accurately regulated by altering the electronegativities of
the elements (Figure 4P). Overall, metal element engi-
neering was demonstrated to be a promising approach to
constructing highly active Ru-related catalysts for the
alkaline HER.

2.1.2 | Nonmetal element engineering

Owing to the high electronegativity of nonmetal ele-
ments, nonmetal element engineering can greatly alter
the local coordination environment of Ru sites through
the formation of Ru-nonmetal element bonds.***' For
example, Zhao et al. properly altered the electronic
properties of the Ru surface by deliberately introducing P
into the lattice to greatly improve electrocatalytic activity
for the alkaline HER (Figure 5A).*° The optimal P-Ru/C
showed an overpotential of 31 mV at 10 mA cm~2,
smaller than that of Ru/C (103 mV) and Pt/C (39 mV).
Experimental and DFT results presented that the
increased activity was due to the electronic regulation of
the P dopant (Figure 5B,C). Except for the single element
doping, the dual atom doping can further increase the
catalytic activity of Ru-related catalysts toward the HER
in an alkaline medium. Our group incorporated both P
and Mo atoms into Ru nanoparticles supported on
P-doped carbon substrate (named as P,Mo-Ru@PC) by
the confinement effect of metal-organic frameworks
(Figure 5D).*” The P,Mo-Ru@PC displayed a lower
overpotential of 21 to reach 10 mA cm™? relative to Pt/C
(33 mV) toward the alkaline HER. Profiting from the low
Ru content of 1.8 wt%, its mass activity was 22-fold higher
than that of Pt/C. Theoretical calculations indicated that
doping engineering effectively promoted electron redis-
persion on the Ru sites, thus, lowering the reaction en-
ergy barrier toward the alkaline HER (Figure 5E-G). Liu
et al. prepared S-doped RuP nanoparticles uniformly
anchored on tri-elements-doped carbon nanosheet
(S-RuP@NPSC) with ultralow Ru loading of 0.8 wt%,
which delivered a 22.88 times higher mass catalytic ac-
tivity than that of Pt/C (Figure 5H).*' Interestingly, both
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the surface Ru and P sites were demonstrated to act as
active sites toward the alkaline HER by the theoretical
calculations (Figure 5I). Moreover, the S and P remark-
ably adjusted the electronic performance of Ru, thus,
increasing the reaction activity of Ru-related materials for
HER in the alkaline electrolyte. Similar to P and S ele-
ments, boron (B) is also an effective nonmetal element to
alter the electronic and structural performance of Ru-
related electrocatalysts. Qiao et al. found that the intro-
duction of electron-deficient B element could greatly alter
the local electronic structure around Ru-B bonds, thus,
enhancing the adsorption capacity of H intermediates on
Ru atoms in Ru,B; and endowing an ultralow over-
potential of 7 mV at 10 mA cm™® in 1 M KOH for
Ru,B;.”* Thus, nonmetal element engineering can greatly
increase the activity of Ru-related catalysts by optimizing
the local coordination environment through unique Ru-
nonmetal element bonds.

2.1.3 | Heterostructure engineering

Combining the Ru component with foreign metals, metal
oxides, metal carbide, and so on, to construct hetero-
structures can effectively promote the electronic redistri-
bution at the heterointerface, which will significantly
optimize the adsorption energy of reaction intermediates
to enhance the reaction kinetics for the alkaline HER.**™**
For instance, Tu et al. prepared a heterostructure
composed of RuMo nanoalloys and N-doped carbon
substrates through a hard-templating synthesis combined
with an anion-exchange strategy (Figure 6A,B).** When
acted as a catalyst for the alkaline HER, such hetero-
structure exhibited an overpotential of 18 mV to reach
10 mA cm™? and a superior turnover frequency of
3.57 H, s', which is much superior to Pt/C (32 mV,
0.02 H, s™'). DFT calculations presented that the N
dopant in the carbon matrix and the Mo dopant in Ru
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lattices highly motivate the electronic aggregation/loss at
the heterointerface, thus, decreasing the reaction energy
barrier and accelerating the reaction rate toward the HER
process in an alkaline condition (Figure 6C,D). Chen
et al. produced a homologous metallic Ru-Ru,P hetero-
structure catalyst by using a salt-assisted catalytic syn-
thesis method (Figure 6E,F).*> The as-prepared Ru-Ru,P
possessed abundant heterojunction interfaces, delivering
a lower overpotential of 18 mV for the alkaline HER at
10 mA cm 2, outperforming the activity of Pt/C (37 mV).
DFT results exhibited that there was an effective charge

repartition at the rich heterointerface of Ru-Ru,P, which
lowered the d-band orbit and increased the adsorption
strength of the reaction intermediates for the alkaline
HER (Figure 6G).

Furthermore, the multi-interfacial feature of multi-
component heterostructures can further optimize the
binding energy of the reaction intermediate species to-
ward the alkaline HER. Our group designed a Ru,P/
WO;@NPC heterostructure through a hydrothermal re-
action coupled with the pyrolysis strategy (Figure 6H).**
The Ru,P/WO;@NPC as HER catalyst in an alkaline
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medium exhibited a lower overpotential of 15 mV to
reach 10 mA cm™? relative to benchmark 20 wt% Pt/C
(23 mV, Figure 6I). DFT calculations coupled with
experimental measurements demonstrated that there was
the transportation of electrons not only from NPC to
Ru,P/WO; but also from Ru,P to WO,, greatly promot-
ing the charge redistribution at the multi-interface of
Ru,P/WO;@NPC (Figure 6J). Therefore, such electron
density redistribution induced the enhancement of
water dissociation capacity on W sites and hydrogen
desorption capacity on Ru sites (Figure 6K). In addition,
Salah et al. prepared a multi-heterostructure catalyst (Ru/
Ni/WC@NPC) toward the alkaline HER through a
hydrothermal combined with the pyrolysis method
(Figure 6L).*> With an ultralow Ru content of 4.13 wt%,
such catalyst displayed a state-of-the-art activity with an
ultralow overpotential of 3 mV at 10 mV cm™2 in com-
parison with Pt/C (20 mV, Figure 6M). Theoretical
calculations indicated the Ru/Ni/WC catalyst with multi-
interface possessed superior adsorption/dissociation
capacity for water and near-zero adsorption energy for
hydrogen, owing to its weak exothermic effect
(Figure 6N,0). Overall, the formation of heterostructures
could induce charge redistribution at interfaces to elevate
the activity of Ru-related catalysts.

2.1.4 | Electronic metal-support interaction

The EMSI between metal nanoparticles/single atoms and
supports not only can effectively anchor and disperse
metal particles but also has a significant effect on the
chemical and catalytic performances of metal-based cat-
alysts.””””” Among various support materials, carbon
materials are extensively applied due to their superior
conductivity and low cost. Li et al. prepared Ru nano-
particles evenly anchored on graphene nanoplatelets
(Ru@GnP) via a mechanochemically assisted strategy
(Figure 7A).*° Satisfactorily, Ru@GnP displayed a lower
overpotential of 22 mV at 10 mA cm™> compared to
commercial Pt/C (33 mV). In addition, after the struc-
tural and composition modification of carbon supports,
the catalytic performance of the supported catalyst can be
further increased. Ye et al. constructed Ru nanoclusters
well distributed on B- and N-codoped graphene (Ru NCs/
BNG) by a simple pyrolyzation strategy (Figure 7B).*’ It is
worth noting that, the B element played a decisive role in
the generation of ultrafine Ru nanoparticles (0.5-1 nm)
on the carbon matrix. As a result, the B doping remark-
ably enhanced the catalytic activity of Ru NCs/BNG in
comparison with Ru NCs/NG for the alkaline HER.
Moreover, the Ru NCs/BNG exhibited an overpotential of
14 to reach 10 mA cm 2, superior to Pt/C (26 mV,

Figure 7C). More importantly, the stability of Ru NCs/
BNG was much superior to Pt/C (Figure 7D). They
thought that the electronic mutual effect between Ru
nanoclusters and boron atoms greatly promoted the
dissociation of water, thus, regulating the reaction
mechanism and reducing the formation energy barrier of
hydrogen (Figure 7E).

In addition to introducing nonmetal elements, the
incorporation of single atoms into the carbon framework
would alter the m-conjugated properties of carbon sup-
ports to improve the EMSI between carbon carriers and
Ru nanoparticles. Su et al. found that the individually
single atom embedded in the carbon matrix induced a
synergistic electron effect around metal nanoparticles,
enhancing the interaction between the metal nano-
particles to accelerate reaction kinetics for the alkaline
HER (Figure 7F).*® Firstly, theoretical calculations indi-
cated that the introduction of atomically dispersed metal
species into O-doped graphene substrate not only greatly
increased the EMSI between Ru nanoparticles and carrier
but also promoted the charge redistribution of Ru species,
thus, resulting in the optimization of hydrogen adsorp-
tion energy on Ru active sites to improve the HER activity
(Figure 7G). Directed by DFT results, they designed a
supported catalyst with Ru nanoparticles anchored on Co
and oxygen-codoped graphene (Ru/Co@OG) by using a
salt-template strategy (Figure 7H). When tested as the
alkaline HER catalysts, the Ru/Co@OG delivered a lower
overpotential of 13 mV to reach 10 mA cm™? relative to
Ru/OG (48 mV) and commercial Pt/C (31 mV) as shown
in Figure 71. In a word, the coupling of single metal
atoms in carbon substrate was demonstrated to be an
effective means to optimize the electronic properties of
Ru nanoparticles by increasing the EMSI between the
supported Ru nanoparticles and the support.

In comparison with the carbon substrates, the metal
oxide carriers are inclined to generate more robust
interaction with the Ru nanoparticles at the contact
interface, thus, significantly enhancing the catalytic per-
formance. Moreover, metal oxides possess various ad-
vantages, including varying nanostructures, diverse
constituents, easy preparation, etc.”*®° Lately, the sup-
ported Ru catalysts on various metal oxide support
(Fe;0,, TiO,, Sn0O,, HfO,, MoO,, CuO, etc.)*?>>81-83
have been widely explored and exhibited high catalytic
performance toward the alkaline HER, owing to the
robust EMSI between Ru metal nanoparticles and metal
oxide supports. For example, Li et al. prepared Ru
nanoparticles dispersed on Fe;O, anchored on carbon
matrix (Ru-Fe;0,/C) through a hydrothermal coupled
with heat treatment method (Figure 8A).* They thought
that the self-accommodation of Ru nanoparticles on the
Fe;0, surface, not the carbon matrix surface, was due to
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(B) Synthesis and structure of Ru NCs/BNG. (C) LSV curves of Ru NCs/BNG, Ru NPs/NG, and Pt/C with current density normalized to the
geometry of the electrode in 1 M KOH at 2 mV s~ " with iR correction. (D) LSV curves of Ru NCs/BNG before and after 2000 cycles in 1 M
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view) and corresponding electronic density difference at the interface were highlighted by the red circle.*’” Copyright 2020 Elsevier.

(F) Atomic structures of Russ supported on O-doped graphene with dispersed metal atoms obtained by DFT calculations. (G) Binding
energies (Eping, left axis) of Russ/M;@OG and freestanding Russ, and its corresponding adsorption free energy of H* species (AGyx, right
axis). (H) HAADF-STEM image for Ru/Co@OG electrocatalysts. (I) LSV curves of Ru-based catalysts and commercial Pt/C.* Copyright
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the strong EMSI. Experimental evidence and DFT results
confirmed that there was electronic perturbation in the
system of Ru-Fe;O0,/C and the emergence of electron
redistribution greatly optimized the adsorption energy of
reaction intermediates for the HER in an alkaline con-
dition (Figure 8B). The formation of Ru-O bands induced
by the orbital overlap greatly altered the electron density
around Ru sites to transfer more electrons to hydrogen
intermediates, which was beneficial for the adsorption
behavior during the HER process. Moreover, the anti-
bonding property of hydrogen intermediates was
strengthened due to the weak binding strength of the Ru-

O bonds, enabling the easy formation behavior of H,
molecules (Figure 8C). Consequently, the Ru-Fe;0,4/C
delivered a superior catalytic activity with an over-
potential of 11 mV to arrive at a current density of
10 mA cm ™2, better than that of Pt/C benchmark (17 mV)
in the alkaline electrolyte. Chen et al. synthesized Ru
nanoparticles on reduced TiO, with rich oxygen va-
cancies (Ru/r-TiO,) by the robust reductive effect of
newly produced Ti(III) oxide (Figure 8D).”° The Ru/r-
TiO, showcased a smaller overpotential of 15 mV to
arrive at a current density of 10 mA cm™? relative
to Ru/TiO, without oxygen vacancies (32 mV) and
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TiO,-VO. (J) Volcano plot of theoretical overpotential for the hydrogen evolution reaction (HER) relative to standard hydrogen electrode
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Pt/C (34 mV) toward the HER in alkaline condi-
tions (Figure 8E). Experimental results combined with
DFT calculations revealed that the existence of rich ox-
ygen vacancies led to the generation of more nega-
tively charged Ru sites. They also found that the
greatly enhanced catalytic activity for the alkaline
HER was attributed to the heightened water dissocia-
tion capacity and weakened OH adsorption capacity,
which was induced by the existence of reduced TiO,
(Figure 8F).

I, the introduction of other elements into metal oxides
can also optimize the charge redistribution at the inter-
face to alter the coordination environment between Ru
nanoparticles and metal oxide supports, which further
impresses the catalytic performance of supported Ru
catalysts. For example, our group prepared Ru clusters
dispersed on defective TiO, with trace P dopant (Ru/P-
TiO,) by a hydrothermal reaction with subsequent
phosphorization treatment (Figure 8G).”’ When acted
as the cathodic catalyst for the alkaline HER, the
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as-prepared Ru/P-TiO, exhibited Pt-like activity with a
lower overpotential of 27 mV to arrive at a current den-
sity of 10 mA cm™ compared to Ru/TiO, (85 mV). Its
mass activity (9984.3 mA mgg, ') was also 34.3 times
greater than that of Pt/C. Experimental measurements
and theoretical calculations showed the TiO, support
with the rutile phase displayed a higher activity for the
alkaline HER than that with the anatase phase. More-
over, the oxygen vacancies could induce the inversion of
the electron-transfer direction to produce charge-rich Ru
nanoclusters in Ru/P-(R)TiO,-VO, thus, enhancing the
H,O0 dissociation capacity (Figure 8H). More importantly,
the introduction of P>" at the position of Ti*" would
further synergistically improve the catalytic activity for
the alkaline HER, which was attributed to the accelerated
formation of H, molecule induced by the H* spillover
from the Ru site to the P site at the system surface
(Figure 8L,J).

In addition, distinguishing the contribution of HER
activity between Ru nanoparticles and metal oxide
substrates for supported catalysts with strong EMSI is
significant and desired. Our group prepared Ru nano-
particles anchored on HfO, (Ru/HfO,) by using a hy-
drothermal reaction combined with a thermal reduction
treatment method.”> Owing to the high band gap over
5 eV of HfO,, the activity contribution between Ru
nanoparticles and HfO, carrier was well distinguished.
When served as catalysts for the alkaline HER, the pris-
tine HfO, was inert even at strong applied voltages, while
optimal Ru/HfO, delivered a superior catalytic activity
with a low overpotential of 39 mV at 10 mA cm™2 closed
to Pt/C. Moreover, the mass activity of optimal Ru/HfO,
was 20-fold higher than that of commercial Pt/C. Oper-
ando XAS measurements revealed that the structural
distortions and reversible valence change of Ru in Ru/
HfO, were elastic, which contributed to the enhancement
of catalytic performance (Figure 8K,L). Charge density
difference analysis indicated that there was strong EMSI
between Ru nanoclusters with HfO, substrate with elec-
tron transfer from Ru to HfO, (Figure 8M). Experimental
and theoretical data expounded that the activity of Ru/
HfO, was adjusted by the amount of Ru-O-Hf bonds.
Moreover, the EMSI induced by Ru-O-Hf bonds coupled
with oxygen vacancies greatly increased the water
dissociation capacity to accelerate the formation of H,
(Figure 8N).

Metal-organic frameworks (MOFs) are extremely
versatile and ultra-porous nanomaterials that are consti-
tuted by varied organic ligands and metal centers, which
can be applied to store, separate, and release almost
anything.®**® Owing to their unique properties, MOFs
are deemed to be effective substrates to support metal
catalysts. Sun et al. dispersed atomically Ru on Ni-BDC

MOF (NiRug13-BDC) by using a hydrothermal with
subsequent ion-exchange method (Figure 9A).%® Such
constructed NiRuy,3-BDC displayed a Pt-like activity
(34 mV @10 mA cm™) in an alkaline electrolyte
(Figure 9B). Characterization results coupled with DFT
calculations showed that there was a charge interaction
between Ru and Ni to regulate the electronic perfor-
mance of the metal center in the MOF (Figure 9C),
resulting in greatly optimizing the absorption energy of
H,O0 and H*, and accelerating the reaction kinetics for the
alkaline HER (Figure 9D,E). Other than atomically
dispersed Ru, Ru nanoparticles can also be anchored on
MOF via the ESMI. Deng et al. fabricated Ru nano-
particles supported on Ni-MOF nanosheet arrays
(Ru@Ni-MOF) through a general spontaneous redox re-
action method (Figure 9F).>* Note that the Ni-MOF was
chosen as a sinewy substrate to keep Ru nanoparticles
from agglomerating to provide enough effective surface
active sites for electrochemical reaction. Moreover, there
was the generation of Ni-O-Ru bonds that promoted
electron transport at the interface to ensure fast reaction
kinetics. DFT studies revealed that the electron relocation
at the interface was induced by the Ni-O-Ru bonds
to optimize the adsorption capacity for H,O and
hydrogen intermediates to accelerate HER kinetics
(Figure 9G,H). Consequently, the optimal Ru@Ni-MOF
reached 10 mA cm™2 only using 22 mV for the alkaline
HER, which was smaller than that of the commercial Pt/
C (46 mV, Figure 91). Therefore, the Ru-based supported
catalysts with strong ESMI can not only reduce the use of
Ru but also improve their activity and stability for the
alkaline HER.

2.2 | Geometric modulation

The geometric modulation, including size engineering
and phase engineering strategies can determine the
properties and functionalities of nanomaterials.®’*°

2.2.1 | Size engineering

With the booming development of surface science,
extensive efforts indicate that the unsaturated coordina-
tion environment of Ru species will increase with the
decrease in metal size. Therefore, size engineering can
effectively alter the catalytic performance of Ru-related
nanomaterials toward the alkaline HER.** To analyze
the role of single Ru atoms and Ru nanoparticles as
catalytic active sites toward HER, our group constructed
both Ru single atoms and nanoparticles dispersed on
defect-rich carbon substrate (Rugs ;, np/DC) by using a
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Springer Nature. (F) Schematic illustration of the formation of Ru@Ni-MOF nanosheets supported on Ni foam for HER. (G) Schematic
diagram of electron transfer of M@Ni-MOF and M/Ni-MOF (M = Ru, Ir, Pd). (H) Schematic illustration of the mechanism of enhanced
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MOF, and commercial Pt/C (20% Pt).>* Copyright 2021 Wiley-VCH. LSV, linear sweep voltammetry.

metal-organic supramolecules transformation strategy  of 18.8 and 16.6 mV to reach 10 mA cm 2, respectively.
(Figure 10A).>®> Accordingly, the as-obtained Rusanp/ Experimental data revealed that the amount of single Ru
DC displayed superior catalytic activity in alkaline and atoms increased after the HER process in acidic electro-
acidic conditions for HER, which had low overpotentials lyte while the amount of Ru nanoparticles elevated after
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the HER process in alkaline media. Moreover, DFT re-
sults indicated that single Ru atoms mainly contributed
to the hydrogen adsorption capacity, while the Ru
nanoparticles were dominant to the water dissociation
capacity (Figure 10B,C). It is worth noting that, the
water-cleaving behavior is the rate-determining reaction
toward the alkaline HER. Therefore, the Ru nanoparticles
played a dominant role in the formation of H, molecules
toward the alkaline HER compared to single Ru atoms.

Furthermore, Hu et al. investigated the effect of the
physicochemical structure of Ru nanoclusters and Ru
nanoparticles on their catalytic performance toward HER
in alkaline conditions.”® They synthesized a series of
supported Ru catalysts with different sizes (1, 2.3, and
3.1 nm) on carbon support with the same content of Ru
as shown in Figure 10D. When acted as HER catalysts in
the alkaline electrolyte, the subnanometric metal clusters
Ru-1.0 showed a superior activity with the smallest
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overpotential of 13 mV at 10 mA cm™> (Figure 10E).
Notably, the prepared electrode on carbon paper also
delivered a remarkable activity at 1000 mA cm™? with
196 mV (Figure 10F). Experimental and theoretical re-
sults indicated that the energy level of the d-band orbit
was closely decided by the size of Ru. The upshifted d-
band orbit of the Ru cluster showed its robust H,O
dissociation capacity compared to Ru single atoms and
nanoparticles, ensuring the superior HER activity for the
Ru cluster (Figure 10G,H). Moreover, the particle size
had an efficient effect on the work function values (),
also confirming the downtrend of the d band orbit of Ru
relative to the uptrend of granular size (Figure 10I).
Furthermore, the Ru nanoclusters are demonstrated to be
more active for the alkaline HER in comparison with Ru
single atoms and nanoparticles.

To make the best of the advantages of Ru nano-
clusters, Liang et al. reported surface-enriched Ru
nanoclusters on N-doped carbon matrix with the deco-
ration of phytic acid (NCPO-Ru NCs) by using a
trapping-bonding method (Figure 10J).”” The super-
assembly of Ru nanoclusters at the framework surface
was mainly due to the combined action of vacancies and
phosphate species. Impressively, the distribution and
density of Ru nanoclusters anchored on the framework
were also accurately controlled by the change in the
amount of phytic acid (Figure 10K). Owing to the surface-
enriched Ru nanoclusters with enough exposed active
sites, the as-prepared NCPO-Ru NCs arrived at
10 mA c¢cm™2 at 11 mV, smaller than that of the com-
mercial Pt/C benchmark (27 mV, Figure 10L). Overall,
the Ru nanoclusters were confirmed to be more active
than Ru single atoms and nanoparticles for the alkaline
HER. Thus, it is an effective means to design advanced
Ru-based catalysts toward the alkaline HER by dispersing
high-density Ru nanoclusters on special substrates.

2.2.2 | Phase engineering

Phase engineering induced by the rearrangement of the
surface Ru atoms can effectively regulate electronic
structure to affect their catalytic performance for the
alkaline HER.” In general, there are two categories of
phase for Ru nanomaterials, including face-centered cu-
bic (fcc) and hexagonal close-packed (hcp).”’ Thermo-
dynamically, Ru tends to form the hcp phase, due to the
metastable property of the fcc phase. Nevertheless, the fcc
phase possesses stronger Ru-Ru bond strength compared
to the hcp phase.”” Thus, the Ru nanomaterials with
different phases display different catalytic performances,
owing to the diverse atomic arrangements of the fcc and
hcp phases. For example, Zheng et al. synthesized two

kinds of Ru nanomaterials with an fcc phase and an hcp
phase. Impressively, the fcc phase Ru was obtained due to
the existence of g-C5N, (Figure 11A).°> Theoretical cal-
culations further confirmed that the generation of Ru
crystal with unusual fcc phase was promoted by the
assistance of g-C5N,4, which was quantitatively analyzed
by the defined adhesion energies (AE,q4,) between two Ru
crystal phase and g-C;N, support (Figure 11B,C). They
also found that the Ru fcc(111) planes were more
approachable to the multiple reaction intermediates than
that of Ru hcp(0001) planes, which was beneficial for
enhancing the hydrogen adsorption capacity and H,O
dissociation capacity (Figure 11D). As a result, the as-
prepared unusual Ru nanomaterials exhibited a 2.5-fold
faster rate of hydrogen production relative to commercial
Pt/C in an alkaline electrolyte. Similarly, Li et al. fabri-
cated the fcc phase Ru nanodendrimers with the embel-
lishment of MoO; (MoO,-Ru fcc) by using a colloidal
strategy, and the hcp phase Ru nanodendrimers with
modification of MoO, (MoO-Ru hcp) through the suc-
cedent phase evolution (Figure 11E,F).”* Electrochemical
tests indicated that MoOy-Ru fcc had a superior catalytic
performance in comparison with MoO,-Ru hcp for the
alkaline HER. Moreover, DFT results presented that the
decoration of MoOy greatly increased the structural sta-
bility of fcc phase Ru (Figure 11G).

Except for the Ru crystal with pure phase, the multi-
phase heterostructured Ru catalysts are also found
to be remarkably active toward the alkaline HER.
For example, Gao et al. designed Ru nanodendrites with
fcc/hcp mixed phase, exhibiting a Pt-like activity
(43.4 mV@10 mA cm™).”> Lu et al. elaborately con-
structed 4H/fcc Ru nanotubes (4H/fcc Ru NTs) through a
sacrificial templates method (Figure 11H).’® Benefiting
from abundant atomic steps at the interface induced by
two different crystal structures (fcc/hcp-4H), the local
electronic properties of Ru atoms were effectively opti-
mized. Coupled with richly exposed active sites attributed
to the hierarchical porous nanostructure, the prepared
4H/fcc Ru NTs arrived at 10 mA cm™ only using 23 mV,
smaller than that of the Pt/C benchmark (46 mV,
Figure 11I). Moreover, the Ru crystals with superlattices
can also endow Ru nanosheets with superior catalytic
activity for the alkaline HER, owing to their unique lat-
tice mismatch. Zhang et al. reported the superlattice
structured Ru multilayer nanosheets (Ru MNSs) via a wet
chemical strategy.”® Comprehensively, the superlattice
structure was produced by the stacked layers with screwy
angles of 2°-30° in Ru MNSs (Figure 11J-L). Conse-
quently, such Ru MNSs showed a much lower over-
potential of 24 mV at 10 mA cm™> compared to Pt/C
(70 mV, Figure 11M). DFT calculations manifested that
the superlattice structure resulted in compressed lattice
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Society. (E) Crystal models showing the temperature-induced phase transformation. (F) Cs-corrected HAADF STEM images and
corresponding FFT of MoOy-Ru fcc and MoOy-Ru hep. (G) Distribution map of formation of energy for metal Ru fcc phase and hep phase in
the condition of bulk, facets (fcc_111 and hcp_101, respectively), and MoO, modifications.®* Copyright 2022 American Chemical Society.
(H) Schematic illustration of the synthesis of hierarchical 4H/fcc Ru NTs. (I) HAADF-STEM image of a hierarchical 4H/fcc Ru NT.*®
Copyright 2018 Wiley-VCH. (J) HAADF-STEM image with spherical aberration correction of Ru MNSs. (K) 3D and 2D views of the
superlattice model. (L) The magnified 2D view of superlattice model. (M) The calculated Gibbs free energies diagram for HER process on
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strain to lower the d-band orbit, which weakened the certified that phase engineering can optimize crystallinity
hydrogen adsorption energy and accelerated the H,  and surface configuration to design advanced Ru-based

generation rate (Figure 11M). Therefore, it has been  catalysts.
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2.3 | Local structure alteration

The local structure alteration of nanomaterials, such as
lattice strain, structural defects, and local microenviron-
ment can effectively tune the local electronic properties
and exposed active sites of nanomaterials to achieve su-
perior catalytic activity toward various applications.”®%®

2.3.1 | Strain engineering

Strain engineering is induced by the adjusting of Ru-Ru
bond length or by the lattice mismatch, which can
endow Ru-based catalysts with diverse electronic

EcoEnergy wi gy =

properties to alter the adsorption capacity of various
reaction intermediate species during the alkaline
HER.%%%19%9 Generally, the strain effect usually exists in
the unique core-shell structured catalysts. For instance,
Fan et al. fabricated a unique core-shell PdAH,@Ru met-
allenes by using a seed-mediated growth strategy
(Figure 12A).°° Such a strategy used Pd metallenes as the
seed, due to the compressive strain of metallenes
compared to bulk. As a result, the prepared PdH,@Ru
metallenes exhibited a 4.5% extensional strained Ru shell,
which was induced by the swelled lattice of PdHy in
comparison with Pd. Moreover, the structural stability of
PdH,@Ru metallene was much higher than that of PdH;
metallenes, indicating that PdH,@Ru metallene was
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FIGURE 12 (A) Scheme of the growth process of PAH,@Ru metallenes. (B) The temperature-dependent lattice parameter of PdH,
metallenes and PdAH,@Ru metallenes. (C) Comparison of the HER performance metrics between PA@Ru metallenes and PdH,@Ru
metallenes. (D) Schematic illustration of the strain variation in the Ru, Pd@Ru, and PdH@Ru surfaces (top) and the AGy~ value at 1 ML,
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more stable (Figure 12B). When acted as a catalyst for the
alkaline HER, the PdH,@Ru metallenes delivered a
remarkable activity to reach 10 mA cm™2 at 30 mV, su-
perior to the Pt/C benchmark (46 mV) as shown in
Figure 12C. Experimental results coupled with DFT cal-
culations presented that the superior activity of
PdH,@Ru metallenes was aroused by the extensional
strained Ru shell inherited from the PdH, core. Such
designed strain engineering greatly increased the water
adsorption ability, decreased the water cleaving energy,
and optimized the hydrogen adsorption energy, thus,
accelerating the reaction kinetics (Figure 12D). More-
over, Wang et al. investigated the HER activity in alkaline
media and the corresponding mechanism of two types of
bimetallic compound, namely, Ru@Pt core-shell and
uniform RuPt alloy (Figure 12E).°” Moreover, the Ru@Pt
core-shell catalyst possessed a more greatly compressive
strained surface relative to strain-free RuPt alloy, dis-
playing a much higher catalytic activity for the alkaline
HER. Experimental measurements showed that the
compressive strain in the Ru@Pt catalyst induced an
optimized adsorption ability for multiple reaction in-
termediates during the HER process, hence, enhancing
its catalytic activity toward HER in alkaline conditions
(Figure 12F).

Except for the core-shell structure, the foreign atom
doping can also result in lattice strain. For instance, Li
et al. analyzed in detail the relationship between the ex-
tendible lattice strain induced by foreign atom doping in
CoRu nanoalloys anchored on carbon quantum dots
(CoRu/CQDs) and their HER activity in the alkaline
electrolyte.®’ Notably, the lattice properties and strain
engineering in the CoRu nanoalloys were effectively
adjusted by the change of the amount of Ru in the CoRu
nanoalloys (Figure 13A). With appropriate lattice
strain, the CoRuys/CQDs showed the best activity
(18 mV@10 mA cm™?) toward HER in an alkaline con-
dition relative to other CoRu,/CQDs -catalysts
(Figure 13B). They found that the lattice strain promoted
the d-band orbit approach to the Fermi level, thus,
providing optimal hydrogen adsorption ability for H,
generation. Jiang et al. deposited single Ru atoms on
nanoporous MoS, (np-MoS,) with abundant sulfur va-
cancies (Ru/np-MoS,) by using a chemical vapor depo-
sition combined with a chemical etching strategy.®
Impressively, the curvature-caused lattice strain was
accurately regulated by the change of the ligament
dimension of np-MoS, (Figure 13C). The optimal Ru/np-
MoS, exhibited better activity toward the alkaline HER
(30 mV@10 mA cm?) compared to Ru/Lnp-MoS, with
less strain (Figure 13D). Combining with the operando
XAS, AP-XPS, and DFT calculations, it was confirmed
that the strain engineering promoted the aggregation of

reaction intermediates (OH™ and H,O) in sulfur va-
cancies, which induced the high concentration of re-
actants in the inner Helmholtz plane to expedite the mass
transfer to Ru active sites. Moreover, the bending strain
in the Ru/np-MoS, further greatly optimized the elec-
tronic properties of Ru sites to effectively enhance the
water dissociation ability and H, generation abil-
ity (Figure 13E). Our group designed oxygen va-
cancies enriched with Ru-zinc solid solution oxide
(Rug gsZng 150,.5) through a molten salt-assisted strategy
(Figure 13F).”’ The optimal RuggsZng;s0,.5 reached
10 mA cm™ only using 14 mV for HER in alkaline
electrolyte, which is much better than that of Pt/C
(32 mV, Figure 13G). Combined with experiments and
DFT presented the introduction of Zn atoms and twisted
the local structure of RuggsZng;s0,.s to excite the
dangling O atoms, which acted as proton receivers. Note
that the dangling O atoms are tightly combined with H
atoms of the absorbed water molecule to strongly anchor
the water molecule, thus, significantly enhancing the
catalytic activity for the alkaline HER (Figure 13H,I).
However, precisely controlling the strain of the materials
to accurately alter their activity is still a hot topic.

2.3.2 | Structural defects

Structural disorder and defect engineering is an effective
method to produce active sites in Ru-based catalysts to
improve their catalytic activity toward HER in alkaline
conditions. Li et al. prepared defect-enriched Ru nano-
particles (DR-Ru) via a galvanic replacement strategy
(Figure 14A).°* The as-prepared DR-Ru arrived at
10 mA cm~2 at 28.2 mV for the alkaline HER, which was
superior to the commercial Pt/C (61.2 mV). They found
that the Ru surface sites with low coordination and the
incorporation of lattice oxygen provided an appropriate
H,0/H adsorption energy and an easier water dissocia-
tion behavior, which promoted the H, production rate in
alkaline conditions (Figure 14B,C). Wang et al. have
synthesized amorphous RuTe, porous nanorods with
superior catalytic performance under the guidance of
DFT.'® DFT calculations indicated that the increased p-m
sensitivity caused by strong p-d transfer could stabilize
the distortion strain and increase electronic activities
close to the Fermi level by effectively eliminating the
crystal-field-splitting effect of Ru (Figure 14D). Accord-
ingly, the homogeneity of charge redistribution capacity
between effective orbitals among Ru can be enhanced by
the locally distorted Ru-Te lattice (Figure 14E), which
not only improves the coupling effect between electron
and lattice but also boosts the alkaline HER catalytic
performances. In addition, pyrite-type RuS, nanoparticles
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were prepared by a low-temperature sulfuration method
(Figure 14F).® The disordered structure not only exposed
more active sites but also optimized the electronic prop-
erties to upshift the Ru d-band center, hence, altering the
hydrogen adsorption strength (Figure 14G). Moreover,
the newborn sulfide/oxide core/shell structure exhibited
a promoted electron transfer, which may be the real
active site for improved HER activity.

2.3.3 | Local microenvironment

The local microenvironment surrounding the electro-
catalysts has an indelible effect on the electrochemical
reaction process but is generally ignored. It also has been
demonstrated that the configuration and spatial distri-
bution of micromolecules at the solid-liquid reaction
interface are decisive in optimizing the catalytic
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performance.’®* !> However, up to now, the studies
about the local microenvironment around Ru-related
catalysts toward the alkaline HER are still limited.
Therefore, exploring effective strategies to alter the local
microenvironment of Ru-related materials to increase
their catalytic activity is promising and desired.

For example, Gao et al. fabricated a nanocone-
convened Ru;Ni (NA-Ru;Ni) catalyst via a co-reduction
strategy (Figure 15A).°° Moreover, the obtained NA-
Ru;Ni reached 1000 mA cm™* merely needing an ultra-
low overpotential of 168 mV, which is much superior to
the Pt/C benchmark (Figure 15B). Finite element simu-
lations combined with experimental tests indicated that
the unique structure of NA-Ru;Ni with specific nanotips
induced the formation of a reinforced local electric area,
thus, significantly collecting K" ions at the interface
(Figure 15C,D). The theoretical calculation revealed that

the aggregation of hydrated K* ion at the local interface
resulted in the polarization of the H-OH bond of inter-
facial H,O, which provided an easy H,O dissociation
process to contribute to the greatly increased activity for
the alkaline HER (Figure 15E-G). Cai et al. constructed
double-single Ir/Ru atoms anchored on CoP substrate
(IrRu DSACs) by using an impregnation-reduction
strategy.®” The designed IrRu DSACs catalysts promoted
the formation of the local electric field with atomical-
scale unsymmetric structure, which adjusted the config-
uration and spatial orientation of adsorbed water, in turn
accelerating the reaction kinetics for HER in alkaline
conditions (Figure 15H,I). The atomic-scale charge and
local electric field distribution surrounding the active
sites were intuitively confirmed by the double Cs-
corrected scanning transmission electron microscopy
(TEM; Figure 15J,K), indicating a high charge density

85U8017 SUOWILLOD 3A 18810 3 [dedl[dde ay3 Aq peusenob a1e s9oile YO 8sn Jo SNl 10} ArIqi]8UIIUQ A1 UO (SUONIPUCD-PUR-SLLIBIWO A8 | 1M AlRIq 1 BU1[UO//:SdNY) SUORIPUOD PUe SWiB | 81 88S *[7202/T0/y0] uo Ariqiauliuo A8im ‘Aisieaiun Buy-Bunyd Aq tzede/z00T 0T/10p/wod A8 | Afeiq1jeuljuo//Sdiy Wwolj pepeojumoq ‘T ‘€202 ‘66565E82



HOU . 'y 37
a EcoEnergy wi gy | =
(B) (c) (D) _
(A) 0.04 — — :E 2.0 '0'1|V""$rawa:‘° voltage Bulk soluhon. P p
0.21 i Py e 16 whage o icp
O4-r“// / 512
[=}
=-0.61 ~——— NA-Ru,Ni/C| ‘E 0.8
——PUC 3 hk
-0.8 RU/C 3 041
—— NilC 3 "';-1
10378 012 006 000 e N 00 0
-U. -uU. U - R W e
E (V vs. RHE) W L W
~ - 1.010 :
(E) 0.9 {Ru:Ni(0001) With K* (F) Ru,Ni(0001) é (G)
(at 1/12 ML coverage)| :
No K, N=-1 . .
0.64 A No K* 1.005 I K Tt Mgg\::::;e() 5
oK - “ g OH ;
= AGy < ‘ @4
g, 0.3 ‘ 31.000 e,
o olmer
= ' S @No K, N=-1 @
0.0 i A 1 0.995]
,/'AG,, :
-0.31 o No K* NA-Ru,Ni
Bilayer HO  H* H 0000 07 14 21 e A * =Y ©
A 2 ; A . S ; Hydrated K* (o] H K*
Reaction coordinate Electric field (x10° V/m) e -
N 5 e »
(H)  h,0%u*+on- U H,0oH* + OH™ () Méxt!.’“l; ’ A ¥ (K)2 B
9 0 S 321
40 »d . Al B
‘ﬁ Mo, 0.23
Ir _" - ‘
‘ 1 o+ "4 p -2.76
: g | 21 »
e 4. 2% e, 2abtea 1l -5.75
Water dissociation : Az
Water on CoP ary il Charge density (e/A°)
(NI 6 M[cé< 3 S ¥ AN gy 1120¢.p. s mW'
= S o ¢
Zz |IIRuDSACs  RuDSACGs © o $ ey oy 1609 cm’ _ IrRu DSACs
S 44 4 0 ;
= I g0 . - & 01V
= 29 2 “o 02V e
= 03 T
2 2 05V i
o214 E v
B < - ;—
341 < 0.9V 1618 cmi_
o 1000 1500 3000 3500 4000

Raman shifts (cm™)

FIGURE 15 (A)HAADF-STEM image of NA-Ru;Ni. (B) Polarization curves (with iR-correction) were recorded in 1 M KOH solutions
at a sweep rate of 5 mV s™*. (C) Comparison of tip-induced K concentration on differently curved Ru;Ni. The density of K™ was measured
by ICP-MS. The schematic diagram of insertion shows the testing of the adsorbed K*. (D) Schematic diagram of the interfacial model of
NA-Ru;Ni. (E) Gibbs free energy diagrams of the alkaline HER on different systems. (F) The values of AGy+ and AGy on different systems.
(G) A schematic diagram showing how K* promotes interfacial water dissociation on the NA-Ru;Ni surface. Schematic diagram of
interface H,O reorientation induced by an atomic electric field.*® Copyright 2023 Royal Society of Chemistry. H,O adsorbed on (H) CoP
and (I) IrRu DSACs. The selected area integral differential phase contrast-STEM (J), corresponding quantified charge density (K). Total
electric field and charge variations of Ir-Ru pairs in IrRu DSACs (L). (M) Interfacial H,O orientation simulated by ab initio molecular
dynamics (AIMD) simulations. (N) The in situ Raman spectra of IrRu DSACs.®” Copyright 2023 Wiley-VCH. HAADF-STEM, high-angle
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change and electric field intensity of IrRu DSACs presented as an unsymmetric H-down coupled with an
(Figure 15L). The ab initio molecular dynamics simula- angle increased by the H-O-H bond, which had a positive
tions revealed that the spatial structure of water mole- effect on the dissociation capacity of water (Figure 15N).
cules on the surface of IrRu DSACs was polarized Consequently, the IrRu DSACs showcased a remarkable
orientation (Figure 15M). In situ Raman measurement activity for the alkaline HER (10 mV@10 mA cm™2),
verified that the adsorbed construction of water was better than that of Pt/C (31 mV). Note that, up to now, in-
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depth research about the local microenvironment of Ru-
related electrocatalysts for the alkaline HER is limited
and worth our research.

2.4 | Self-optimization

The real active component plays a decisive role in the
investigation of the intrinsic catalytic mechanism, while
the actual active component relies on whether the cata-
lyst will be reconstructed during the electrocatalytic
process.'**%7 The self-reconstruction also occurs for the
Ru-based catalysts during the HER process in alkaline
conditions.

For example, Zhu et al. homogeneously dispersed Ru-
based clusters on the sodium-cobalt oxide layer with the
doping of single Ru atoms (Ru/NC) via a cation-exchange
reaction strategy.68 Moreover, the dispersed Ru-based
clusters were next to the single Ru atoms. The Ru/NC
delivered a Pt-like activity for the alkaline HER
(25 mV@10 mA cm™?). Operando XAS results indicated
that the prepared Ru/NC compound was the “pre-catalyst”

B 2o R8¢

instead of the actual catalytic species. Actually, the Ru
hydroxide clusters were effortlessly reduced to metallic Ru
clusters during the HER process, thus, revealing that both
the single Ru atoms and Ru clusters acted as active sites for
the alkaline HER (Figure 16A), which was also confirmed
by further theoretical calculations. Zhang et al. reported a
monocrystalline Sr,Ru0, bulk (Figure 16B),*® synthesized
by using a floating-zone strategy, which acted as the
alkaline HER catalyst. Such catalysts arrived at
1000 mA cm 2 only requiring 278 mV and also displayed
superior stability over 56 days with successive working
under an ampere current density and then at high working
operating temperatures up to 70°C (Figure 16C). They
found that there was surface reconstruction during the
electrocatalytic process with the in situ generation of
ferromagnetic Runanoclusters at the Sr,RuO, bulk surface
through elemental mapping, TEM, and XPS (Figure 16D).
Such self-reconstruction improved the charge transfer
ability and wettability of the monocrystalline catalyst,
enabling the fast H, production behavior even under
ampere current densities (Figure 16E). Pang et al. synthe-
sized PtRu alloy nanoparticles anchored on surface-

(C) Acidic

P 4 I
O S0
) ‘OO o < 0 1 2 3 4 5
ORu O =i ~1000 MAcm?@ 25°C <+— |—> ~ 1300 mAcm?2@ 70°C
N
- 0gg% -
Alkaline
- o ‘ 0 14 28 42 56
@ Cathodic o (-_Q) O Time (day)
potential st ORu (E) 69.17° + 1.25°

smQ 0O o

o % & O

OO :y‘—\‘o

(F)

°®H oC®0 ®@Ru @Pt 0 2, 4 6

c (D)
Lb%o% o @H O,”b',:‘

'_R‘ul - SRO: 0.29¢~ Rug/ SRO

0.4 nm

c

i @ 9
%7 Q%?’SUZ — SRO: 0.19¢"
O3l W, D § é 80.86° + 0.55°
p ST T 8 ,? 05
T SIHEOs
(G) (H)
Pt L;-odgs T RuK-cdge
0.1 V| 01V

[(R)(A®)
%
W+
e

N
<
v

[(RIA?)

Ex situ] f Ex situ
2 4 6
Radial distance (A)

Exsitu OCV  +02V 01V
Working condition

°

Radial distance (A)

FIGURE 16 (A) Schematic model of the structural transformation in Ru/NC toward HER.®® Copyright 2023 Wiley-VCH. (B) Three-
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embellished carbon nanotube (PtRu/mCNTs) by using
laser irradiation in liquid strategy (Figure 16F).”° The ob-
tained PtRu/mCNTs exhibited a small overpotential of
15mV toreach 10 mA cm~2in alkaline electrolyte for HER,
which was superior to the commercial Pt/C (39 mV).
Operando XAS results confirmed that there was a surface
reconstruction of PtRu nanoparticles during the HER
process. Moreover, Pt atoms were inclined to move from
the surface to the interior of PtRu nanoparticles, increasing
the alloying degree between Pt and Ru atoms (Figure 16G—
I). Such self-optimization of PtRu/mCNTs greatly regu-
lated both their geometric and electronic structure,
enabling a remarkable activity toward the alkaline HER.
Therefore, it is very important that the self-optimization
process and identification of the real active sites need to
be investigated in detail to understand the reaction essence
of Ru-related electrocatalysts for the alkaline HER.

3 | CONCLUSIONS AND PERSPECTIVES

Various Ru-related catalysts toward the alkaline HER
have been explored with the step forward of theoretical
simulation techniques and material engineering tech-
niques. The above-involved Ru-based HER catalysts
include Ru-based alloys, Ru-based MOFs, Ru-based
sulfides, and Ru-based oxides, all of which possess

EcoEnergy wi gy »

enough exposed active sites, anchoring preference effect
of reaction intermediate species during the alkaline
HER process. Moreover, the above-summarized effec-
tive material engineering methods are designed either
to optimize the interaction between the catalytic spe-
cies and specific reaction intermediate species or to
reduce the reaction energy barrier of the overall HER
process. Of note, various material engineering strategies
may not have any preference for the different kinds of
Ru-related materials. For example, although the dis-
cussion of the aforementioned metal element engi-
neering mainly focuses on Ru-based alloys, this strategy
can also be appropriate for Ru-based MOFs and Ru-
based metal oxides, etc.’*®* In addition, these strate-
gies may be also used to design advanced catalysts
toward other electrocatalytic reactions. Furthermore, to
profoundly understand and control the design of Ru-
related electrocatalysts toward the alkaline HER,
several challenges and opportunities should be a
concern as illustrated in Figure 17.

3.1 | Development of practical hydrogen
evolution electrocatalysts

A major remaining issue is that the mass loading of Ru in
mostly reported Ru-based catalysts is still relatively high,

Match of experimental
and theoretical
calculations

R g — < s
Development of practical
hydrogen evolution
electrocatalysts

H,0 H,
Understand the reaction
essence of Ru-based
electrocatalysts

FIGURE 17 Summary of challenges and future perspectives to design advanced Ru-based catalysts.

85U8D 17 SUOWIWIOD 3RS0 3(ed|jdde 3y} Aq peusenob afe sapiie YO ‘SN JO S3INJ 104 A%eiq1 T 8UIUO AB|1M UO (SUOIPUOD-PLE-SWULS}W0D A8 | IM A leIq | [oul | JUO//STNY) SUORIPUOD P SWB L 38U} 885 *[7202/T0/70] Uo ArigiTauliuo A8iim ‘Aiseaun Buy-bunyd Aq +-2a08/200T 0T/I0p/woo A | 1w Areiq 1 eutjuo//Sdny WwoJy papeo|umoq ‘T ‘€202 ‘66865682



HOU Er AL.

» | _wiLey_ECOEnergy

relative to the unique properties of the noble Ru metal.
Such results will extremely hinder the mass production of
Ru-based catalysts for the alkaline HER with low cost.
For the future development of highly active Ru-related
HER electrocatalysts with low dosages of Ru, firmly
dispersing sub-nanometer Ru clusters on the substrates
can perhaps be an effective and promising method. It has
been demonstrated that sub-nanometer Ru clusters are
more active for the alkaline HER relative to Ru nano-
particles and single atoms. The supported Ru clusters
cannot merely increase the availability efficiency of Ru
atoms compared to Ru nanoparticles but also create a
more versatile interfacial local coordination environment
than those of either Ru single-atoms or nanoparticles.
Furthermore, the specific geometric nanostructure of
supported Ru cluster catalysts, to some extent, can pro-
vide the maximum utilization of metal atoms around the
metal-support interface, and the spontaneously formed
EMSI can also contribute to enhancing both the activity
and stability of Ru-related catalysts toward the alkaline
HER.

3.2 | Understanding the reaction
essence of Ru-based electrocatalysts

The real active sites and deactivation phenomenon need to
be investigated in detail by more advanced characteriza-
tion techniques, such as in situ scanning electrochemical
microscopy, X-ray and vibrational spectroscopies, and so
on. Meanwhile, the local microenvironments (such as
local ionic concentration, electric field, pH, and electric
double layer, etc.) and the dynamic conversion of catalysts
surface play a decisive role in the determinant of actual
active species and deactivation factor, which should be
taken seriously in future research.

3.3 | Match of experimental and
theoretical calculations

Last but not the least, more comprehensive theoretical
calculations need to be explored and used for Ru-based
HER catalysts, owing to most of the reported simulated
results based on the overlook of actual experimental
conditions, such as pH, electric field, solvation effect, etc.
Accordingly, the theoretical calculations should be
closely combined with the experimental data, especially
the in situ characterization data, which would preferably
uncover the actual H, generation process. Moreover,
high-throughput theoretical calculations are suggested to
screen and design advanced Ru-based catalysts for the
alkaline HER.
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