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Recent Advances in Engineered Ru-Based Electrocatalysts
for the Hydrogen/Oxygen Conversion Reactions

Xianjun Cao, Juanjuan Huo, Lu Li, Junpeng Qu, Yufei Zhao,* Weihua Chen, Chuntai Liu,

Hao Liu,* and Guoxiu Wang*

The application of renewable energy conversion devices is considered as
one of the effective ways to alleviate the energy shortage and environmental
pollution. Designing electrocatalysts with excellent performance and
affordable price is promising to accelerate the reaction process and large-
scale application. At present, ruthenium (Ru)-based nanomaterials have
shown similar catalytic activity but superior price demand compared to
commercial Pt/C. This undoubtedly makes Ru-based nanomaterials a
perfect candidate to replace advanced Pt catalysts. Significant progress is
made in the rational design of Ru-based electrocatalysts, but an in-depth
understanding of the engineering strategies and induced effects is still at an
early stage. This review summarizes the modification strategies for enhancing
the catalytic activity of Ru, including surface structure, metal element,
nonmetal element, size, bimetallic oxides, and heterostructure engineering
strategies. Then the induced electronic modulation effects generated by

the intramolecular and intermolecular of the Ru-based nanomaterials are
elucidated. Further, the application progress of engineered Ru-based nano-
materials for hydrogen and oxygen conversion reactions is highlighted, and
the correlations of engineering strategies, catalytic activity, and reaction
pathways are elaborated. Finally, challenges and prospects are presented for
the future development and practical application of Ru-based nanomaterials.

1. Introduction

The excessive consumption of non-
renewable fossil fuels causes severe
worldwide problems of energy shortage
and environmental pollution. There-
fore, it is important to pursue green and
clean energy as candidates to mitigate
the energy crisis and global warming.['*!
Hydrogen with high specific energy den-
sity produced by water electrolysis devices
is promising to store renewable and sus-
tainable energy.®’l The oxygen evolution
reaction (OER) occurs at the anode of
the water electrolysis device and needs to
be driven at a high overpotential, which
severely limits the overall efficiency of
H, production. Fuel cells have also been
widely studied due to their high energy
density, high energy conversion rate, and
environmental friendliness. Fuel cells,
including anion exchange membrane fuel
cell (AEMFC), zinc—air fuel cell (Zn-air
battery), undergo oxygen reduction reac-
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tion (ORR) at the cathode, and hydrogen

oxidation reaction (HOR) and OER occur
at the anodes, respectively.®!l The electrocatalytic activity of
the aforementioned hydrogen evolution reaction (HER), OER,
ORR, and HOR are closely dependent on the nature of the
electrocatalysts. Therefore, the selection of suitable and highly
efficient electrocatalysts to accelerate these reactions is crucial
for future commercial applications of electrochemical conver-
sion devices.!!

Precious metal platinum (Pt) is regarded as the “Holy Grail”
for hydrogen—oxygen energy conversion reactions, exhibiting
excellent catalytic activity and stability.'*) However, the high
price is the main obstacle impeding the large-scale imple-
mentation. Recently, ruthenium (Ru) has been investigated as
one of the promising candidates to replace Pt with relatively
low cost (only 6-36% of Pt).151] In 1926, it was the first time
discovered that a small amount of ruthenium chloride could
oxidize the mixture of hydrobromic acid and perchloric acid to
bromine.”l Then, Ru-based electrocatalysts have revealed vital
electrocatalytic performance for both reduction and oxidation
reactions. For instance, Ru(IV) has been extensively studied as
catalysts for OER.I"®2l However, over-oxidizing RuO, to higher
oxides (RuO, + 2H,0 — RuOy (aq) + 4H" + 4e7) at high OER
overpotentials leads to the dissociation of RuO, and the reduced
catalytic activity.?] Ru-based catalysts for HER have been
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Figure 1. Modification strategies for Ru-based materials. Schematic illustration of various Ru-based catalyst development strategies, resulting in elec-
tronic modulation effects to promote renewable energy conversion reactions, including HER, HOR, ORR, and OER.

studied referring to the 1970s, and the metallic Ru was found to
have a similar H-binding strength (65 kcal mol™) to Pt, which
laid a theoretical foundation for designing Ru-based HER elec-
trocatalysts. Furthermore, the strong oxophilicity properties of
Ru makes it favorable for the preferential adsorption of OH*
and O, to promote HOR and ORR processes, respectively.?2-2%]
Therefore, considerable efforts and strategies have been
devoted to developing Ru-based nanomaterials with specific
properties and excellent catalytic capability. It is demonstrated
that the combination of Ru with the chalcogen Se resulted in
the electron transfer from Ru to Se, which increased the ORR
catalytic activity.?¢¥] Furthermore, increasing the crystallinity
of metallic Ru was considered to be an effective way to promote
the HER and designing Ru single atoms embedded carbon sub-
strates maximized the atom utilization and promoted the ORR
catalytic activity.?8:2%

Previously, there are some excellent review articles related to
Ru-based materials for water splitting have been reported, cov-
ering the preparation, characterization methods to the impacts
of the modification strategies on the catalytic activity.3034
However, a comprehensive and systematical review regarding
the engineering strategies and the corresponding electron
modulation effects of Ru-based electrocatalysts for hydrogen/
oxygen conversion reactions, including HER, OER, ORR, and
HOR, is lacking and desired. Herein, we review the latest
research progress of Ru-based electrocatalysts for the above
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energy conversion reactions and provide an overview of the
relationship between the engineering strategies and catalytic
performance (Figure 1). First, the engineering strategies for
the Ru-based nanomaterials are discussed, including surface
structure engineering, metal element engineering, nonmetal
element engineering, size engineering, bimetallic oxides,
and heterostructure engineering strategies. Then, the cor-
responding electron modulation effects induced by the engi-
neering strategies will be summarized. In addition, we will
focus on the Ru-based catalysts with desired engineering
strategies and enhanced mechanisms in HER, HOR, ORR,
and OER electrocatalytic reactions. The fundamental insights
can provide guidance in designing high-performance cata-
lysts for electrocatalysis. Finally, the research challenges and
future application prospects of Ru-based electrocatalysts are
highlighted.

2. Engineering Strategies of Ru-Based Materials

The modification of Ru-based materials can effectively tune
the electronic structure, which not only optimizes the binding
energy to reactants/intermediates, but also lowers the reac-
tion energy barrier of the rate-limiting step. Therefore, proper
engineering strategies developed for Ru-based materials are
helpful in exerting the corresponding catalytic activity. This
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Figure 2. a) High-resolution transmission electron microscope (HR-TEM) image of fcc Ru NSs. b) Schematic diagram of different adsorption
sites on Ru(001) surface; a-hollow sites; b-top sites; c-bridging sites. Reproduced with permission.B® Copyright 2016, American Chemical Society.
) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of fcc Ru NPs. d) Gibbs free energy diagrams of
HER in different structures of Ru and Pt. Reproduced with permission.l*2l Copyright 2016, American Chemical Society. ¢) HAADF-STEM images of fcc
Ru nanoparticles with stacking fault structures. f) Binding energies of OH* on fcc and hcp Ru surfaces. Reproduced with permission.[* Copyright
2021, Elsevier. g) HR-TEM image of Ru branches and fast Fourier transform (inset). h) Chronopotentiometry (CP) curves of Ru branches (black) and
polycrystalline nanoparticles (gray) in 0.1 m HClO,, Reproduced with permission.[*! Copyright 2020, Wiley-VCH.

section will discuss the modification of Ru-based materials
from the following five aspects: 1) surface structure engi-
neering strategies, adjusting the crystal structure results in
the rearrangement of surface Ru atoms and the adsorption
ability of active intermediates; 2) metal element engineering
strategies, alloying with other metals improves the intrinsic
activity of Ru catalysts due to the charge redistribution;
3) nonmetal element engineering strategies, the introduction
of nonmetal (O, P, and B) element to accept the excess elec-
trons from Ru reduces the reaction energy barrier of electro-
catalysis; 4) Ru-based bimetallic oxides, the synergistic effect
of metal elements and nonmetal O to tune the electronic
structure of Ru-based catalysts; 5) size engineering strategies,
reducing the size of Ru-based materials highly enhances the
metal atom utilization and specific catalytic activity; 6) het-
erostructure engineering strategies, charge redistribution at
the heterointerface leads to favorable electronic structure and
boosted catalytic capability.

2.1. Surface Structure Engineering Strategies

The Ru surface structures, including crystal phase and mor-
phology, have a vital influence on the structural and catalytic
properties.’l The rearrangements of surface Ru atom induced
by the crystal phase structures affect the electronic structure
and thus their catalytic capability. Ru nanocrystals generally
have two crystal structures, namely, hexagonal close-packed
(hcp) and face-centered cubic (fcc).3% Metallic Ru thermody-
namically favors the hcp structure, while the fcc structure is
metastable. However, the Ru—Ru bond strength in the fcc struc-
ture is always greater than that in the hcp structure.?*-38 Due to
their different atomic arrangements, the fcc and hcp phase Ru
nanocrystals possess different catalytic activities, respectively.
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A simple solvothermal method can be used to obtain the Ru
nanosheets with hcp phase. The characterization results dem-
onstrated the presence of the (100) and adjacent (002) facets in
hcp Ru nanocrystals. Density function theory (DFT) calculations
indicate the hollow sites in the (001) fact of the hcp are respon-
sible for the smaller Gibbs free energy of hydrogen (AGys+) and
boosted HER performance (Figure 2a,b).3% Nevertheless, it is
reported that fcc-phase Ru catalysts exhibited superior cata-
lytic performance to those of hcp-phase Ru catalysts.“O#! For
instance, it is found that the Ru fcc (111) in Ru/C;3N,/C is active
to lower the water dissociation energy barrier and weaken the H
bonding for HER in 0.1 M KOH solution, delivering the overpo-
tential of about 40 mV lower than that of Ru hcp (Figure 2¢,d).[*?
The fcc-Ru was also revealed to be more favorable for HOR. The
designed unconventional fcc-Ru/C with twinning and stacking
fault structures exhibited superior HOR activity than that of
hcp-Ru/C with the same particle size due to the stronger OH*
binding ability (Figure 2e,f).¥l In addition to being composed
of pure hcp or fcc phases, Ru nanocrystals can also be prepared
with mixed fcc and hep phase structures, which promote HER
catalytic activity under their synergistic effect.[*l

The morphology of Ru nanocrystals can induce the expo-
sure of specific facet and alter the electrocatalytic process. The
fce-structured octahedrons, truncated cubes, and nanoparticles
have been prepared, and fcc-Ru octahedra exhibited the lowest
overpotential for OER (17;y = 168 mV) compared to truncated
cubes (1750 = 189 mV) and nanoparticles (17;0 = 197 mV) in 0.5 m
H,SO, solution. This is due to the fact that the truncated cubes
are covered by {100} planes, whereas fcc-Ru octahedra are sur-
rounded by {111} planes. The {111} facets more effectively
lower the reaction energy barrier, thereby promoting the OER
reaction.®! In addition, the specific crystal face exposed by the
design of special morphology also helps to inhibit the dissolu-
tion of Ru atoms on the surface and increase the stability of the
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Figure 3. a) HAADF-STEM and corresponding energy dispersive spectroscopy (EDS) elemental mapping images of RuNi NSs. b) HER polarization
curves of RuNi NSs and comparative samples. c) Free energies of H adsorption on Ru, Pt, and RuNi surfaces. Reproduced with permission.>l Copyright
2019, Elsevier. d) TEM, e-h) HAADF-STEM images, and EDS elemental mapping of Mo-Ru-2. i) HBEs and OHBEs and j) ji , of the alkaline HOR and
Jjm of the alkaline HER vs OHBE values of Ru, Mo-Ru-1, Mo-Ru-2, and Mo-Ru-3. Reproduced with permission.l®!l Copyright 2022, American Chemical

Society.

catalyst. Ru-branched nanoparticles with hcp crystal phase struc-
ture expose more {0001}, {10-10}, and {10-11} low-index crystal
planes than polycrystalline Ru nanoparticles. The low-index
surface has fewer high-energy defect sites, which provides a
slow Ru dissolution rate. The branched nanoparticles still main-
tained high OER catalytic activity within 4 h, while the poly-
crystalline nanoparticles had a large amount of Ru dissolution
within 1 min, leading to catalyst deactivation (Figure 2gh).l*¢l

2.2. Metal Element Engineering Strategies

Alloying is an effective strategy to tune the intrinsic cata-
lytic activity of the metal hosts.”! Due to the different atomic
radius and electronegativity, the electronic structure of Ru can
be easily adjusted when incorporating other metal elements
into the lattice, and thus promote the electrocatalytic activity.
Moreover, the incorporated metal element can also act as addi-
tional active sites to synergistically accelerate the catalytic reac-
tion. Due to the excellent corrosion resistance and high catalytic
activity of noble metals (such as Pt, Ir, Pd, and Au), alloying
with Ru will significantly improve the corresponding intrinsic
activity. PtRu is the most studied alloyed material, which has
been widely used as electrocatalysts for HOR, HER, etc.[*->1 Ru
atoms possess stronger oxidophilicity than Pt atoms. Therefore,
a bifunctional mechanism can be found in PtRu alloys, which
arises from the synergistic effect of Pt and Ru. In terms of
HOR, Ru acts as an active site to adsorb OH* to accelerate the
generation of H,0.5°2] Moreover, the electronic effect between
Pt and Ru weakens the adsorption of H* by PtRu.l* Alloying
combined with morphology design can further increase the
catalytic activity. Rulr nanosized-coral (Rulr-NC) with a special
coral-like structure exhibited superior OER activity and stability
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compared to their spherical counterpart (Rulr-NS). The aniso-
tropic Rulr-NC consists of a solid solution of hcp phase with
exposed extended {0001} planes. The exposed {0001} faces with
the lowest surface energy effectively inhibit the oxidation of
both Ir and Ru in Rulr-NC, enabling long-term stable proper-
ties during acid chronopotentiometry testing for up to 120 h.l>*

Alloying Ru with the abundant transition metals (Fe, Co,
Ni, Cu, etc.) can not only modify the electronic structure of
Ru to enhance or maintain the catalytic ability, but also highly
reduce the corresponding cost.’>># For example, RuNi alloys
(RuNi NSs) stacked with multilayer hexagonal nanosheets
were synthesized using a one-pot hot solvent method.”” Ru
and Ni elements were uniformly distributed on the nanosheets
(Figure 3a). When RuNi NSs were used as electrocatalysts for
alkaline HER, a current density of 10 mA cm™ can be achieved
at the overpotential of 15 mV, which is significantly better
than those of single metal Ru NSs (7739 = 134 mV) and Ni NSs
(o = 248 mV)-based catalysts (Figure 3b). The DFT results
have revealed that the introduction of Ni leads to the optimized
H adsorption free energy on RuNi NSs, which promotes H
adsorption and desorption processes (Figure 3c). Moreover, it is
worth mentioning that transition metal cations with unpaired
d electrons or empty d orbitals can activate reaction intermedi-
ates to promote the catalytic reactions after alloying with Ru.[¥!
For example, the transition metal Mo with unpaired d electrons
has been incorporated into Ru NPs for basic HOR/HER reac-
tion (Figure 3d-h). DFT calculations showed that the OH*
binding energy on Mo-Ru/C exhibited an ascending trend with
increasing Mo content (Figure 3i). Figure 3j shows a volcano-
type relationship between the HOR/HER activity and hydroxide
binding energy (OHBE) value of Mo-Ru in alkaline media, and
Mo-Ru-2 with moderate OHBE strength is responsible to the
enhanced HOR/HER activity.[!
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2.3. Nonmetal Element Engineering Strategies

Nonmetallic heteroatoms (O, P, B, S, N, etc.) possess high elec-
tronegativity, and the local coordination environment of Ru can
be optimized by forming Ru-heteroatom bonds, resulting in a
larger electron transfer from Ru to these heteroatoms. Thus,
the electron density and d-band center of the active metal site
are carefully altered, which facilitates the adsorption of reac-
tants and intermediates.[626]

The incorporation of O atoms to Ru crystal structure forming
RuO, has been considered promising OER catalysts due to the
relatively higher activity. Ru is coordinated with five O atoms in
RuO, (110) facet to form an unsaturated site (Rug), which is
the adsorption site for water molecules in the acidic OER pro-
cess to preferentially generate *OOH through successive depro-
tonation.l?2% In addition, high-index crystal planes usually have
more steps, kinks, etc., with high surface energies and active sites
containing atoms with low coordination numbers. Exposing the
high-index surface is conducive to the adsorption of active inter-
mediates to further enhance the catalytic activity of Ru0,.[>7]
Except for the crystallized structure, the RuO, with the amor-
phous phase possesses randomly arranged atom distribution,
which not only produces a large number of unsaturated sites and
defects, but also leads to a certain self-regulation and antidistur-
bance ability in the structure, boosting the corresponding cata-
lytic activity and stability.®®*%] For example, RuO, with ordered
crystalline and disordered amorphous phases coexist (a/c-RuO,)
has been prepared. The amorphous structure improves the
adsorption of reactants and lowers the OER reaction energy bar-
rier of the rate-determining step (RDS). In addition, the flexible
structural properties of a/c-RuO, inhibit the dissolution of Ru
due to excessive oxidation and maintain stability. The 7, of a/c-
RuO, in electrolytes at pH 0, 7, and 14 are 220, 287, and 235 mYV,
respectively, which are significantly lower than that of commer-
cial RuO, (322, 470, and 312 mV, respectively).’"!

Similar to O element, phosphorus (P) is another prom-
ising nonmetal element to be incorporated to engineer the
structural and catalytic properties of Ru-based catalysts. P as
electron acceptors can induce the electrons to transfer from
Ru to P when forming Ru—P bonds, highly reducing the elec-
tronegativity of Ru and thus enhancing the corresponding HER
catalytic activity.”7?l For example, P—Ru NPs were obtained
with uniform distribution of Ru and P elements, suggesting P is
successfully incorporated into Ru NPs (Figure 4a). P-Ru/C exhib-
ited superior HOR/HER mass activity (MA) compared to the
undoped Ru/C, ascribing to the modulated electronic structure
and negatively shifted d-band center of Ru atoms induced by P
incorporation, which highly enhanced the H, desorption ability
in the HER process and changed the RDS from water formation
to water desorption step in the HOR process (Figure 4b,c).?!
The light element B with a small atomic radius has a moderate
electronegativity between metals and nonmetals.” When B is
introduced into the Ru atomic structure, it can also induce the
electrons redistribution, forming a strong ligand effect of sp-d
orbital hybridization between B and Ru atoms, which makes the
d-band center of RuB move down (Figure 4d,e). This results in
an extremely low AGy« value (close to zero) and overpotential
(Tho = 22 mV) for RuB, which is significantly superior to that of
metallic Ru (AGyx = —0.6 eV, 79 = 110 mV)./’!
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2.4. Ru-Based Bimetal Oxides

As discussed above, incorporating O atoms to Ru crystal struc-
ture forming RuO, is a promising strategy to achieve boosted
catalytic activity. Further engineering RuO, by metal element
forming bimetallic oxides may further tune the electronic struc-
ture and synergistically accelerate the catalytic reactions. The
incorporated additional metal element to RuO, can efficiently
balance the catalytic activity and stability to compensate the
drawbacks of RuO, (poor stability) in the catalytic process.’®”")
In addition, the additional second metal element can also
directly serve as active sites, opening up new horizons for the
electrocatalytic applications of Ru-based bimetallic oxides. Cur-
rently, the most investigated second metal element for RuO,
are noble metals (Ir, Pt, etc.) and nonprecious metals (Cu, Fe,
Co, Ni, Mn, etc.).

IrO, is one of the most promising electrocatalysts for OER
with excellent performance. Metal Ir (0.077 nm) shares a sim-
ilar atomic radius to that of Ru (0.076 nm).”3” Therefore,
when metal Ir is introduced into Ru oxide, a bimetallic oxide
solid solution phase can be formed, in which the Ru and Ir
elements are uniformly distributed. The incorporated Ir can
significantly enhance the corrosion resistance of RuO, in elec-
trocatalytic conditions.**! For instance, the IrRuO, solid solu-
tion nanoparticles supported by TiO, (IrRuO,/TiO,) have been
prepared by impregnation and thermal oxidation method. The
achieved IrRuO,/TiO, delivered 1.33 times higher mass activity
compared to that of mechanically mixed unsupported IrO,-
RuO,. Moreover, the presence of Ir in IrRuO,/TiO, effectively
avoided the irreversible reaction to generate the hydrated Ru*
and Ru®, which stabilized the intermediate RuO, and inhib-
ited the Ru dissolution. The IrRuO,/TiO, achieved excellent
stability with only 7% decay after 100 CV (cyclic voltammetry)
cycles, whereas the mechanically mixed IrO,-RuO, were
decreased by 15%.% Moreover, Ir,Ru;_,O, bimetallic oxides
with nanofibrous structure showed superior HER electrocata-
lytic activity over RuO, after cathodic polarization in 1 M NaOH
solution. The Tafel slopes of Ir,Ru;_,O, and RuO, are 31.5 and
478 mV decl, respectively. Through sustained cathodic polari-
zation, the surface Ru and Ir oxides of Ir,Ru;_,O, are partially
reduced to metallic Ru and Ir, thus showing the optimum H*
adsorption energy.l®!

The introduction of transition metals with high conductivity
into RuO, can also adjust the electronic structure and improve
the intrinsic activity, thus increasing the active sites and opti-
mizing the Gibbs free energy. For example, the as-prepared
hollow polyhedral Cu-doped RuO, (Cu/RuO,) OER electrocat-
alysts exhibited accumulated electrons on Ru sites due to the
replacement of Ru by Cu atoms generating O vacancies. This
results in unsaturated coordinated Ru active atoms on the sur-
face, leading the O p-band center of Cu/RuO, closer to the
Fermi level (shifting from —4.52 to —3.97 eV), thereby increasing
the charge transfer and OER kinetics.®? Moreover, Fe, Co, or
Ni transition metals with empty 3d orbitals can also engineer
RuO, to achieve the suitable d-band center and optimized
adsorption energy of OH* or H* active intermediates. For
example, MRuO, (M = Fe, Co, and Ni) bimetallic oxides were
prepared by a combination of a simple wet chemical method
and thermal annealing in air. MRuO, exhibited excellent OER
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Figure 4. a) Energy dispersive X-ray analysis (EDX) elemental mapping of Ru and P in P-Ru/C. b) Partial density of states (PDOS) and c) reaction
pathways for alkaline HER and HOR of P2-Ru and pure Ru. Reproduced with permission.”l Copyright 2020, American Chemical Society. d) DOS and
PDOS of Ru (0001) and RuB (001) planes. e) The crystal orbital Hamiltonian population (COHP) of Ru—B bonds in RuB. f) Polarization curves of HER
in acidic solution. Reproduced with permission./s! Copyright 2020, Wiley-VCH.

and HER activity in electrolytes with a wide range of pH values
(0.05/0.5 m H,SO,4, 0.1/1 m KOH). The introduction of Fe, Co,
and Ni transition metals made the overpotentials of the Ru-
based bimetallic metal oxides show an inverted volcano plot
relationship with the active intermediates of OER (OH*) and
HER (H*), where Co-RuO, and Ni-RuO, are located at the
lowest points for OER and HER, respectively, showing the best
catalytic activities.[®’]

In addition to the aforementioned Ru-based bimetallic
metal oxides, pyrochlore-type (A;B,0;) Ru-based oxides also

Adv. Energy Mater. 2022, 12, 2202119 2202119 (6 of 29)

possess unique physicochemical properties and stable struc-
tures for electrocatalytic reactions. Pb?*, Bi**, and Y** are
often used as the A-site cations of pyrochlore oxides, which
effectively changes the center energy of the overlap of Ru 4d
with O 2p orbitals.B*8 Y,Ru,0,_5 prepared by the sol-gel
method has delivered a low onset potential of 1.42 V vs rever-
sible hydrogen electrode (RHE) in 0.1 m HCIO, media, which
is much lower than that of RuO, (= 1.47 V). Furthermore,
Y,Ru,0,_s showed much enhanced stability with no obvious
decay after 10 000 CV cycles, whereas the undoped RuO, was
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Figure 5. a) Schematic diagram of the structure of Ru NPs dispersed on CQD. b) TEM image (inset: corresponding particle size distribution of Ru
NPs). c¢) HER polarization curves of Ru@CQDs (480 °C) and other samples in 1 M KOH solution. Reproduced with permission.88 Copyright 2018,
Wiley-VCH. d) Schematic diagram of the structure of Ru nanoclusters dispersed on OMSNNC. e) TEM image (inset: corresponding particle size
distribution of Ru nanoclusters). f) HER polarization curves of Ru/OMSNNC, Ru/NC, Ru/C, and Pt/C in 1 M KOH solution. Reproduced with permis-

sion.l!l Copyright 2021, Wiley-VCH.

almost inactivated after cycling. The boosted OER catalytic per-
formance is mainly attributed to the introduction of Y** cations
at the A-site, which enables Ru in Y,Ru,0,_sto have a lower oxi-
dation state and significantly different Ru—Ru bonds in RuO,,
promoting the adsorption of active intermediates of HOO*. In
addition, the presence of Y** metal ions lowers the center of the
overlapping energy band of Ru 4d and O 2p orbital, showing
more stable Ru—O bonding, thereby enhancing the OER sta-
blllty of YzRuZO7_§.[87]

2.5. Size Engineering Strategies

With the leap forward in surface science, researchers find that
the surface of small-sized Ru nanoparticles is rich with unsatu-
rated atoms and defects compared to bulk Ru, exposing more
active sites to boost the catalytic activity. In addition, the unique
electronic effects on small-sized Ru nanoparticles (e.g., 3.28 nm)
and carbon substrates accelerate charge transfer and facilitate
H,0 adsorption/dissociation for alkaline HER (Figure 5a—c).[%8l
Further downsizing nanoparticles to nanoclusters (NCs)
composed of a few or hundreds of atoms (average size about
2 nm) exhibits fascinating electrocatalytic performance with
strong quantum size effects.%%% The as-prepared ultrafine Ru
clusters supported on N-doped nano-ordered porous carbon
frameworks (Ru/OMSNNCs) exhibited outstanding HER per-
formance, benefiting from the nanocrystal-rich active surfaces
and interconnected porous supports (Figure 5d-f).°Y

It is worth mentioning that a large number of active sites
inside Ru nanoparticles or clusters are inaccessible in elec-
trocatalysis. Therefore, only a small fraction of Ru atoms on

Adv. Energy Mater. 2022, 12, 2202119 2202119 (7 Of29)

the surface participates in the electrocatalytic reaction, which
loses a large number of active atoms. Single-atom catalysts
(SACs) maximize the usage of all active atoms and enhance
mass activity.’?-4 The high surface energy of Ru single atoms
requires to be stabilized on a suitable supporting substrate to
prevent agglomeration during the preparation and catalytic
conditions. The heteroatom-doped carbon supports with large
specific surface area and electrical conductivity are promising
candidates to firmly anchor Ru single atoms for electrocatalysis.
As shown in Figure 6a,b, Ru single atoms (SAs) are dispersed
on N-doped graphene oxide (Ru-N/G) and stabilized by sur-
rounding N atoms. The coordination of N with Ru high-valent
Ru-oxo species to form Ru-oxo-N, structure is the source of the
activation performance of acidic ORR (Figure 6¢).12%l In addition,
Ru-Pt bimetallic dimers on carbon substrate also show excel-
lent catalytic activity. The Pt atoms strongly affect the electronic
structure of Ru atoms, making the Ru-Pt dimers transform
from metal to semiconductor with increasing H adsorption,
which reduces the AGy« of the dimers (Figure 6d,e).%%!

In addition to carbon substrates, noncarbon substrates, such
as alloys, metal oxides, metal hydroxides, metal nitrides, etc.,
are also good carriers for supporting Ru SAs. The Ru SAs can
be stabilized by the metal or nonmetal element in these non-
carbon supports. HER catalyst of NiRu,3-BDC with Ru mono-
dispersed in Ni-based metal-organic framework (Ni-BDC) has
been prepared by ion exchange (Figure 6f).°°) Ru SAs directly
interacts with Ni atoms in the support, which causes charge
accumulation around Ru and charge depletion around Ni, sig-
nificantly affecting the adsorption strength of NiRu3-BDC
for H,0 and H* intermediates (Figure 6g). In addition, the Ru
SAs were stabilized by O atoms forming a Ru-O-Co/Fe ligand
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Figure 6. a,b) Structural simulation and HAADF-STEM of Ru-N/G SACs. c) Fourier transform magnitudes of the experimental Ru K-edge extended X-ray
absorption fine structure (EXAFS) spectra of the Ru-N/G and other comparative samples. Reproduced with permission.?8l Copyright 2017, American
Chemical Society. d) Structural simulation of Pt-Ru dimer dispersed on NCNT. e) AGy;« plots for different H coverages. Reproduced with permission.*’)
Copyright 2019, Nature Publishing Group. f) Schematic illustration of the synthesis of NiRug;3-BDC by ion-exchange method. g) The simulated charge
difference between NiRug13-BDC and Ni-BDC. Yellow represents charge accumulation and blue represents charge depletion. Reproduced with permis-
sion.I® Copyright 2021, Nature Publishing Group. h) In situ X-ray absorption near edge structure (XANES) of Ru K-edge under OER electrochemical
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structure in Ru SAs/CoFe LDH. Electron transfer from Co/Fe
to Ru through O bridge maintains Ru with an oxidation state
below +4 during OER process and promotes the formation of
OOH* intermediate, ensuring the OER activity and stability
(Figure 6h,i).l%"

2.6. Heterostructure Engineering Strategies

Heterostructures composed of Ru species and other metals,
metal oxides, metal phosphides, metal sulfides, etc., are also
effective to improve the catalytic activity of Ru-based electrocata-
lysts. Electron transfer often occurs at the heterointerface of dif-
ferent components, resulting in the charge redistribution and
favorable adsorption of reactive intermediates. For example,
the Ru,P@Ru/CNT heterostructure prepared by the microwave
method has an HER overpotential of 23 mV in 1.0 m KOH,
which is significantly smaller than those of Ru,P/CNT (29 mV)
and Ru/CNT (46 mV). The heterojunction formed between Ru
and Ru,P not only increases the electrochemically active spe-
cific surface area of Ru,P@Ru/CNT, but also enables electron
transfer from Ru to P atoms, facilitating the HER process.®!
In addition, the mutual stretching/compression at the inter-
faces in the core—shell heterostructure can also tune the elec-
tronic structure of Ru-based catalysts. For example, a Pt shell
of three to six atomic layers covered the hcp and fcc phase Ru
nanosheets, respectively. Due to the stronger strain effect and
surface energy of the fcc phase Ru, the characteristic peaks of
X-ray photoelectron spectroscopy (XPS) of shell Pt 4f are shifted
to a more positive direction, which promotes the methanol oxi-
dation reaction.”

3. Electronic Modulation Effect

Electrocatalytic reactions are heterogenous processes domi-
nated by the surface of solid catalysts, which usually involve
multiple reaction intermediates. Therefore, the binding ability
between the intermediates and active sites plays a decisive
role for catalytic activity. Tuning the electronic structure of the
catalysts is considered to be the most straightforward way to
alter the adsorption/desorption behavior of intermediates, and
thereby the catalytic performance. The above-summarized engi-
neering strategies can efficiently alter the electronic structure
of Ru-based nanomaterials through composition optimization/
doping and phase/interface adjustment. Thorough investiga-
tion of the induced effects is beneficial to understand the rela-
tionship between the atomic structure of Ru-based catalysts
and the corresponding catalytic activity. We will classify the
induced effects into intramolecular electronic modulation effect
and intermolecular electronic modulation effect in Ru-based
nanocatalysts. Intramolecular electronic modulation effect
refers to the occurrence of metal/nonmetal doping and sur-
face structure optimization, whereas intermolecular electronic
modulation effect refers to the interaction between different
components in the heterostructure or between active molecules
and supports. Both of intramolecular and intermolecular elec-
tronic modulation effects can induce the charge redistribution
and influence the catalytic capability. First, the intramolecular
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electron modulation effect of heteroatom doping promotes the
spontaneous migration of electrons to the atoms with stronger
electronegativity, resulting in charge redistribution. The dif-
ferent surface structures of nanocatalysts usually generate
atoms with different coordination numbers (CN), which change
the d-band center of the catalyst and thus affect the adsorption
capacity of intermediates. Second, the intermolecular electronic
modulation effect is the charge transfer between distinct inter-
faces, such as hetero-interfaces and active molecule-support
interfaces, prompting the charge redistribution on the inter-
face. Intramolecular and intermolecular electronic modulation
effects not only affect the physical properties of materials such
as electrical conductivity, but also affect the adsorption capacity
of intermediates, which is an important basis for improving
catalytic activity. To fully exploit the potential of Ru-based nano-
materials, researchers often use a combination of modifica-
tion strategies to construct suitable electronic mechanisms. In
the following section, we will discuss the resulted electronic
modulation effects from both intramolecular and intermolec-
ular aspects for Ru-based materials.

3.1. Intramolecular Electronic Modulation Effect

The intramolecular electron modulation effect is mainly caused
by metal or nonmetal element incorporation. The different
ionic radius and electronegativities between Ru and the incor-
porated heteroatoms can inevitably induce the electron transfer,
resulting in the charge redistribution around Ru atoms, thereby
boosting the catalytic activity. Nonmetallic heteroatoms with
smaller atomic radius and larger electronegativity can attract
electrons, making the Ru atoms with an electron-deficient
structure or phase distortion. This effectively tunes the elec-
tronic structure and changes the d-band center of the catalysts
and thus affecting the catalytic activity. For instance, the pyrite-
type RuS, nanomaterials with the S element resulted in inter-
mittent lattice fringes, indicating the formation of disordered
structures, which increases the electrochemical surface area
and HER, OER catalytic activity.('%

Incorporating metal element can also modulate the elec-
tronic structure of Ru-based catalyst, and meanwhile it may
also lead to additional active sites.l Ru possesses a strong
binding ability to H, making it unfavorable for H desorp-
tion in HER, whereas Cu shows a weak binding ability to H,
making it difficult to adsorb H. When Ru and Cu are alloyed,
the formed electronic modulation effect can efficiently pro-
mote the HER process.”® Specifically, characterization results
indicated the electrons transferred from Cu to Ru atoms after
alloying (Figure 7a-d,g). DFT calculations further verified that
the electronic modulation effect makes both the water dissocia-
tion energy barrier and H* adsorption free energy of Ru and
Cu sites in the alloy smaller than those of the counterparts with
a single Cu or Ru metal (Figure 7e,f). In addition, Nanba et al.
also found that the coordination number of surface atoms in
hcp and fcc phases with different morphologies significantly
affects the d-band center of Ru NPs by DFT calculations. The
surface of icosahedral fcc Ru NPs has only {111} crystal planes
with the largest average coordination number, which makes its
d-band center smaller than that of hcp Ru NPs and truncates
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Figure 7. a) XPS spectra of Cu 2p with different Cu/Ru atomic ratios. b) Normalized XANES and c) FT-EXAFS for the Cu K-edge. Operando XANES
spectra during HER process at d) the Cu K edge and g) Ru K-edge of np-Cus3;Ruy; at different applied voltages. e) Free energy diagram of the adsorp-
tion step of H,O on Ru and Cu sites in CusgRus alloy. f) H adsorption free energy diagram. Reproduced with permission.[5¢ Copyright 2020, American

Chemical Society.

octahedral fcc Ru NPs about 0.2-0.4 eV. And the icosahedral
fcc Ru NPs have negative twin boundary energy, which further
stabilizes the nanoparticle structure. The obtained conclusions
provide a theoretical basis for the future surface structure
design of Ru nanocatalysts from electronic structure and
stability.[02]

3.2. Intermolecular Electronic Modulation Effect

The intermolecular electron modulation effect is induced by the
interaction among core—shell, heterostructure, or catalyst-sup-
port interface to tune the electron distribution of Ru-based cata-
lysts, thereby optimizing the adsorption energy of reactants/
intermediates.['>104 Fabrication of ultrathin shells at the atomic
scale can change the chemical properties and surface electronic
structures of core—shell structure materials, so that the catalytic
activity exhibits a dependence on the thickness of the shell. For
example, PAO@RuO, hexagonal nanosheets with shell thick-
nesses of two, four, and six atomic layers were obtained after the
thermal oxidation of Pd@Ru NSs (Figure 8a,b).l%! The PdO@
RuO; NSs with two and six overlayers shifted the d-band center
up due to their strong binding ability to O*, while the d-band
center with four atomic layers shifted down, showing weakened
O* binding ability, which promoted the formation of OOH* key
intermediates in the acidic OER process (Figure 8c). In addi-
tion, the core-shell structure may result in a high-strength
strain at the core/shell interface, leading to superior catalytic
activity than conventional strain-free materials.% The negative
shift of the Pt—-Ru and Pt-Pt peaks in Ru@Pt icosahedral core—
shell structure indicates the presence of compressive strain in
the Pt shell (Figure 8d,e), making Ru@Pt favorable to the OH*
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and H* adsorption in the HER process, thus enhancing the
alkaline HER catalytic activity.['"’]

Electrons spontaneously transfer between different struc-
tures at the interface of heterostructure promoting the adsorp-
tion capability of intermediates on the catalyst surface.[10810%
For example, Ru-RuO, Mott-Schottky (MS) heterojunctions
consist of typically closely contacted twinned nanocrystals of
Ru and RuO, (Figure 8f,g). The strong interaction between
the heterostructure of Ru and RuO, enables electron transfer
from Ru to RuO,, which leads to the up-shifted d-band center
of Ru—-RuO,, thereby facilitating the adsorption/desorption of
the intermediates in OER and HER processes (Figure 8h,i)."%

The interaction of Ru with the carrier plays an important
role in optimizing the local geometric and electronic structure
on the Ru active site, which is caused by their different Fermi
levels and work functions. Highly ordered carbon materials can
be used as models to study the electronic modulation effect
between Ru and supports. The introduction of highly electroneg-
ative heteroatoms (N, P, S) and/or defects into carbon materials
will increase the loading and dispersion of Ru atoms, thereby
enabling charge redistribution to facilitate the chemisorption.
For example, a triazine ring (C;3Ns3)-doped carbon support
(triNC) with high local nitrogen density increases the work
function of the carbon support, which leads to the highest elec-
tron loss of Ru atoms (Figure 8j—n). The charge redistribution
from Ru to triNC enables Ru/triNC to exhibit strong hydrolysis
ability and moderate H adsorption strength (Figure 8o,p).' In
addition, noncarbon supports such as metal-based oxides, car-
bides, phosphides, and nitrides have more complex electronic
structures. The 2D MXenes not only have high specific surface
area and excellent electrical conductivity, but also present abun-
dant single vacancies or vacancy clusters.” Ru single atoms on
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Figure 8. a) HAADF-STEM and corresponding EDS elemental mapping images of PdA@Ru NS. b) Schematic illustration of the surface structure of
PdO@RuO, hexagonal nanosheets. c¢) PDOS of 4d band of top layer Ru atoms PdO@RuO,-2layers, PdAO@RuO,-4layers, and PAO@RuO,-6layers
with respect to the Fermi level. Reproduced with permission.[% Copyright 2019, American Chemical Society. d) Atomic structural model of the Ru@
Pt icosahedron. e) Pt L -edge R-space EXAFS spectrum. Reproduced with permission.””) Copyright 2018, American Chemical Society. f) Schematic
diagram of the structure and g) HR-TEM image of Ru-RuO,@NPC. Free energy diagrams of h) OER and i) HER. Reproduced with permission.["
Copyright 2021, Elsevier. j) Structure diagram of Ru/triNC. k) Illustration of contact electrification in Ru/triNC and Ru/NC. |) Differential charge density
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Mo,CTyx MXene nanosheets (SA Ru-Mo,CTy) have been pre-
pared and the large number of vacancies and functional groups
such as 02~ and OH™ in Mo,CTy can efficiently adsorb Ru(IlI),
leading to high loading of 1.41 wt%. The Ru atoms are stabi-
lized by the surrounding O atoms and the formed Ru—O bonds
elevate the Ru d-band center, which improves adsorption of
intermediates and lowers the reaction energy barrier.[2l

4. Electrocatalytic Performance of Ru-Based
Nanomaterials

The energy depletion, environmental pollution, and global
warming stimulate the development of sustainable and clean
energy conversion technologies to achieve carbon neutrality.
Electrocatalytic reactions play a central role in energy conver-
sion devices, especially those involving H, or O, conversion-
related electrocatalytic reactions in sustainable processes for
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water electrolysis devices and fuel cells. Metallic Ru has suitable
H* adsorption energy and OH* binding capacity, which is suit-
able for the electrocatalytic reaction of H,~O, conversion.!!'t?l
In order to further increase the catalytic activity, the structure
modification strategies of Ru-based nanomaterials with more
exposed active sites and modulated electronic structure are
essential. For instance, element doping and heterostructure can
result in efficient charge redistribution, altering the electronic
structure of Ru and boosting the catalytic ability. Downsizing
bulk Ru to single atom scale generates unsaturated coordi-
nation, maximizing atom utilization, and appealing for the
adsorption of reactants/intermediates. The engineering strat-
egies enable Ru-based catalysts to achieve intramolecular and
intermolecular electronic modulation effects, which play an
important role in regulating the reaction energy barrier in the
catalytic reaction process. In this section, we will summarize
the latest research progress of Ru-based nanomaterials with
specific engineering strategies and derived modulated effects in

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIERID 3|edl dde 2y} Ag peusnob 8 Sap1Le YO ‘88N JO S9N 10} AXe1g 1T 8UIIUO /|1 UO (SUORIPUOD-PUR-SWR} WY B 1M ARe1d U1 UO//SANY) SUORIPUOD PUE SLB L U3 885 *[£202/90/70] U0 A%Iq1T8UIIUO 4811 *110UN0D YoIEssaY [B9IPSIN PUY L3ESH [UOIRN AQ 6TTZ0Z20Z WUSe/Z00T OT/I0p/Wod" A3 1M AReiq1[euljuo//Sdny woj pepeojumod ‘T ‘2202 ‘0r89rToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

€ Surface structure
4 Metal element € Surface structure
HER € Non-metal element HOR € Metal element
\ € Bimetallic oxides \ € Non-metal element
¢ Size ¢ Size
€ Heterostructure & Heterostructure
Ru-based
electrocatalysts
€ Surface structure € Surface structure
€ Metal element ¢ Metal element
[ORR ¢ Non-metal element OER ¢ Bimetallic oxides
\ € Bimetallic oxides \ € Size
¢ Size ¢ Heterostructure
€ Heterostructure

Figure 9. A schematic summary of design strategies of Ru-based electrocatalysts for HER, HOR, ORR, and OER.

hydrogen—oxygen conversion reactions (HER, HOR, ORR, and
OER). Figure 9 shows the schematic summary of design strate-
gies of the Ru-based electrocatalysts for each reaction.

4.1. Hydrogen Evolution Reaction

HER is an important half-reaction in water electrolysis, which
requires two electrons to be involved for each H, molecule gen-
eration.!™ Generally, HER occurs via the Volmer—Heyrovsky or
Volmer—Tafel mechanism in acid or alkaline conditions.[>11¢l
The difference between Heyrovsky and Tafel reactions is that
the Heyrovsky reaction is electrochemical desorption, while
the Tafel reaction is chemical desorption.” According to the
Sabatier principle, the free energy of adsorption of H* (AGyx)
can be used to evaluate the HER catalytic activity, and the mod-
erate adsorption strength with H* should be achieved for the
optimized electrocatalysts. If H* adsorption is too weak, the
Volmer reaction will hinder the overall reaction, whereas the
adsorption is too strong, the Heyrovsky/Tafel reaction will be
the rate-determining step."®1% Precious metal Pt catalysts are
often used as a benchmark for HER due to their outstanding
activity and stability. However, the high price and low distri-
bution block their world-wide application. Ru-based catalysts
with much lower price show a similar H-bond strength to Pt,
making it promising alternatives to Pt-based HER catalysts.

It is widely accepted that the reaction kinetics of HER can
be revealed by Tafel slopes. The Ru-based nanomaterials usually
exhibited the Tafel slope in the range of 30-50 mV dec!, which
indicates the HER follows the Volmer—Heyrovsky or Volmer—
Tafel mechanisms. The H* binding energy or water adsorption/
dissociation energy on Ru-based nanomaterials determines the
catalytic ability of HER. All the above-mentioned engineering
strategies of Ru-based materials can be applied to achieve
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excellent HER catalytic activity. For instance, Ru with a specific
facet can expose more active sites to lower the reaction energy bar-
rier. Metal/nonmetal element engineering and bimetallic oxide
modification strategies can take away electrons from Ru, which
promotes the desorption of H* and accelerates the Heyrovsky
or Tafel steps in HER process. In addition, the introduction of
nonmetallic elements into Ru can also improve the Volmer step
to enhance HER activity. The size engineering can maximize the
active sites and the heterostructure strategy leads to the charge
redistribution, both of which highly affect the adsorption capacity
for HER reactants/intermediates and thereby the HER catalytic
activity. In this section, we will discuss the various engineering
strategies of Ru-based materials for boosted HER.

4.1.1. Surface Structure-Engineered Ru-Based Electrocatalysts for HER

Tuning phase structure of the metallic Ru catalysts can effi-
ciently alter the HER catalytic activity, due to the new derived
crystal phase structure and more exposed active sites. The
hierarchical 4H/fcc Ru nanotubes (Ru NTs) with ultrathin Ru
shells were derived by using novel 4H/fcc Au nanowires with
crystalline heterostructure as sacrificial templates (Figure 10a).
The interface between the two crystal phases (fcc/hcp-4H)
results in rich atomic steps and kinks, which effectively tune
the local electronic structure of Ru atoms (Figure 10b—d).
Moreover, the hierarchical porous structure provides abundant
active sites, enabling 4H/fcc Ru NTs with an overpotential of
23 mV at a current density of 10 mA cm™ (Figure 10e,f).[*2%
The formed superstructure 2D nanosheets with unique lattice
mismatch can further engineer the metallic Ru catalysts. The
hcp-Ru multilayer nanosheets (Ru MNSs) with superlattice
structure have been prepared by wet chemical method with
triruthenium dodecacarbonyl (Ru3(CO);;) as the precursor,

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIERID 3|edl dde 2y} Ag peusnob 8 Sap1Le YO ‘88N JO S9N 10} AXe1g 1T 8UIIUO /|1 UO (SUORIPUOD-PUR-SWR} WY B 1M ARe1d U1 UO//SANY) SUORIPUOD PUE SLB L U3 885 *[£202/90/70] U0 A%Iq1T8UIIUO 4811 *110UN0D YoIEssaY [B9IPSIN PUY L3ESH [UOIRN AQ 6TTZ0Z20Z WUSe/Z00T OT/I0p/Wod" A3 1M AReiq1[euljuo//Sdny woj pepeojumod ‘T ‘2202 ‘0r89rToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

4H/fcc Ru NTs

»» P

»» P

Potential (V versus RHE)

60y 20
°
() '‘T—wmene s D o .
_ 2{——aMifcc Ru NTs "™ g
L] —— 4H/fcc Au-Ru NWs - 18
44 4
g —PUC § o 3
g 64 ——RuC H 14 %
o
= 4 e % 12 §
c
g 104 : 20 10 2
5 H 3
2 s
¥ 10
1 . 08 2
.‘.4 ° v ) A ° <
0.18 20.10 0.08 0.00 Y

0.1 i

() o —Rumnss (k) A p :

A = N 2 0.0 — gr— £ Bap— i
" —PUC - 3-0.1 E
E -20 4 g-01 i fi ® _0.2
< ] 4 it &
E 304 & -0.2 ] g ~03 | S
- al § —03l— o.oo: '0;- -0.41 _ o.00° —

w“ — 6.31 % -0.5{ — s X
— 16.10" 3 — 16.10" Se——
-50 - T T -0.4 -0.6
0.2 0.1 0.0 * *H *+H; *H,0 *OH+*H *H

Potential vs. RHE V

Reaction Pathway

Reaction Pathway

Figure 10. Surface structure and metal element engineering strategies of Ru-based catalysts for HER: a) Scheme of the preparation, b,c) TEM images,
and d) STEM elemental mapping of hierarchical 4H/fcc Ru NTs. e) Polarization curves in 1.0 m KOH solution. f) Comparison of overpotentials and
exchange current densities between 4H /fcc Ru NTs and comparative materials. Reproduced with permission.1?%l Copyright 2018, Wiley-VCH. Surface
structure engineering strategies of Ru-based catalysts for HER: g) Formation process and h) 3D and 2D views of the Ru MNSs superlattice model.
i) TEM image of Ru MNSs. j) HER polarization curves in 1.0 M KOH. The calculated Gibbs free energies diagram of k) water dissociation and ) HER

processes on Ru MNSs. Reproduced with permission.['?!l Copyright 2022, Wiley-VCH.

cetyltrimethylammonium bromide (CTAB) and citric acid
monohydrate (CA) as structure directing agents, polyvinylpyrro-
lidone (PVP) as a surfactant. Ultrathin hcp-Ru NSs are stacked
by overgrowth with twist angles of 2°-30° to form a Ru-based
superlattice structure (Figure 10g—i). As shown in Figure 10j, the
superstructure Ru MNSs requires an overpotential of 24 mV to
achieve 10 mA cm™ in alkaline HER, which is much lower than
those of commercial Pt/C (70 mV) and Ru NSs (61 mV). DFT
calculations indicate that the certain twist angle between Ru
NSs in the superlattice induces a strain effect, which weakens

Adv. Energy Mater. 2022, 12, 2202119 2202119 (13 0f29)

the adsorption capacity for H* and accelerates the HER process
(Figure 10k,1).024

4.1.2. Metal Element-Engineered Ru-Based Electrocatalysts for HER
Alloying is another efficient strategy to alter the electronic
structure and corresponding catalytic activity of Ru-based cat-
alysts. Alloying Ru with Pd forming Pd;Ru alloy catalyst with

surface Ru segregation (Ru clusters) has been achieved by the
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impregnation method. The surface-segregated Ru clusters
effectively tune the electronic structure of the catalyst, down-
shifting the d-band center and weakening the H* adsorption
energy of Ru clusters/Pd;Ru, thus achieving a smaller HER
energy barrier. The experimental results show that the over-
potential of Ru clusters/Pd;Ru is 42 mV at a current density
of 10 mA cm2, lower than that of Pd/C (7 = 146 mV).l? The
incorporation of transition metals can modulate the 4d orbital
electronic structure of Ru. RuCo alloy nanosheets (RuCo ANSs)
were obtained by intercalating Ru into ultrathin Co nanosheets
by rapid co-precipitation and in situ electrochemical reduction
processes.l'l Compared with pure Ru nanoparticles, the Co
atoms in RuCo ANSs make the 4d orbitals of Ru sites plane-
symmetric in the xy-direction but asymmetric in the z-direc-
tion, which affects the Ru-H interaction. The orbital of Ru
4d,? changed significantly after H adsorption, which indicated
that Ru 4d,? was the determining factor for the free energy of
hydrogen adsorption. In alkaline solution, RuCo ANSs delivered

www.advenergymat.de

ultralow overpotential (7 = 10 mV) for a current density of
10 mA cm™2 and Tafel slope (20.6 mV dec™). And the achieved
turnover frequency of RuCo ANSs is 2 and 15 times higher
than those of commercial Pt/C and Ru/C, respectively.

4.1.3. Nonmetal Element-Engineered Ru-Based Electrocatalysts for HER

Nonmetal element can also significantly optimize the electronic
properties of Ru-based catalysts. It has been reported that the
HER activity of Ru can be awakened with the inert ingredient
silicon (Si).'?4 The introduction of Si induced the strain and the
ligand effects resulting in an optimized electronic structure of Ru
atoms. The overpotential 177;y of RuSi NPs in acidic HER is only
19 mV, and the Tafel slope is 28.9 mV dec™, which is superior
to both of Pt and Ru under the same conditions (Figure 11a,b).
DFT calculation results demonstrated that the introduction of Si
atoms successfully eliminates the Rus-hollow sites, which have
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Figure 11. Nonmetal element engineering strategy of Ru-based catalysts for HER: a) Polarization curves and b) Tafel plots of RuSi, Ru, and Ptin 0.5 m
H,SO, solution. c) H adsorption sites in RuSi and d) AGy« values on RuSi (110) surface. Reproduced with permission.['? Copyright 2019, Wiley-VCH.
Metal and nonmetal element engineering strategies of Ru-based catalysts for HER: e) Schematic diagram of the preparation process of P,Mo-Ru@PC.
f) Distribution of charge density between P,Mo-Ru clusters and PC and individual Ru atoms in P,Mo-Ru clusters. Red represents positive charge and
green represents negative charge. g) Gibbs free energy diagrams and h) hydrolysis kinetic energy barriers for HER for different catalysts. IS, TS, and FS
correspond to the initial, transition, and final states, respectively. i) Linear sweep voltammetry (LSV) plots of P,Mo-Ru@PC and compared samples.
Reproduced with permission.['26] Copyright 2022, Wiley-VCH.
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a strong adsorption effect on H*, so that the catalytic activity
on the top of Ru sites with moderate H* adsorption strength is
revealed (Figure 11c,d). In addition, incorporating nonmetal ele-
ment forming Ru-compounds, such as RuP, RuB,, may induce
the d-sp orbital hybridization, which can lead to the down-shift
of the d-band center and optimize the adsorption of H*. In acidic
and alkaline media, RuB; (79, acia = 18 MV, 70, alkaline = 28 mV)
showed comparable or even superior catalytic activity to com-
mercial Pt/ C (7710, acid = 17 my, Tho, alkaline = 37 mv).[125]

Dual doping of nonmetallic and metallic heteroatoms can
synergistically improve the intrinsic activity of Ru-based cata-
lysts. P, Mo dual-doped Ru ultrasmall nanoclusters dispersed
on P-doped porous carbon (P, Mo-Ru@PC) have been achieved
by in situ self-assembly, and co-precipitation, annealing, and
etching treatments (Figure 1le). Excess electrons were trans-
ferred from Ru to Mo and P heteroatoms, leading to the
positive charge of Ru atoms, which accelerates the water dis-
sociation and reduces H* adsorption energy (Figure 11f-h).
P, Mo-Ru@PC exhibits low alkaline HER overpotential (17,9 =
21 mV) in Figure 11i compared to the Ru@C without Mo and P
(Tho = 38 mV).[12¢]

4.1.4. Bimetallic Oxides-Engineered Ru-Based Electrocatalysts for HER

The introduction of metal elements into RuO, can not only
increase the active sites of HER, but also increase the oxygen
defects to adjust the d-band center of Ru-based bimetallic
oxides and optimize the H* binding ability. For instance, the
introduction of the corrosion-resistant metal Pt into RuO, can
provide new active sites for HER as Pt is regarded as a bench-
mark catalyst in acidic conditions. A trace amount of Pt (5%)
was introduced into Ru nanosheet assemblies (Ru NAs) by
“one-pot” approach and 5%Pt-Ru oxide nanosheet assemblies
(Pt-Ru ONAs/C) have been achieved after annealing. The oxi-
dized Ru and Pt species on the surface of 5%Pt-Ru ONAs/C
have been reduced to their metallic states in the acidic HER pro-
cess, which efficiently increased the active sites and promoted
the hydrogen generation. The overpotentials (17;9) of 5%Pt-Ru
ONAs/C in 0.5 and 0.05 M H,SO, are 31 and 40 mV, respec-
tively, which are better than those of undoped Ru ONAs/C
(Tho = 53 and 59 mV)."”l In addition, the rare earth metal ions
La®" can also effectively increase the oxygen vacancies and tune
the electronic structure of RuO,, thereby reducing the d-band
center of La-RuO, and further weakening the adsorption of H*.
In an acidic medium, La-RuO, delivered a low overpotential of
71 mV at a current density of 10 mA cm™2, which is much lower
than that of commercial Pt/C (85.7 mV), La-RuO, also exhibited
excellent stability with no degradation during the 50 h chrono-
potentiometry test.[28]

4.1.5. Size-Engineered Ru-Based Electrocatalysts for HER

The catalytic activity is closely related to the exposed active
sites on the catalyst surface, and the number of active sites can
be increased by reducing the size of Ru NPs to facilitate the
catalytic reaction. Therefore, the HER catalytic activity shows a
high dependence on the size of Ru NPs. For example, a series
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of Ru/C particles with various particle sizes were prepared by
the low-temperature pyrolysis method. Among them, Ru/C-300
has the smallest average size of 1.48 nm, showing the highest
alkaline HER catalytic activity (17,0 = 14 mV), whereas Ru/C-
400 (particle size of 1.55 nm, 1o = 15 mV), Ru/C-500 (particle
size of 1.63 nm, 739 = 25 mV), and Ru/C-700 (particle size of
4.72 nm, 19 = 31 mV) deliver relatively lower catalytic activi-
ties.'l Shrinking nanoparticles down to the atomic scale is the
most efficient way to increase atomic utilization. Furthermore,
the single metal atoms with new electronic states and uncoor-
dinated properties endow the excellent catalytic performance.
For example, NisP,-Ru electrocatalysts with monodispersed Ru
atoms were prepared by using a nickel vacancy-mediated syn-
thesis impregnation-phosphating method (Figure 12a).l3% The
interaction of monatomic Ru with NisP, increases the local
electron density of Ru atoms, which accelerates the HER pro-
cess and weakens the H* adsorption energy (Figure 12b,e,f). In
1.0 M KOH solution, the overpotential for the current density of
10 mA cm™ of NisP,-Ru is 123 mV lower than that of the sup-
port NisP,, and the catalytic activity is still maintained after 10k
cycles (Figure 12¢,d). In addition, the co-existence of Ru SAs
and NPs can also accelerate the HER process through the syn-
ergistic effect. For example, Song et al.'®! prepared Ru,,-NC
with the presence of Ru NPs and SAs by the pyrolysis of Ru-
supported polypyrrole at high temperature (Figure 12gh). In
1.0 M KOH solution, the overpotential (7739) of Ruy,-NC is only
14.8 mV, which is lower than those that of Ru/NC (61.1 mV)
and Ru;-NC (152.3 mV) loaded with only Ru NPs and Ru SAs,
respectively (Figure 12i). The interaction of Ruyp and Rug, in
Ruy ,-NC reduced OH* desorption capacity on Ruyp and H*
desorption capacity on Rug,, respectively, resulting in stronger
water adsorption and proton accumulation capacity of Ruy,-
NCs, which accelerate the HER process (Figure 12j—m).

4.1.6. Heterostructure-Engineered Ru-Based Electrocatalysts for HER

The construction of heterostructure with well-defined interfaces
is considered as an efficient approach to increase intrinsic cata-
lytic activity. The redistribution of charges across the interface
provides an opportunity to optimize the electronic structure of
the catalyst, thereby affecting the adsorption capacity for active
intermediates. For example, heterostructured Ru-Ru,P and the
comparison counterparts (pure Ru and Ru,P species) were fabri-
cated by electrospinning technique with polyacrylonitrile (PAN)
nanofibers containing polyphytic acid (PA) and Ru*" as pre-
cursors. The achieved Ru-Ru,P@CNFs exhibited outstanding
acidic (1739 = 11 mV) and alkaline (77;0 = 14 mV) HER catalytic
behaviors, which is much superior compared to the pristine Ru
(o = 153 mV) and Ru,P (179 = 25 mV). The high HER catalytic
activity is ascribed to the charge redistribution at the heteroint-
erface of Ru and Ru,P, which optimizes the electronic structure
and promotes the electrical conductivity, enabling a near-zero H*
adsorption strength (AGy« = 0.034 eV) of Ru-Ru,P@CNFs.[132
Moreover, the introduction of an amorphous phase in the
construction of heterostructure may result in an unsaturated
coordination environment, increasing the adsorption capacity
for reactive intermediates. The amorphous RuCu nanosheets
(RuCu NCs) in situ grown on crystalline Cu nanotubes formed
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Figure 12. Size engineering strategies of Ru-based catalysts for HER: a) Schematic diagram of the synthesis of NisP,-Ru. b) Bader analysis. c) LSV curve
measured in 1.0 m KOH solution. d) LSV curves after CV cycling at a given potential (inset is chronoamperometry). e) Water dissociation energies
and f) H* adsorption energies of NisP,-Ru and NisP,. Reproduced with permission.% Copyright 2020, Wiley-VCH. g) Flow chart of the preparation
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analysis. |) PDOS analysis and m) free energy during HER process picture of bare Rusa, Ruyp, and Rug, (Ru;,,-NC). Reproduced with permission.®

Copyright 2022, Wiley-VCH.

a special amorphous-crystalline heterostructure, which enables
3D RuCu NCs with HER overpotentials of 77;p = 18 and 73 mV
in alkaline and neutral media, respectively (Figure 13a—d). The
unsaturated bonds on amorphous RuCu facilitated the adsorp-
tion of reactants, and the crystalline Cu nanotubes efficiently
increased the electrical conductivity (Figure 13e), which syner-
gistically promoted the HER process.3*l Table 1 summarizes
the HER activity of various Ru-based electrocatalysts.

4.2. Hydrogen Oxidation Reaction

HOR is an important anode reaction involved in AEMFCs.
HOR is the reverse process compared to HER, and the reac-
tion steps also include Tafel, Heyrovsky, and Volmer processes.
The Tafel/Heyrovsky reaction is to dissociate H, into H*, and
then the Volmer reaction facilitates the formation of H,O
molecules.® Tt is believed that the adsorption strength of H*
and OH* intermediates on the catalyst jointly determines the
reaction rate of HOR in alkaline media.'¥

HOR wusually processes through Tafel-Volmer or Hey-
rovsky—Volmer pathways. Ru has strong binding strength to

Adv. Energy Mater. 2022, 12, 2202119 2202119 (16 Of29)

both H* and OH*, which is unfavorable for the desorption of
H*, and the accumulated large amounts of OH* occupy the
active sites.l™ Ultimately, Ru needs to overcome a large reac-
tion energy barrier to complete the recombination of H* and
OH* to form water (Volmer reaction), which is usually the rate-
determining steps. Therefore, metal or nonmetal element mod-
ification is usually selected to prepare Ru-based nanomaterials
as HOR electrocatalysts. The introduction of metal elements to
alloy with Ru usually results in electronic modulation effects,
so that the doped metal elements and Ru are active for H*
and OH*, and accelerate the generation of H,0. Second, the
introduction of nonmetal heteroatoms shifts the d-band center
of Ru-based nanomaterials down, which not only weakens the
OH* adsorption but also optimizes the H* binding capacity,
thereby accelerating the Volmer reaction of HOR.

4.2.1. Surface Structure-Engineered Ru-Based Electrocatalysts for HOR
Elaborate design of the morphology and structure of Ru-based cata-

lysts can increase the HOR catalytic activity and stability. Chain-like
porous Ru nanoparticles on carbon supports (Ru/C) allow more
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Figure 13. Heterostructure engineering strategies of Ru-based catalysts for HER: a) Synthetic route and b) TEM image of 3D RuCu NCs. HER polariza-
tion curves in c) 1.0 M KOH and d) 0.01 m PBS solutions. e) Free energy diagram of HER. Reproduced with permission.®3l Copyright 2020, Wiley-VCH.

Ru sites to be exposed to facilitate the HOR process at various pH
conditions.3% Furthermore, Ru nanoparticles confined in the TiO,
lattice (Ru@TiO,) resulted in a unique confinement effect, weak-
ening the adsorption of OH* and H* simultaneously, allowing
more active sites to be released and increasing both the kinetics
and stability of HOR. Ru@TiO, delivered high HOR mass activity
in acidic and alkaline media (MA,qq = 380Agg, and MAj.iine =
282Agg), which are 15-30% superior to that of PtRu catalyst
(MA,qq= 300Ag;)}'ecious metal a0d MAjigjine = 244 Ag;ecious metal)'m()]

Table 1. The engineered Ru-based electrocatalysts for HER.

4.2.2. Metal Element-Engineered Ru-Based Electrocatalysts for HOR

To further enhance the HOR catalytic activity, Ru can be alloyed
with metal elements for optimized charge transfer. For example,
the ultrathin IrRu alloy nanowire networks (IrRu NWs/C) lead
to the electron transfer between Ru and Ir, reducing the adsorp-
tion strength of H*, and the oxidized Ru on the surface reduces
the adsorption strength of OH*, which simultaneously boost
the reaction rate of HOR. When successfully applied in alkaline

Catalysts Modification strategy ~ Loading [mg cm™| Electrolytes Tho [mV vs RHE] Tafel slope [mV dec™] Ref.
4H/fcc Ru NTs Surface structure 0.034 1.0 M KOH 23 34 120]
Ru MNSs Surface structure 0.1 1.0 m KOH 24 33.8 [121]
Pd;Ru Metal element 0.015 1.0 M KOH 42 - [122]
RuCo ANSs Metal element - 1.0 m KOH 10 20.6 23]
RuSi NPs Nonmetal element 0.562 0.5m H,SO, 19 30.2 [124]
RuB, Nonmetal element 0.281 1.0 M KOH 28 28.7 [125]
0.5 M H,SO, 18 389
P,Mo-Ru@PC Metal +Nonmetal - 1.0 M KOH 21 217 [126]
5%Pt-Ru ONAs/C Bimetallic oxides 14.14 wt% 0.5 M H,SO, 31 324 [127]
0.05 M H,S0, 40 39.7
La-RuO, Bimetallic oxides - 0.5 M H,SO, 7 493 [128]
Ru/C-300 Size - 1.0 m KOH 14 32,5 [129]
NisP,-Ru Size 0.142 1.0 M KOH 123 56.7 [130]
Ru; ,-NC Size - 1.0 m KOH 14.8 22.3 [137]
Ru-Ru,P@CNFs Heterostructure 0.26 1.0 m KOH n 24.2 [132]
0.5 M H,S0O, 14 245
RuCu NCs Heterostructure - 1.0 m KOH 18 59 [133]
0.01 m PBS 73 314
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Figure14. Surface structure and metal element engineering strategies of Ru-based catalysts for HOR: a) MA at 50 mV (vs RHE) overpotential. b) Hydrogen
adsorption energies on pure ruthenium, monoatomic nickel, and diatomic nickel dispersed over a ruthenium catalyst, with orange: ruthenium; green:
nickel; red: oxygen; white: hydrogen. c) Free energy diagram of the HOR process. Reproduced with permission.*® Copyright 2020, American Chemical
Society. Nonmetal element engineering strategies of Ru-based catalysts for HOR: d) EDX elemental mapping of Ru and N in N-Ru/C. ) The free energy
of hydrogen adsorption (AGy«) on N-Ru and pure Ru and f) the corresponding d-PDOS of Ru. g) MA and specific activity (SA) in 0.1 m KOH. Repro-
duced with permission.[3% Copyright 2021, Elsevier. h) TEM image of RuP/NOC. i) The d-band center of Ru in Ru and RuP. j) HBE and OHBE of Ru,
RuP, and Pt. k) Free energy diagrams of intermediates in the HOR process on RuP (011). Reproduced with permission.°l Copyright 2022, Wiley-VCH.

AEMFC, IrRu NWs/C achieved a peak power density of over
485 mW cm™ activity."™™) In addition, monodispersed transition
metal atoms can also be introduced to the Ru lattice, and the elec-
tronic structure of Ru can be precisely tuned at the atomic level.
The combination of Ru nanosheets with surface-dispersed Ni
single-atom (RuNi; NCs) can effectively promote HOR.I'*® Mono-
dispersed Ni atoms reduced the H* binding energy and water
formation energy barriers on Ru nanocrystals (Figure 14D,c).
In alkaline electrolytes, the HOR mass activity of RuNi; NCs is
6.3 times higher than those of Ru-Ni NCs and commercial Pt/C,
and 16.6 times of Ru catalysts, respectively (Figure 14a).

4.2.3. Nonmetal Element-Engineered Ru-Based Electrocatalysts
for HOR

The introduction of nonmetal heteroatoms (e.g., N, P, S, etc.)
into the Ru lattice leads to enhanced HOR catalytic activities
due to the electron transfer from Ru to nonmetal heteroatoms,
resulting in optimized adsorption of H* and OH*. For example,
doping N atoms into Ru nanoparticles (N-Ru/C) can be realized
under NH; atmosphere, and the electron transfer from Ru to N
makes Ru have a moderate adsorption strength of H* and the
down-shifted d-band center (Figure 14e f). As the results shown
in Figure 14g, the mass activity and exchange current density of

Adv. Energy Mater. 2022, 12, 2202119 2202119 (18 of 29)

N-Ru/C in 0.1 v KOH are 4.5 and four times higher than that
of Ru/C, respectively.3% The effect of phosphating on the HOR
catalytic activity of Ru-based materials is similar to the above N
effect. The RuP nanoparticles were successfully constructed on
N and O co-doped 3D porous hollow carbon substrates (RuP/
NOC) (Figure 14h). The kinetic mass activity of RuP/NOC is
13 times higher than that of commercial Pt/C at the overpotential
of 50 mV. Similar to the N effect, the electron transfer from Ru
to P causes the down-shift of the Ru d-band center (Figure 14i),
which is contributed to the excellent HOR catalytic activity in
alkaline solution. Moreover, the phosphating could weaken the
adsorption of OH* on the catalyst surface, decreasing the reac-
tion energy barrier of AG = 0.38 eV, which is smaller than that of
RDS (H,O formation reaction, AG = 0.44 eV) in the Ru-catalyzed
HOR process (Figure 14j,k).% Furthermore, amine ligands can
provide N atoms to tune the local electron density of Ru at the
molecular level. Ultrasmall-sized (average size of 1.45 nm) Ru
nanoclusters are dispersed on an amine ligand-modified carbon
support (Ru/PEI-XC). The metal mass-normalized kinetic
activity (j) of Ru/PEI-XC (j, = 423.3 A gpew?) in Hy-saturated
0.1 m KOH is 1.2 and 1.7 times higher than those of Ru/XC
(i = 373.9 A gew?) and Pt/C (ji = 249.0 A gperal ), respectively.
The interaction of Ru with NH, moves the d-band center down,
which not only promotes H* adsorption but also weakens the
adsorption of OH¥, facilitating HOR process.[*!
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4.2.4. Size-Engineered Ru-Based Electrocatalysts for HOR

Small-sized nanoparticles usually expose unsaturated metal
atoms on the surface, which is beneficial for catalytic reactions.
It is found that the alkaline HOR activity showed a volcanic
relationship with the size of Ru NPs. The results demonstrated
that Ru changed from an amorphous structure (below 3 nm) to
a crystalline structure (above 3 nm), and Ru metal nanocrystal-
line particles with an amorphous capping layer with an average
particle size of 3 nm show a high proportion of unsaturated
atoms, exhibiting the highest mass activity.'*?! Further reducing
the size of the Ru catalyst to the atomic level can greatly
improve the atomic utilization and catalytic capability. Ru single
atoms anchored on N, S-doped porous graphene (RuSA/NSG)
is an efficient HOR electrocatalyst. The Ru atoms are coordi-
nated with N and S forming Ru-N,-S, atomic structure as the
active center, showing low H* adsorption energy and water for-
mation energy, which makes the mass activity 6.1 and 3.5 times
higher than those of Ru/C and Pt/C, respectively.'*3]

4.2.5. Heterostructure-Engineered Ru-Based Electrocatalysts for HOR

On the basis of the PtRu bifunctional mechanism, the use
of a heterostructure composed of RuO, and Pt with stronger
oxidophilicity can further promote HOR process. The hetero-
junction Pt-RuO, catalyst exhibited superior current density in
0.1 v NaOH and 0.1 M benzyl trimethylammonium hydroxide
(BTMAOH) electrolytes. The presence of RuO, and the unique
heterojunction interface of Pt-RuO, boosted the catalytic activity
of HOR and the mass transfer of H,, exhibiting excellent
AEMFC performance with peak power densities of 0.77 W cm™
and specific powers of 31 W mgp 1.11*

4.3. Oxygen Reduction Reaction

The ORR is a proton-electron transfer process that reduces
oxygen to water through direct four-electron reactions or
hydrogen peroxide (H,0,) by two-electron reactions.*! ORR
involves in cathode reactions in fuel cells, and direct four-
electron transfer is an ideal reaction pathway. The two-electron
pathway provides a green synthesis route for H,0,, ascribing to
the considerable application value for wastewater treatment and
disinfection.M® Oxygen-containing intermediates (OOH¥*, O%,
OH*, etc.) are generated during the ORR process, and theo-
retical calculations demonstrate that the adsorption strength of
these intermediates on active sites should be neither too strong
nor too weak to be favorable for ORR."/ Recently, Ru-based
materials have been investigated as efficient catalysts for ORR.
The strong affinity between Ru and O species can promote
the ORR process. The surface properties of metallic Ru, RuO,,
or hydrated RuO have a certain effect on the adsorption of O
species, which can influence the reaction kinetics. For instance,
metallic Ru prefers to reduce O, to H,O/OH™ via a direct 4e~
process, whereas a 2e” reduction process occurs on the hydrated
oxides to generate H,0,."8 The reduction step of OH* was
usually the rate-determining step for Ru-based nanomaterials,
which is consistent with the rate-controlling step of metal
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Pt-catalyzed ORR.[*I The Ru single-atom catalysts are one kind
of widely investigated ORR electrocatalysts. The atomically
dispersed Ru coordinated with the heteroatoms are the active
centers for ORR. These heteroatoms effectively tune the d-band
center of the Ru atoms, weakening the Ru—O bond interac-
tion, and thus achieving the optimized adsorption energy of
oxygen-containing intermediates.™ Ru-based nanomaterials
obtained by alloying Ru with other metals or constructing het-
erostructures are also important for ORR, in which the local
electronic structure of Ru could be effectively tuned by charge
redistribution, reducing the reaction energy barrier of ORR.

4.3.1. Surface Structure and Metal Element-Engineered Ru-Based
Electrocatalysts for ORR

Surface structure and metal element engineering strategies
of Ru-based materials have been widely studied for ORR.
Morphology design coupling with alloying not only increases
accessible active sites and accelerates mass transport, but also
optimizes the electronic structure of the catalyst to improve the
adsorption of active intermediates. For instance, PdAuRu ter-
nary alloy nanospine (PdAuRu NSAs) materials with unique
3D hyperbranched structures exposed more active sites and
formed strong electronic interaction between Pd-Au-Ru atoms.
The achieved optimized binding energy of O* led to superior
mass activity and specific activity of PdAuRu NSAs compared
to those of PdAuRu NPs, Pt/C, and Pd/C.’ Inexpensive tran-
sition metal Fe, Co, Ni, etc., alloyed with Ru can improve the
charge distribution and surface properties of Ru to promote the
intrinsic activity of Ru-based catalysts. The as-prepared RuFe
alloy nanoparticles embedded nitrogen-doped porous carbon
(RuFe@NC-900) has exhibited excellent alkaline ORR cata-
lytic activity by achieving Ejj, at 0.85 V vs RHE and excellent
performance in Li-O, (the discharge specific capacity is 11129
mAh g7) and Zn-air batteries (the discharge specific capacity
is 751 mAh g,,,").*?l Furthermore, Ru as dopants in Ru-doped
Ru-Pt3Co octahedral alloy nanoparticles (Ru-Pt;Co/C) can effec-
tively inhibit the dissolution of Co and suppress the excessive
reduction of Pt during ORR process, which highly boost the
catalytic activity and stability. DFT calculations showed that the
introduction of Ru further improves the charge distribution of
Ru-Pt;Co/C, which not only accelerates the dissociation of O,
but also promotes the desorption of the *OOH intermediate,
achieving superior mass activity of 75 times compared to that
of commercial Pt/C.!

4.3.2. Nonmetal Element-Engineered Ru-Based Electrocatalysts
for ORR

Nonmetal atoms (N) hybridized with Ru forming a novel
hypercoordinate RuN, monolayer have been investigated as
ORR electrocatalyst by theoretical calculations. The results
demonstrated the accumulation of a large number of positive
charges on the surface of RuN, monolayer could fully activate
the O, molecule to be reduced to H,O through the 4e process,
achieving a half-wave potential of 0.93 V vs RHE, which is
about 0.1V higher than that of commercial Pt/C.[1>3]
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4.3.3. Bimetallic Oxides-Engineered Ru-Based Electrocatalysts for ORR

In Ru-based bimetallic oxides, the electronic interaction of Ru,
doped metal, and O atoms highly enhances the intrinsic ORR
catalytic activity."> For instance, the metallic Mn can be used
as a key element to efficiently improve the ORR catalytic activity
of RuO,. These Mn atoms are uniformly dispersed in the lattice
of RuO, and enriched in the outer part to form a Mn-rich shell,
which alters the Mn and Ru atoms on the surface to show lower
oxidation states compared to those in the inner part, thereby
inducing unpaired d electrons, higher surface reactivity, and
optimized OH* binding energy. Therefore, Ru-based bimetallic
oxides (Mn-RuO,) exhibited the half-wave potential (E;j) of
0.86 V vs RHE in 0.1 M KOH, which is much superior to those
of pure MnO, (0.79 V vs RHE), RuO, (0.6 V vs RHE), and com-
mercial Pt/C catalyst (0.85 V vs RHE).[1>]

4.3.4. Size-Engineered Ru-Based Electrocatalysts for ORR

Downsizing the size of the catalyst to the single-atom scale
exposes more active sites and alters the local electronic
structure of SACs under the interaction of metal atoms and
substrates, maximizing the utilization efficiency of each atom.
The substrates for anchoring Ru single atoms can be classified
into carbon materials and noncarbon materials. Both of them
can stabilize the Ru single atoms by forming the Ru-light atom
or Ru-metal atom bonds. The large specific surface area and
electrical conductivity of heteroatom-doped carbon substrates
can enable high loading and accelerate the electron transfer of
Ru-based SACs. High-temperature treatment of Zn-based gel-
sealed activated carbon spheres (ACSs) containing Ru*" resulted
in Ru-SA@N-ACS catalysts with the edged N atoms coordi-
nated with Ru atoms (Ru-N,) (Figure 15a—c). The Ru-N, center
as the active sites enable electron transfer from N to Ru atoms,
boosting their intrinsic activity. In addition, Ru-N, located at the
edge sites showed lower binding energy of oxygen-containing
intermediates than the ones at the basal plane, which further
increased the ORR activity (Figure 15e). The ORR polarization
curves in Figure 15d show that Ru-SA@N-ACSs has the most
positive half-wave potential (E;/, = 0.86 V vs RHE).I°%l The non-
carbon substrates, such as MXenes, with high electrical con-
ductivity and hydrophilicity properties are suitable to support
Ru single atoms for ORR. The Ru single atoms stabilized on
Ti;C,T, MXene nanosheets (Ru-SA/Ti;C,T,) has been achieved
and the atomically dispersed Ru were stabilized by oxygen-con-
taining surface functional groups forming Ru-O, atomic struc-
ture, which highly reduced the reaction energy barrier of RDS
(H,0O formation) (Figure 15f,g). The ORR half-wave potential of
Ru-SA/Ti;C,T, in acidic solution is 0.80 V versus RHE and the
mass activity is 1.77 A mg™! (Figure 15h).l>"]

4.3.5. Heterostructure-Engineered Ru-Based Electrocatalysts for ORR

Subverting the conventional metal-support loading strategy to
achieve RuO,-on-Pd nanosheets heterostructure by depositing
metal oxide (RuO,) on metal (Pd) support in reverse thinking.['>8l
This unique structural design amplifies the interaction of RuO,,
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and Pd, allowing a large number of charges to accumulate on
the atomically dispersed dense RuO, and Pd NSs substrates,
which not only promotes the activation of *O, and the cleavage
of the O—O0 bond, but also optimizes the binding energy of O*
and accelerates the kinetics of the ORR process. In alkaline
electrolyte, the half-wave potential Ey;, of RuO,-on-Pd NSs is
0.93 V vs RHE, and the mass activity is eight and 22.4 times
higher than those of Pt/C and Pd/C, respectively. The peak
power densities of RuO,-on-Pd in methanol fuel cells (DMFCs)
and zinc-air batteries are 233 and 172 mW cm™2, respectively,
which both show great potential for application. In addition,
the Mott—Schottky heterojunction catalyst composed of Ru and
semiconductor materials can also significantly boost the ORR
activity. The surface sulfur-vacancy (Vs)-modified Ru/ZnlIn,S,
(Ru-ZIS-Vs) Mott—Schottky heterojunction catalysts have been
fabricated by hydrothermal reaction and subsequent NaBH,
reduction.® The existence of surface sulfur-vacancies enables
a better connection between ZnlIn,S, (ZIS) and Ru, strength-
ening the interfacial effect of the Mott—Schottky heterojunction.
The heterostructure in Ru-ZIS-Vs forms an electron transport
bridge, which not only effectively tunes the electronic structure
and energy band positions, but also accelerates the electron
transfer. Under the synergistic effect of Ru and semiconducting
ZIS, Ru-ZIS-Vs exhibited a small ORR onset potential, a large
discharge capacity of 3532 mAh g7, and increased cycling life
(321 cycles) in Li-O, batteries. Table 2 summarizes the ORR
activity of various Ru-based electrocatalysts.

4.4. Oxygen Evolution Reaction

OER, an important half-reaction for water splitting and
rechargeable metal-air Dbatteries, plays a crucial role in
advancing the development of energy conversion devices.
Since OER is an endothermic reaction involving four elec-
trons, it is necessary to select suitable electrocatalysts to
accelerate the kinetics.'! Similar to ORR, the OH¥*, O%*, and
OOH* intermediates are also involved in the OER reaction pro-
cess, and usually the formation of the intermediates of O* or
OOH* is the rate-control step. Therefore, the bonding ability
of catalysts to oxygen-containing intermediates is crucial for
OER.[9016T Currently, RuO, is considered as the benchmark
catalyst for OER. However, there are still shortcomings for
RuO, directly used for OER such as poor stability and easy oxi-
dative dissolution at high operating potentials.l**l Therefore, the
rational design of Ru-based nanomaterials is desired to opti-
mize the adsorption energy of intermediates to increase the
OER activity and stability.

In the volcano relationship diagram of —nopr and AGgs—
AGoyx, RuO; shows high OER catalytic ability near the volcano
peak. It has been demonstrated that the O bridged on the (110)
crystal face of RuO, could function as a proton acceptor, which
facilitated the adsorption/desorption of OER intermediates.[1%]
RuO, undergoes different OER reaction pathways depending
on the applied voltage. At low voltage, RuO, follows the tradi-
tional adsorbate evolution mechanism (AEM), and the O atoms
in the generated O, are all derived from water. In contrast, lat-
tice O (Oyy) in RuO, couples with adsorbed O (O,q) to release
O, at high voltage, which follows the lattice oxygen mechanism
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Figure 15. Size engineering strategies of Ru-based catalysts for ORR: a) Synthesis illustration of Ru-SA@N-ACSs electrocatalyst. b) The Ru K-edge
wavelet-transforming (WT)—EXAFS plot, and c) HAADF-STEM image of Ru-SAs@N-ACSs. d) ORR polarization curve. e) Gibbs free energy diagrams of
Ru-N,OH@B and Ru-N,-OH@E during the ORR reaction at electrode potentials of U=1.23V and U=0V (vs RHE). Reproduced with permission.['>®l
Copyright 2021, Elsevier. f) Schematic diagram of the synthetic route of Ru-SA/Ti;C,T, SACs. g) Free energy changes of relevant intermediates during
the ORR process. h) ORR polarization curve. Reproduced with permission.™] Copyright 2021, Elsevier.

(LOM).!83] Under acidic OER conditions, the dissolution of  structures can increase the covalent effect of Ru—O and inhibit
RuO, accelerates and the activity degrades due to the influ- the dissolution of RuO,. Furthermore, by introducing an addi-
ence of weakly bound lattice O, which is not conducive to OER.  tional metal element into RuO, to form M—O—Ru bonds, the
Therefore, the engineered Ru-based metal oxides are inten- lattice O can be stabilized, thereby suppressing LOM and ena-
sively studied as stable OER electrocatalysts. Designing defect ~ bling AEM kinetics.l'41%] In the other Ru-based nanomaterials,
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Catalysts Modification strategy Loading [mg cm™?] Electrolytes Eyj2 [V vs RHE] Tafel slope [mV dec™] Ref.
PdAuRu NSAs Metal element - 0.1 m KOH 0.8935 55.31 [157]
RuFe@NC-900 Metal element 0.7+0. 0.1 m KOH 0.85 140 [152]
Ru-Pt;Co Metal element 0.05 0.1 m HCIO, ~0.89 - [9]
RuN;, monolayer Non-metal element - 0.93 - [153]
Mn-RuO, Bimetallic oxides - 0.1 m KOH 0.86 38.9 [155]
Ru-SA@N-ACSs Size 0.255 0.1 m KOH 0.86 78 [156]
Ru-SA/TiyC,T, Size 0.23 wt% 0.1 M HClO, 0.80 27.7 [157]
RuO,-on-Pd NSs Heterostructure - 0.1 m KOH 0.93 35.5 [158]

the size or heterostructure engineering strategies can opti-
mize the desired d-band center through electronic modulation,
reduce the reaction energy of the rate-limiting step, and further
strengthen the OER pathways.

4.4.1. Surface Structure and Metal Element-Engineered Ru-Based
Electrocatalysts for OER

The 2D sheet-like structure composed of interconnected
nanocrystals has a large specific surface area and more active
sites. The snowflake-like RuCu nanosheets with abundant chan-
nels on carbon black (RuCu NSs/C) have been investigated as
OER catalysts. The RuCu NSs/C achieved low overpotential at a
current density of 10 mA cm™ in acidic and alkane solutions of
different concentrations (17; v xon = 234 mV, 791 m kon = 276 mV,
To.s M H2s04 = 236 MV, 105 M H2504 = 240 mV). The DFT calcula-
tions demonstrated that the induced lattice distortion around
the channel structure and the charge transfer between Ru and
Cu lowered the reaction energy barriers of RuCu NSs/C for
both acidic and basic OER.[16¢]

4.4.2. Bimetallic Oxides-Engineered Ru-Based Electrocatalysts for OER

Although RuO, is regarded as a benchmark catalyst for OER,
it is prone to be dissolved and lost stability at higher operating
voltages. The incorporation of noble metals, such as Pt, to
RuO,; can significantly increase the OER activity and stability,
due to the partial replacement of the Ru atoms leading to the
charge redistribution and movement of 4d electron orbital to
the Fermi level. The derived single-site Pt-doped RuO, hollow
nanospheres (SS Pt-RuO, HNSs) maintained 100 h without
degradation in acidic water splitting (Figure 16a—f).l¢”] More-
over, the incorporation of Pb with pseudocapacitive properties
into Ru oxide (RuPbO,) can also optimize the total charge on
the RuPbO,, surface (eight to 15 times higher than RuO,) and
thereby facilitate the deprotonation of OOH* and stabilize the
intermediates. The OER overpotential (77;9) of RuPbO,, is only
191 mV under acidic conditions (Figure 16g-i).l%8l CrO, is
almost inactive for OER, however, Cr can be incorporated into
RuO, to achieve the boosted OER activity. The bimetallic oxide
electrocatalysts Cry¢Rug40, with the Cr engineering RuO,
exhibited altered electronic state, shortened Ru—O bond length,

Adv. Energy Mater. 2022, 12, 2202119 2202119 (22 0f29)

and shifted O p-band center closer to the Fermi level, which
is beneficial to the OER process. The as-prepared Cr,¢Rug 40,
showed a low overpotential of only 178 mV for the current den-
sity of 10 mA cm in 0.5 m H,SO,4, which is much lower than
those of commercial RuO, (1;9 = 240 mV) and CrO, (almost no
OER catalytic activity). Furthermore, due to the less Fermi level
occupation of Crj¢Ru40,, it maintained excellent durability
in 10 000 CV cycles and 10 h stability tests.'%) Pyrochlore-type
Ru-based bimetallic oxides with fast charge transfer capability
are also commonly used for OER. A-site Y** metal ion partially
replaced B-site Ru*" forming yttrium ruthenate pyrochlore
metal oxide (Y,[Ruy4Y(4]O7 ). This uncommon substitution
strategy enables Ru to exist in mixed oxidation states of +4
and £5 and generates oxygen vacancies to maintain the charge
neutrality of Y,[Ruy Y 4]O7_s which is beneficial to strengthen
the covalent between Ru and O atoms to promote OER process.
In 0.1 M HCIOy, Y;[Ru; 6Y(.4]O7_s exhibited an onset potential of
1.42 V vs RHE and a Tafel slope of 37 mV dec™, which is supe-
rior to that of the commercial RuO, with an onset potential of
1.47 V vs RHE and Tafel slope of 60 mV dec™.[0

4.4.3. Size-Engineered Ru-Based Electrocatalysts for OER

It has been reported that atomically dispersed Ru-M dual-sites
on carbon supports show excellent OER catalytic performance
due to the regulated electronic structure and optimized d-band
center. For example, N-doped carbon materials-supported Ru/
Co dual-sites catalyst (Ru/Co-N-C) with RuN, and CoN, atomic
centers were obtained by high-temperature pyrolysis and acid
etching of self-assembled RuCl;/CoCl,-UiO-66-NH,."! It is
shown that CoN, plays the role of regulating the electronic
structure of Ru, promoting the covalent interaction of Ru—O,
and leading the RuN, as the main active center, which highly
boosts the OER process. The dual-site Ru/Co-N-C catalyst
exhibited excellent OER performance in both acidic and alka-
line electrolytes (79, 4cia = 232 MV, M1, alkaline = 276 mV), which
is much superior compared to the single counterparts Ru-N-C
(Tho, acid = 297 mV, T, aikaline = 347 mV) and commercial RuO,
(Tho, acida = 329 MV, Mg, alkatine = 379 mV). The alloy substrate,
PtCu, /Pt with core—shell structure, is also promising to opti-
mize the catalytic properties of atomically dispersed Ru atoms.
Affected by lattice mismatch, the Pt;Cu core in Ruy-Pt;Cu
exhibits the largest compressive strain to the Pt shell, which
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Figure 16. Ru-based bimetallic oxides of Ru-based catalysts for OER: a) TEM image and b) STEM image and STEM-EDS elemental mapping images
of SS Pt-RuO, HNSs. c) Bader charge numbers of atoms in Pt-RuO, (negative values indicate loss of electrons, while positive values indicate gain
of electrons) and d) PDOS of 4d orbitals of surface Ru atoms. e) OER polarization curve. f) Chronopotentiometry test of a two-electrode electrolyzer
assembled from SS Pt-RuO, HNSs. Reproduced with permission.l'”] Copyright 2022, American Association for the Advancement of Science. g) OER
polarization curves and h) comparison of overpotential and MA for RuPbO, and control samples. i) Cathodic pulse voltammetry (PV) measurement

curve. Reproduced with permission.[®l Copyright 2022, Elsevier.

effectively modulates the electronic structure of the mono-
dispersed Ru single atoms, leading to a low overpotential of
Mo = 220 mV in 0.1 m HCIO,. In situ attenuated total reflec-
tion infrared found that the OER catalytic mechanism of Ru;-
Pt;Cu changed from lattice OER mechanism to an AEM, highly
enhancing the catalytic stability to 3000 cycles.[?]

4.4.4. Heterostructure-Engineered Ru-Based Electrocatalysts for OER

In recent years, the hybridization of Ru with nonmetal atoms
is often accompanied by the formation of heterostructure to

Adv. Energy Mater. 2022, 12, 2202119 2202119 (23 of29)

synergistically boost the OER process. The charge redistribu-
tion that occurs at the interface of the heterostructure may
result in electron-deficient Ru atoms as active centers for the
OER, which have a moderate adsorption effect on the O* inter-
mediate, thereby increasing the electrocatalytic activity. Ru/
RuS, with nonheteroatoms and heterostructure was obtained by
using ruthenium oxide (RuO,) as the Ru source and potassium
sulfide (K,S) as the S source in a eutectic salt system through
simultaneous reduction and sulfurization (Figure 17a). A dis-
tinct heteroplane of Ru and RuS, was observed between the
Ru/Rus, stacked nanosheets (Figure 17b). Ru/RuS, delivered a
current density of 10 mA cm™ at the overpotential of 201 mV

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 17. Heterostructure engineering strategies of Ru-based catalysts for OER: a) Schematic illustration of the preparation process of Ru/RuS; het-
erostructure. b) Spherical aberration-corrected scanning transmission electron microscope (ac-STEM) image of RuS,-Ru. c) OER polarization curves
in acidic electrolytes. Reproduced with permission.l73] Copyright 2021, Wiley-VCH. d) Schematic illustration of the preparation process of RuSe,-CoSe,.
e) Selected area electron diffraction pattern of RuSe,-CoSe;,. f) OER polarization curves of RuSe,-CoSe, and other reference samples in alkaline elec-
trolyte. Reproduced with permission.'” Copyright 2022, Elsevier. g) HR-TEM image of RuO,-WC NPs/CP. h) MA at 1.55 V (vs RHE) in 0.5 M H,SO,.
i) Free energy diagram of RuO,-WC NPs and RuO, at zero potential, equilibrium potential, and operating potential (U=0, 1.23, and 1.91V, respectively).

Reproduced with permission.[73] Copyright 2022, Wiley-VCH.

for OER in acidic conditions (Figure 17c).l”3l A similar hetero-
structure of RuSe,-CoSe, was achieved by a combination of ion
exchange and low-temperature selenization (Figure 17d,e). The
heterostructure played an important role in inhibiting the dis-
solution of Ru during the OER process. Moreover, the strong
interaction between Ru and Co atoms induced optimized elec-
tronic structure and O adsorption capacity, resulting in an over-
potential of only 200 mV at a current density of 10 mA cm™
(Figure 17f).7 The WC belonging to transition metal carbide
(TMC) has a Pt-like electronic structure around the Ep Com-
bining it with RuO, to form a heterostructure material (RuO,-
WC NPs) further improves the OER activity (Figure 17g). In
0.5 m H,SOy, solution, RuO,-WC NPs exhibited excellent mass
activity of 1430 A gg, toward OER, which is eight times over
that of commercial RuO, (Figure 17h). The DFT calculations
demonstrated that WC and RuO, are lattice-matched, which
facilitates the electrons transfer from WC to RuO, at the het-
erointerface, optimizing the electronic structure of Ru and
decreasing the reaction energy barrier of the active interme-
diate OOH*. In addition, the presence of WC inhibited the
over-oxidation of Ru active sites, thereby enhancing the OER
stability (Figure 17i).7°] Table 3 summarizes the OER activity of
various Ru-based electrocatalysts.

Adv. Energy Mater. 2022, 12, 2202119 2202119 (24 0f29)

5. Summary and Outlook

Ru-based catalysts, as the most promising alternative for Pt-based
catalysts, have emerged and accelerated many catalytic reactions.
In this review, modification strategies for Ru-based nanoma-
terials have been discussed, which significantly influence the
structural and electronic properties. The exposed facets, mor-
phologies, Ru-metal/nonmetal bonds, size effect, heterointerface,
etc., induce electronic modulation effects by the intramolecular
and intermolecular of the Ru-based nanomaterials, exposing
more active sites and resulting in charge redistribution, which
optimize the adsorption of reactants/intermediates and catalytic
performance. The application progress of engineered Ru-based
nanomaterials for hydrogen/oxygen conversion reactions (HER,
HOR, ORR, OER) has been summarized, and the relationships
between engineering strategies, reaction pathways, and catalytic
activity are well-developed. Despite the progress achieved for the
engineered Ru-based catalysts, there are still some challenges
and opportunities should be focused on the following aspects:

1) Versatile and multifunctional Ru-based catalysts should be

established. Ru-based nanomaterials exhibited excellent
catalytic ability for HER, HOR, ORR, or OER. In recent years,
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Table 3. The engineered Ru-based electrocatalysts for OER.

Catalysts Modification strategy ~ Loading [mg cm™?| Electrolytes Tho [mV vs RHE] Tafel slope [mV dec™] Ref.
RuCu NSs/C Surface+Metal element - 1.0 m KOH 234 41.2 [166]
0.1 m KOH 276 72.9
0.5 M H,50, 236 404
0.05 M H,SO, 240 514
SS Pt-RuO, HNSs Bimetallic oxides 0.306 0.5 m H,SO, 228 51.0 [167]
RuPbO, Bimetallic oxides 0.32 0.5 M H,SO, 191 39 [168]
Crg6Rug 40, Bimetallic oxides - 0.5 M H,SO, 178 58 [169]
Y,[Ruy Y4075 Bimetallic oxides - 0.1 m HCIO,4 - 37 [170]
Ru/Co-N-C Size 0.4 1.0 M KOH 276 27.8 071
0.5 M H,S0, 232 233
Ruy-Pt;Cu Size+Heterostructure 0.00192 0.1 M HCIO, 220 - [172]
Ru/RuS, Heterostructure 0.849 0.5 M H,SO,4 201 47.2 [173]
RuSe,-CoSe, Heterostructure - 1.0 m KOH 200 53.2 [174]
RuO,-WC NPs Heterostructure 411 wt% 0.5 m H,SO, 347 88.5 [175]

the development of versatile and multifunctional catalysts
is crucial for the advanced green processes and sustainable
chemistry in the industry. There is still some gap between the
catalytic activity of these Ru-based electrocatalysts and special-
ized catalysts in terms of catalytic performance. Therefore, a
multiactive-site strategy can be adopted to combine the active
components for different catalytic reactions to design Ru-based
composites. And combining components or phase structures
with different catalytic roles to construct heterostructure
promotes multifunctional catalysis with synergistic effects.

2) Much-needed improved stability. After unremitting efforts de-
voted, many Ru-based catalysts with advanced nanostructures
have shown excellent electrocatalytic performance. However,
under the highly corrosive, high temperature or high potential
reaction conditions, the dissolution of Ru-based nanomaterials
reduces the stability of the catalyst, which seriously hinders its
industrial application. Therefore, it is of great significance to
strive to develop Ru-based electrocatalysts with high catalytic ac-
tivity and stability under the conditions of industrial application.

3) Advanced characterization technology. For heterogenous elec-
trocatalytic reactions, the surface of the catalyst is an important
site for the catalytic reaction. The interaction between the ac-
tive sites on the surface and the active intermediates is the key
factor affecting the catalytic activity. Therefore, it is necessary
to use more advanced in situ characterization techniques, such
as in situ Raman, Fourier transform infrared spectroscopy (in
situ FTIR), and X-ray absorption spectroscopy (in situ XAS), to
identify the changes of the active sites, and the binding states
between the active sites and intermediates during the electro-
catalytic reactions occurring on Ru-based electrocatalysts.

4) Comprehensive and advanced theoretical calculation.
Although the theoretical calculations have been used to
study the reaction mechanism of Ru-based nanomaterials,
most of these computational results are ignoring the real
experimental conditions. Therefore, closely linking the DFT
calculations with the experimental results, especially the in
situ characterization results, will better reveal the real electro-
catalytic process of Ru-based catalysts. Moreover, theoretical

Adv. Energy Mater. 2022, 12, 2202119 2202119 (25 of 29)

calculation is also promising to screen the element to be in-
corporated or specific atomic structure of Ru-based materials
for targeted catalytic activity and stability.

Shorten the gap between experimental research and industrial
applications. Currently, significant progress has been made in
the research and application of Ru-based materials for hydro-
gen/oxygen conversion reactions. However, how to large-scale
apply Ru-based electrocatalysts to practical applications is still
a huge challenge. Small batch preparation and controllable
experimental conditions provide great convenience for the de-
velopment of academic research, whereas more critical, such
as ensuring equipment stability, process repeatability, and
scale-up experiments, are needed for industrial production.
Even though Ru-based catalysts have made considerable pro-
gress in the practical application of dimensionally stable anode
and some organically catalyzed reactions such as asymmetric
hydrogenation reactions, there is still a long way to go before
larger-scale commercial applications. Therefore, finding a way
to reduce the gap between experimental research and indus-
trial application is an urgent challenge for Ru-based catalysts.
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