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alkaline and acidic media
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Wanlin Zhoul, Xin Chen” and Qinghua Liu'

ABSTRACT A reasonable design strategy to improve the
utilization of noble metal electrocatalysts for the hydrogen
evolution reaction (HER) is crucial to simplify the process flow
and accelerate the future renewable energy economy. Here,
abundant defects were created on 2.4-nm Ru nanoparticles to
achieve unprecedently high mass-specific reactivity in harsh
acidic and alkaline electrolytes. The obtained defect-enriched
Ru (DR-Ru) exhibits an ultrahigh HER turnover frequency of
16.4 s with a 100-mV overpotential in alkaline media, and it
also retains an excellent value of 20.6 s~ in acidic media; these
results are superior to those reported for other Ru catalysts.
Accordingly, a record-low loading of 2.5 ug cm™ for the DR-
Ru catalysts and low overpotentials of 28.2 and 25.1 mV at
10 mA cm ™’ can be realized in alkaline and acidic media, re-
spectively. Furthermore, the less coordinated Ru surface sites
and partial lattice oxygen introduction weaken the bonding
between H and DR-Ru catalysts, facilitate fast acidic HER
kinetics and help dissociate the water molecule to overcome
the major challenge of HER in alkaline electrolytes, leading to
an activity comparable to that under acidic conditions. This
result provides a guideline for defect engineering on noble
metal nanocatalysts to effectively improve the utilization of

the catalysts and optimize reactivities.

Keywords: defect engineering, DR-Ru catalyst, hydrogen evo-
lution reaction, electrocatalysis

INTRODUCTION

Efficient electrocatalysts for hydrogen production are at
the core of the modern renewable energy economy based
on hydrogen energy, which requires a deep under-
standing and ongoing simplification in the design of
novel catalysts. Platinum-group metal electrocatalysts,
such as those with Pt, Ru and Ir, have superior hydrogen
evolution reaction (HER) intrinsic reactivities compared
with those of other mature or emerging catalysts, such as
NiMo or Raney nickel, and are currently the most com-
mon commercial HER catalysts [1-5]. However, the
scarcity and high cost of platinum-group metal electro-
catalysts and their nonuniform performance in acidic and
alkaline electrolytes still represent critical bottlenecks that
limit the large-scale practical application of electrolytic H,
production [6,7]. The widely accepted solution is to
maximize the mass-specific reactivity and reduce the
loading of the precious metals. Theoretically, single-atom
catalysts could maximize the utilization of noble metals
[8]. Yao’s group [9] reported a single-atom Pt,/N-C HER
catalyst that can realize a current density of 10 mA cm ~
with application of a 19-mV overpotential in 0.5 mol L'
H,SO, and a 46-mV overpotential in 1.0 mol L' NaOH.
Song’s group [10] synthesized dispersed Pt on onion-like
nanospheres of carbon (0.27 wt% Pt) that can reach
10mAcm ’ at a 38-mV overpotential. However, under
actual reaction conditions, it is difficult to synthesize
single-atom catalysts, which have high fluidity and are
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easily sintered [11]. Moreover, the activities of Pt-based
catalysts under alkaline conditions are obviously lower
than those under acidic conditions. Hence, developing a
facile strategy to maximize the mass-specific reactivity of
platinum-group metal electrocatalysts is highly desirable.

Although single-atom catalysts can, theoretically, fully
utilize the loading of the noble metal, nanoparticles (NPs)
of 2-3 nm diameter would have 50% of the atoms on the
surface and are much easier to synthesize. Catalyst design
based on small NPs is a promising alternative strategy for
realizing the effective utilization of noble metal catalysts.
“Defect engineering” is an exciting concept for tuning
material properties, which opens novel channels in ma-
terial chemistry for mechanical, electronic and catalytic
applications [12-18]. Defect tailoring of electrochemical
catalysts is particularly interesting because the defects in
catalysts can change the distribution of electronic charge
and control the disordered structure, and it plays a crucial
role in manipulating the structures of intermediates in
electrocatalytic reactions [19,20]. Numerous attempts
have been made to control the defect types, structures and
concentrations of catalysts, which can be generally di-
vided into synthetic and post-synthetic methods. For in-
stance, rich-edge defects have been regulated by the
optimization of pyrolysis temperatures and mass ratios of
precursors [21,22]. By constructing hBN heterostructure
layers on N-doped carbon nanostructures, more defects
can be exposed to boost the HER electrocatalytic activity
[23]. Compared with the synthetic methods, post-syn-
thetic methods are more feasible for intentionally indu-
cing controllable defects. Cai’s group [24] selectively
etched WO; contaminants by alkali etching post-treat-
ment to obtain highly defective WS, nanosheets for effi-
cient HER catalysis. Different types of defects can be
created on MoS, monolayers by applying different post-
treatments; e.g., a great number of cracks with certain
angles were created by oxygen plasma treatment and
varjous micrometer- and nanometer-scale triangular
holes resulted from hydrogen annealing [25]. However,
most defect engineering studies are carried out on at least
a one-dimensional micron-scale material matrix. There
remains a strikingly small body of experimental data for
successfully manipulating defects in nanometer materials.

Herein, we used Ru, the cheapest Pt group element, in a
proof-of-concept study [26] and successfully constructed
defects with a uniform size of ~2.4 nm in defect-enriched
Ru NPs (DR-Ru NPs) by a two-step synthetic strategy.
The synthesis of DR-Ru NPs profits from the coexistence
of Cu in the precursor RuCu nanocrystals, which can be
facilely etched away to create defects. The mass-specific
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reactivity of DR-Ru is superior to that of any other Ru
HER catalyst reported, with an ultrahigh turnover fre-
quency (TOF) of 16.4 s ' in alkaline media and 20.6 s ' in
acidic solution at an overpotential of 100 mV. X-ray ab-
sorption near edge structure (XANES), extended X-ray
absorption fine structure (EXAFS) and X-ray photoelec-
tron spectroscopy (XPS) analyses disclose that the en-
riched defects in the DR-Ru introduce lattice Os into the
subsurface of the Ru and greatly lower the coordination
number (CN) of the surface Ru atoms, leading to the
overall optimization of the electronic structure and co-
ordination environment of the active sites. This opti-
mized Ru surface model can weaken the bonding strength
of the catalyst and H and accelerate water molecule dis-
sociation, contributing to excellent HER activities.

EXPERIMENTAL SECTION

Synthesis of Ru-based NPs

Typically, DR-Ru catalysts were first prepared by the
galvanic replacement method with the adjusted reaction
time of 5h [27]. Then, the washed products were dis-
persed in an appropriate amount of cyclohexane, sprayed
onto a clean carbon cloth (CC) with an area of 1 cm” and
heated to 450°C for 2 h in a H,/Ar atmosphere. Subse-
quently, the resulting sample was soaked in FeCl; solution
overnight and washed with deionized water. And then,
the precipitated Cu was etched out, and DR-Ru NPs
loaded on CC could be obtained after vacuum drying. As
a reference sample, normal Ru NPs loaded on CC were
also synthesized according to the same procedure without
a Cu-containing precursor or FeCl; etching.

Characterizations

We performed transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) on a JEOL JEM-
2100F microscope to obtain the morphologies of the
catalysts. We also obtained crystal structure information
with X-ray diffraction (XRD) on a PANalytical X’Pert
PRO XRD diffractometer (Cu Ka radiation, A =
1.54178 A), and the detection range was 26 = 10°-70°.
The oxidation state and electronic structural changes
were further acquired by X-ray photoelectron spectro-
scopy (XPS) on an ESCALAB MKII instrument (excita-
tion source: Mg Ka, hv = 1253.6 eV). All obtained XPS
results were corrected by referencing C 1s to 284.8 eV.
Aberration-corrected high-angle annular dark-field
scanning TEM (HAADF-STEM) was conducted to dis-
cern the Ru vacancies and other defect species on a JEM-
ARM 200F instrument at an accelerating voltage of
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200 kV. We conducted operando synchrotron radiation
Fourier transform infrared (SR-FTIR) measurements at
the infrared beamline BLO1B of the National Synchrotron
Radiation Laboratory (NSRL, China), and a homemade
top-plate cell was used to perform the electrochemical
tests. The spectral resolution was set as 2 cm ' to ensure
the quality of the obtained SR-FTIR spectra, and before
data collection, a voltage was applied to the catalyst
electrode for 20 min to obtain a stable and reliable signal.
We carried out the electrochemical tests on a standard
three-electrode electrochemical workstation (CHI760E).
For alkaline electrolysis, the electrodes were immersed in
a KOH solution (1 mol L") with a Pt wire and Hg/HgO
(saturated KOH) as the counter and reference electrodes.
The acidic electrolysis was done in a 0.5 mol L' H,50,
solution, and graphite and Ag/AgCl (saturated KCl) acted
as the counter and reference electrodes, respectively. We
first performed dozens of CV scans to stabilize the sample
and then obtained linear sweep voltammetry (LSV)
curves by measuring at a scanning rate of 10 mV s ' with
an 80% IR correction. The stability measurement was
conducted at an initial current density of 10 mA cm  for
20h with the amperometric current-time (i-f) curve

RSN SR ]
. Sizé (nm)

pattern.

RESULTS AND DISCUSSION

The synthesis of DR-Ru NPs was realized by a two-step
strategy that benefited from the incompatibility of Ru and
Cu during crystallization [28]. First, Ru and Cu pre-
cursors were mixed together for a solvothermal reaction
that produced incipient coexisting RuCu nanocrystals
(pre-RuCu). Cu seeds were preferentially formed at the
beginning of the solvothermal reaction and Ru epitaxial
shells consequentially wrapped the Cu core to achieve a
thermodynamically stable structure [27]. Proper anneal-
ing of pre-RuCu in a reducing atmosphere precipitated
the Cu core to reconstruct the pre-RuCu, which was then
etched by FeCl; solution, leaving Ru with enriched de-
fects. As a reference, Ru NPs were synthesized by the
same procedure without a Cu precursor. The morphol-
ogies of the Ru and DR-Ru catalysts were determined by
TEM, and the images are shown in Fig. 1a, c. The Ru NPs
exhibit a spherical morphology with an average size of
~3.3nm. Cu treatment can further reduce the nano-
particle size, resulting in DR-Ru catalysts with an
anomalous near-spherical morphology and a uniform

Figure 1 TEM and HRTEM images of the as-prepared Ru (a, b) and DR-Ru (c, d). The insets in (b, d) are local enlarged versions. (e-h) EDS

mappings of total, C, O, and Ru in DR-Ru.
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average size of ~2.4 nm. There was no recognizable Cu
signal in the inductively coupled plasma (ICP) emission
spectrometry test of the DR-Ru sample or energy dis-
persive X-ray spectroscopy (EDS) results (Fig. S1) after
FeCl; etching, indicating that Cu was completely etched
away. The interplanar spacings of Ru and DR-Ru NPs,
obtained from HRTEM images (Fig. 1b, d), are approxi-
mately 2.34, 2.14 or 2.06 A, corresponding to the (100),
(002), and (101) lattice planes, respectively, of the typical
hexagonal close-packed (hcp) structure of Ru. Ru NPs
have ordered lattice fringes shown in the inset of Fig. 1b,
suggesting excellent crystallinity. However, the lattice
fringes of DR-Ru NPs are partially disordered. As shown
in the inset of Fig. 1d, there is an obvious dislocation of
lattice fringes marked by the yellow dotted line and even
vacancies marked by the yellow circle in the DR-Ru
sample, proving the increased number of defects in the
DR-Ru after Cu etching. The HAADF-STEM image of
DR-Ru further demonstrates the existence of abundant
defects (Fig. S2).

To achieve a DR-Ru-loaded CC electrode, a pre-RuCu
NP solution was first sprayed onto CC and then treated
with the same process. The corresponding Ru loading
mass revealed by ICP-mass spectrometry (MS) measure-
ment is approximately 2.462 ug cm -, suggesting that this
strategy is quite convenient for obtaining Ru-based cat-
alysts with extremely low loadings. Due to the low loading
mass and the ultrafine size, no other characteristic peaks
were observed by XRD except for those of the CC, as
shown in Fig. S3 [29]. To further examine the crystal
structure, we increased the loading and repeated the XRD
measurement. The XRD peaks of DR-Ru were well mat-
ched with those for the typical hcp Ru structure (PDF#65-
7646), consistent with the TEM analysis (Fig. S4). The
EDS mappings of DR-Ru shown in Fig. le-h display the
uniform distribution of Ru on the CC.

The HER electrocatalytic activity and stability of the
DR-Ru catalysts were evaluated through a typical three-
electrode setup in 0.5 mol L H,S0, or 1 mol L' KOH
solution. Under acidic conditions, the overpotential for
DR-Ru catalysts to drive a 10 mA cm ~ catalytic current
density was 25.1 mV, superior to commercial Pt/C
(34.7 mV) and just about one-third of that of Ru NPs
(73.2 mV). Furthermore, the Tafel slope for DR-Ru cat-
alysts in 0.5 mol L™' H,SO, was close to the theoretically
predicted value for the Volmer-Tafel mechanism
(~30 mV decfl), with a Tafel slope of 23.8 mV dec’,
implying that its fast dynamics is similar to that of the
benchmark  electrode  with  commercial Pt/C
(23.6 mV dec ). In contrast, the Tafel plot for Ru NPs
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without Cu treatment showed a Tafel slope of
54.8 mV dec . Interestingly, the DR-Ru catalysts showed
comparable HER activity in the alkaline electrolyte with
1 mol L' KOH. It is well known that noble metal cata-
lysts show inferior HER activities in alkaline electrolytes
compared with acidic electrolytes [26,30,31], which is
mainly caused by the extra energy required for the ad-
ditional water dissociation step. This phenomenon was
also evident in our HER experiments with Pt/C and Ru
catalysts in 1 mol L KOH, which exhibited over-
potentials of 61.2 and 14 mV larger than those with
0.5mol L' H,SO,. However, as shown in Fig. 2a, DR-Ru
catalysts rapidly reached a current density of 10 mA cm ~
at a low overpotential of 28.2 mV in 1 mol L' KOH so-
lution, which is much better than those of commercial Pt/
C (959 mV) and Ru NPs (87.2 mV). The corresponding
Tafel slopes were calculated to illustrate the reaction ki-
netics, as shown in Fig. 2b, and were found to be
40.8 mV dec ' for DR-Ru catalysts, 42.9 mV dec ' for
commercial Pt/C and 69.0 mV dec ' for Ru NPs in
1 mol L' KOH. This shows that the DR-Ru catalysts
exhibit faster reaction kinetics than Ru catalysts and
proceed via successive Volmer-Heyrovsky paths in the
basic solution [32]. Additionally, the durability of DR-Ru
catalysts was further examined by chronoamperometric
measurements, and the results are shown in Fig. 2c. DR-
Ru catalysts remained relatively stable over 20 h of op-
eration at a 28-mV overpotential in basic solution.
However, under acidic conditions, the stability of DR-Ru
was slightly reduced at 25 mV, and the initial current
density was reduced to approximately 9 mA cm ’, as-
cribed to the dissolution of some surface-oxidized Ru in
acidic solution [26,33]. In addition, the almost unchanged
structure and electrochemical behavior shown in Fig. S5
evidently confirmed the robust long-term durability of
DR-Ru while operating in HER catalysis.

For noble metal electrocatalysts, mass-specific reactivity
determines the amount of catalyst used in a water-split-
ting reactor, which is crucial to the cost of scale-up ap-
plications. The TOF can be explicitly calculated to
characterize the intrinsic electrocatalytic activity per
atom. Because of the high surface area of small NPs and
the surface defect engineering, the loading amount of DR-
Ru in our experiment greatly reduced to
<2.5 pg cm 7, which is the lowest reported for Ru cata-
lysts. DR-Ru displays a high TOF value of ~20.6s ' in
0.5 mol L' H,80,. Although this value is not as large as
those reported for Pt-based electrocatalysts (40.8's ' for
Pt,/OLC) [10], it is still 5 times higher than those of other
Ru catalysts (3.9 s ). This TOF value was greater than

was
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Figure 2  Electrochemical measurements in 0.5 mol L™ H,SO, or 1 mol L' KOH solution. (a) Polarization curves of Pt/C, Ru and DR-Ru catalysts.
(b) Tafel plots obtained from the polarization curves in (a). (c) Stability test of DR-Ru catalysts in 0.5 mol L H,SO, or 1 mol L' KOH solution.
(d) Comparison of the TOF values of DR-Ru catalysts with advanced noble metal electrocatalysts at 100 mV.

those for all previously reported Ru HER catalysts, such
as Ru-GC (0.9 s ") [34], Ru-Ni@Ni,P-HNRs (1.1s ') [35],
and Ru/g-C;N,/C (4.9 sfl) [26]. For most noble metal
HER catalysts, the TOF in alkaline electrolyte is much
lower than that in acidic electrolyte. For instance, the
TOFs of Pt surface and Pt-based single-atom catalysts
under alkaline conditions are approximately 1-2 orders
of magnitude lower than those under acidic conditions
[9,32]. As shown in Fig. 2d, DR-Ru catalysts also display a
high TOF value of ~16.4s  in 1molL"' KOH at a
100-mV overpotential, which is over 5 times larger than
that of Ru (2.8 s ). DR-Ru outperforms the vast majority
of the representative HER noble metal electrocatalysts
reported recently, such as Ru/C (2.0 s ), I/C (2.65 1),
Ru/g-C;N,/C (425 ') [26], PtAl (5.65s ') [33], Ru-HPC
(9.2s ") [32], Ru@NC (10.8 s ') [36] and PtGa (17.1s ')
[33], at overpotentials of 100 mV. Our DR-Ru catalyst is
also the only catalyst that exhibits a TOF of >10s ' in
both acidic and alkaline electrolytes.

The above HER results indicate that the abundant de-
fects on the DR-Ru surface not only increase the number
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of surface catalytic sites, but also change the dynamic
behavior so that the intrinsic activity of DR-Ru is
equivalent in acidic and alkaline solutions. To further
confirm this, the electrochemical surface areas of DR-Ru
and Ru were investigated by the underpotential deposi-
tion of Cu (Fig. S6). There is an approximately 1.5-fold
difference between their superficial areas, which is much
smaller than the 5-fold difference in TOF. To further
verify that the activity comes from abundant defects, we
conducted a second annealing of DR-Ru, which is bene-
ficial to eliminating defects. As shown in Fig. S7, the 2
annealing DR-Ru NPs resulted in an average size of
~2.6 nm, slightly larger than that of DR-Ru. The resulting
DR-Ru NPs displayed clear lattice fringes, implying that
numerous defects were eliminated. The LSV curves
(Fig. S8) further show that the overpotential increased
significantly, even exceeding that of Ru.

To determine the underlying mechanism of the out-
standing HER performance of DR-Ru catalysts, the che-
mical environment of the surface Ru was investigated by
XPS spectra. As shown in Fig. 3a, both Ru-based catalysts
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Figure 3 XPS spectra of Ru and DR-Ru. (a) Ru 3d and C 1s; (b) O 1s levels. (c) Ru K-edge XANES spectra for the as-prepared Ru, DR-Ru and
reference Ru foil. (d) The magnitude of k*-weighted Fourier transforms of the Ru K-edge EXAFS spectra for the as-prepared Ru, DR-Ru and reference

Ru foil.

are mainly composed of metal Ru (Ru’) deposited with a
binding energy (BE) of ~280.3 eV, with only a small part
of the oxidized Ru (Ru’") displaying a higher BE [37]. The
partial oxidation of surface metals is well known for metal
nanomaterials exposed to the atmosphere. Interestingly,
the peak position of the Ru®* component in the Ru 3d;,
spectrum of DR-Ru obviously shifts to higher BE relative
to that of Ru, implying that the surface Ru on DR-Ru NPs
may possess a higher oxidation state. The O 1s spectra of
DR-Ru in Fig. 3b confirm the existence of Oy
(530.1 eV), and the other two contributions at 531.5 and
532.8 eV can be ascribed to adsorbed oxygen species such
as OH, H,O or absorbed molecular O, [38]. Compared
with the O 1s spectra of Ru, the appearance of Oy, in
DR-Ru also indicates that the coordination environment
around the Ru atom varies.

XANES and EXAFS experiments were conducted to
further understand the local structure surrounding the
surface defects of DR-Ru catalysts. Fig. 3¢ exhibits the
normalized XANES spectra of Ru and DR-Ru NPs at the
Ru K-edge with Ru foil as a reference. The Ru K-edge of
the two Ru-based catalysts did not shift significantly re-
lative to Ru foil, indicating that they maintain good me-
tallicity. However, their white-line (WL) peak intensities
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increased slightly, which usually corresponds to the
transition from Ru 1s to 4d and d-p hybridized orbitals
[39]. This phenomenon shows that the electronic struc-
ture of the outermost layer was changed. In addition, the
Ru K-edge EXAFS k’y function (Fig. S9) displays an
significantly reduced amplitude for DR-Ru compared
with Ru, implying a different local Ru atomic coordina-
tion environment. The corresponding Fourier trans-
formed R-space spectra of DR-Ru in Fig. 3d present the
predominant Ru-Ru metallic coordination at ~2.3 A and
a slight shift to the lower R values compared with that of
Ru NPs and Ru foil. The shift in bonding length can be
ascribed to the surface contraction in the nanostructure,
consistent with previous TEM results [40,41]. However,
the intensities of the Ru-Ru coordination peaks of DR-Ru
and Ru NPs present large decreases relative to those of Ru
foil, especially after Cu etching, which indicates the ap-
pearance of defects (such as ruthenium vacancies). To
quantitatively determine the local coordination en-
vironment of Ru-based catalysts, we fitted the Ru K-edge
k*-weighted EXAFS spectra for Ru and DR-Ru with Ru
foil as a reference, and the results are shown in Fig. S10
and Table S1. The CN for surface Ru-Ru bonds in DR-Ru
catalysts is 6.4, which is significantly lower than that of

October 2021 | Vol.64 No. 10
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Ru catalysts (CN = 9), implying a difference in the surface
Ru atom coordination environment. In theory, the CN of
NPs with a size of ~3.3 nm is approximately 10.6-10.8. In
comparison, when the size of the NPs reaches ~2.4 nm,
the CN is reduced to 10.0-10.4 [42,43]. In this case, the
equivalent CN for Ru-Ru bonds in Ru catalysts is ap-
proximately 10.8, while that of Ru-Ru bonds for DR-Ru
catalysts is only 9.2. The deviation of CN for DR-Ru
means that DR-Ru has many surface Ru vacancies, which
leads to abundant low coordination surface active sites
with optimized electronic structure and potential activity
for proton adsorption and desorption [36,44]. Above all,
the enrichment of defects in the DR-Ru introduced lattice
Os into the subsurface to adjust the electronic structure
configurations and further lowered the CN of surface Ru
to optimize the overall coordination environments of
active Ru sites.

Operando SR-FTIR measurements, which have been
proven to be effective in detecting OER and ORR inter-
mediates at the solid-liquid interface [45-47], were first
used to detect the dynamic evolution of the HER process.
As shown in Fig. 4a, a new absorption band near
1100 cm ' and a weak absorption signal at 834 cm ' ap-
pear as the applied potential was increased from open
circuit to —30 mV vs. RHE, which is generally ascribed to
the H atoms adsorbed on threefold sites of the supported
Ru particles [48]. This indicates that the HER process
mainly involves the adsorption and reconstruction of

protons under acidic conditions. Under alkaline condi-
tions, however, the mechanism is much more compli-
cated. At the onset potential (~10 mV vs. RHE), a weak
absorption peak located at 1634 cm ' (marked by the
green area in Fig. 4b) is observed, which is attributed to
the bending mode of adsorbed water (H,0,q4, dyop), in-
dicating that alkaline HER electrocatalysis is initiated by
the adsorption of H,O. With increasing applied potential,
the strength of the peak for adsorbed H,O increases, and
a new absorption signal with a potential-dependent re-
lationship appears at ~1840 cm . These variations in the
spectra imply that the exposed sites of the DR-Ru surface
are occupied by adsorbed H (abbreviated as H,4), which
may come from the decomposition of H,O,4. Hence, the
catalytic cycle in alkaline solution can be described as
shown in Fig. 4c. H,0O molecules are first adsorbed on the
optimized active surface of DR-Ru and then dissociate
into adsorbed OH and H,4 (steps I-II), which are well
known to be sluggish Volmer steps. Subsequently, the
adsorbed OH breaks away from the DR-Ru active surface
(step III). Then, the ready recombination reaction of H,4
with an adjacent H,O in the solution (step IV) occurs and
further releases OH to generate H, (step V). These re-
action steps correspond to the fast Heyrovsky process, as
previously analyzed.

First-principles density functional theory (DFT) calcu-
lations of the kinetics and thermodynamics of the HER
were further performed to explore the origin of the high
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diagram for the HER on Ru and DR-Ru NPs.
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electrocatalytic activity of DR-Ru in both acidic and al-
kaline solutions. A cubo-octahedron Rug; model was
optimized to represent the Ru NPs, and its central Ru
atom was replaced by an oxygen atom to simulate the
introduction of lattice oxygen in DR-Ru. In addition, the
two marked Ru atoms in the subsurface layer of Rus; were
removed to show the lower CN of DR-Ru (Fig. S11). The
H,q binding energies (E.;,) on the DR-Ru and Ru NPs
were first examined because it is generally believed that
Ru is a theoretically suitable alternative to Pt because its
hydrogen bond energy is similar to that of Pt-H [49].
However, fundamental studies on HER electrocatalysts in
acidic environments suggested that Ru-bound hydrogen
is too strongly bound in acidic solutions, which is un-
favorable for hydrogen evolution and leads to the rela-
tively poor HER performance compared with Pt [50]. In
our case, the Ey, of H,y on DR-Ru is significantly de-
creased (to ~0.56 eV) relative to that on Ru (~1.04 eV), as
shown in Fig. 4d; this is beneficial for the acceleration of
the Tafel chemical recombination step (2H,y — H,) on
DR-Ru, which is consistent with the experimental ob-
servations. In basic media, H,O is more easily adsorbed
on the surface of Ru first, and the E,;, of H,0,4 is stronger
than that on DR-Ru, 1.02 vs. 0.75 eV. However, as shown
in Fig. 2e, Ru has a large energy barrier for H,O dis-
sociation (1.65eV), indicating extremely sluggish ki-
netics. In contrast, this energy barrier is significantly
decreased to 1.07 eV on DR-Ru and is also much lower
than that on Pt(111) (2.64 eV) [51]. These results suggest
that Ru can promote much faster H,O capture but cannot
decompose H,0,4 into H,4 and OH,4 quickly enough to
afford sufficient protons for the HER process. For DR-Ru,
a moderate H,O capture rate and the much easier dis-
sociation of H,O are conducive to overcoming the de-
layed dynamics of the Volmer reaction in basic solution
and further improve the equivalent reaction efficiency
compared with that in acidic solution. In addition, the
adsorption free energy of atomic hydrogen (AGy,y) is a
reliable descriptor for evaluating the HER activity of a
given catalytic site, and the optimal value is generally
recognized to be ~0 eV for an ideal HER electrocatalyst
[35,52]. The free energy changes for Ru and DR-Ru NPs
are shown in Fig. 4f. The AGy,y of DR-Ru is —0.32 eV,
which is closer to the optimal AGy, than that of Ru
(=0.80 eV), further demonstrating the more favorable
reactivity of DR-Ru NPs during the HER process.

CONCLUSIONS
In summary, a defect-enriched hcp-Ru electrocatalyst
with a ~2.4 nm particle size was synthesized successfully
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via a novel two-step approach. As a promising acid HER
electrocatalyst, DR-Ru rapidly realized a current density
of 10 mA cm ~ with a low overpotential of 25.1 mV and
displayed an excellent TOF value of 20.6's ' at an over-
potential of 100 mV. A comparable HER performance
with an overpotential of 28.2 mV at 10 mA cm , ultra-
high TOF of 16.4s ' at 100 mV overpotential and con-
tinuous 20 h long-term durability was also realized in
alkaline solution. Both experimental and theoretical
analyses disclosed that the rich defects of DR-Ru are the
key to boosting the enhanced HER performance. Espe-
cially under alkaline conditions, adjusting the electronic
structure and coordination environment of active Ru sites
caused DR-Ru to exhibit a much more moderate H/H,O
binding energy and excellent dissociation energy for H,O,
which results in the more efficient alkaline HER com-
pared with that of Ru. This discovery provides new in-
sights into improving the high mass-specific reactivity of
noble metal catalysts in various harsh electrolytes and
offers a feasible strategy for the rational design of the
active site structures of electrocatalysts.
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