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Guaranteeing satisfactory catalytic behavior while ensuring high metal utilization has become
the problem that needs to be addressed when designing noble metal based catalysts for
electrochemical reactions. Here, the well-dispersed ruthenium (Ru) based clusters with adjacent
Ru single atoms (SAs) on layered sodium cobalt oxide (Ru/NC) is demonstrated to be a superb
electrocatalyst for alkaline HER. The Ru/NC catalyst manifests an activity increase by a factor

of two relative to the commercial Pt/C. Operando characterizations in conjunction with density
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functional theory (DFT) simulations uncover the origin of the superior activity and establish a
structure-performance relationship, that is, under HER condition, the real active species are Ru
SAs and metallic Ru clusters supported on the NC substrate. The excellent alkaline HER
activity of the Ru/NC catalyst can be understood by a spatially decoupled water dissociation
and hydrogen desorption mechanism, where the NC substrate accelerates the water dissociation
rate, and the generated H intermediates would then migrate to the Ru SAs or clusters and
recombine to have H> evolution. More importantly, comparing the two forms of Ru sites, it is

the Ru cluster that dominates the HER activity.

1. Introduction

Electrochemical water splitting has been widely acknowledged as the cleanest technology
for hydrogen generation.!'>! Typically, the state-of-art catalysts are based on the noble platinum
and ruthenium/iridium for cathodic hydrogen evolution reaction (HER) and anodic oxygen
evolution reaction (OER), respectively. Recent years have witnessed the tremendous efforts
involved in developing earth-abundant and low-cost materials to replace precious-metal based
electrocatalysts. For instance, the Ni-Fe based catalysts have demonstrated OER performance
comparable with ruthenium oxide,!®®! while for the HER side, most of nonprecious-metal-based
catalysts still show far inferior performance to the noble metal catalyst (such as Pt, ruthenium
(Ru), rhodium (Rh), and gold (Au))."'") Considering the scarcity and high cost of noble metals,
reducing the amount used and make the best of these noble resources remain the most
challenging when designing alternative electrocatalysts for alkaline HER.

To enable more atoms to participate in the designed catalytic reaction, one obvious approach
is to downsize a bulk catalyst to nanoparticle, nanocluster or even single atom as the ultimate
limit. With the decrease of catalyst size, the number of surface atoms exposed is profoundly
increased, together with an alteration of the surface atomic structure, electronic structure and
surface defects, which have aroused increasing research interests in the field of heterogeneous
catalysis.!!>"'¥ Theoretically, noble metal single atom catalyst (NMSAC) with the maximum
atom utilization efficiency (100%) should meet the urgent need for the best use of noble
resource. However, when catalyzing the HER, the activities of most of the reported NMSAC
remain lower than the benchmark and even the conventional nanoparticle catalysts. A major
reason is that the metal content in the current NMSAC is very low (< 1 wt%), where the
individual atoms may easily migrate and agglomerate into larger clusters due to the high
specific surface energy of single atom in NMSACs.!'>'"] Moreover, when preparing NMSACs,

additional physical/chemical treatment such as acid leaching may be involved to remove

2



WILEY-VCH

impurities and unstable nanoparticles, which would induce a possible waste of precious metals
and a decreased yield.''! Therefore, how to guarantee satisfactory catalytic behavior while
ensuring the high metal utilization becomes one of the challenging problems that needs to be
addressed.

Generally, HER rate in alkaline media is 2-3 orders of magnitude lower than that in acidic
condition. The sluggish alkaline HER can be attributed to the insufficient proton supply from
slow water dissociation.['82%) Although the Pt-group metals have optimal hydrogen adsorption
free energy, they are generally inefficient in the prior step of water dissociation. Conversely,
metal oxide/hydroxide are efficient for cleaving HO-H bond, but are poor in the other essential
processes of hydrogen adsorption and H> desorption. Hence, an ideal alkaline HER catalyst
should combine the catalytic proficiencies of metal oxide/hydroxide and Pt-group metals to
create bifunctional effects.?!?*! A well-known example is the Pt/Ni(OH), hybrid which yields
8 times higher HER activity than pristine Pt, in which the overall multistep HER in alkaline
solution was facilitated by the strategic combination of water-dissociating Ni(OH), and H-
combing Pt This success represents a breakthrough in improving the sluggish kinetics for
electrochemical reduction of water to molecular hydrogen in alkaline environments.

Noble metal ruthenium (Ru) shares similar property with Pt and possesses the merits of
relatively low cost (~4% cost of Pt), thereby becoming an idea alternative to Pt for HER.[?6-28]
In this work, through a facile cation exchange reaction under room temperature, we constructed
a supported ruthenium catalyst with dual local structures in which amorphous Ru hydroxide
clusters with neighboring Ru SAs were well dispersed and supported on the layered sodium
cobalt oxide (NaCoO>, NC). The hybrid catalyst (denote as Ru/NC) achieved superior
performance towards alkaline HER. More importantly, its mass activity (4.67 A mg! at-0.2 V
vs RHE) was nearly twice that of the commercial 20% Pt/C, demonstrating its great potential
for practical application. Operando X-ray absorption spectroscopy (XAS) was carried out to
capture the dynamic structural evolution under HER condition, from which we could draw a
clear conclusion that the obtained Ru/NC catalyst may act as the “pre-catalyst” rather than the
real active species, and the reactive species were Ru SAs and metallic Ru clusters in HER
condition. In addition, density functional theory (DFT) calculations elucidated how the
individual component of Ru/NC cooperated to enhance the HER activity in alkaline
environment. Briefly, the NaCoO> substrate provided active sites for dissociation of water, and
the generated H intermediates (H*) recombined to generate H> on the Ru SAs or clusters.
Comparing the two kinds of Ru sites, Ru cluster dominated the HER activity due to the more

fluent migration of H* and its more favorable adsorption-desorption energetics towards H
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intermediates. This study inspires us to pursue a balance between atomic utilization and

performance when developing noble metal catalysts for alkaline HER.

2. Results and discussion

The Ru based species dispersed on NC substrate was facilely synthesized by a cation
exchange reaction under room temperature. Due to the weak acidity of RuCls aqueous solution,
H" would attack the alkaline Na" ions between CoO> slabs in NaCoQ,. The smaller radius of
Ru’*" ion (0.82 A) than that of Na* (1.02 A) allows easy access for Ru ions into the interlayer
space of NaCoOa». As a result, the Ru species would be deposited on the surface of CoO; slabs
with the layered NaCoO> exfoliated simultaneously. Corresponding XRD patterns of the NC
and Ru/NC samples were displayed in Figure 1a. After Ru treatment, the diffraction peaks of
the Ru/NC catalyst were still indexed well with the hexagonal NaCoO> phase (JCPDS no. 00-
030-1182). Compared with the pristine NC, its peak intensity was reduced and its peak location
shifted to lower diffraction angles, implying an enlarged interlayer spacing in the Ru/NC
structure. No additional peaks assigned to Ru-related metals or oxides were observed. The
broad peak at about 18° should be assigned to the amorphous Ru hydroxide deposited on the
NC surface. Field-emission scanning electron microscopy (FESEM) and high angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) were employed to
reveal the general morphology and textural details of the as-prepared catalysts. As expected,
the NC sample displayed agglomeration of large particles resulted from the high-temperature
calcination (Figure S1). The Ru treatment significantly changed its morphology. As observed
in Figure S2, the sheet-like structure in the cross-sectional view of the Ru/NC sample indicated
the successful exfoliation of the bulk NC. Numerous clusters with an average size of ~ 1 nm
were found monodispersed on the substrate (Figure 1b). High-resolution transmission electron
microscopy (HRTEM) image of the substrate in Figure 1c showed continuous lattice spacing
of 0.528 nm corresponding to the (002) plane of NaCoO>. The larger lattice distance of NC
substrate in Ru/NC than that of the pristine NC (0.514 nm, Figure S3) suggested the expansion
of layer spacing after the Ru treatment, which agreed well with the XRD results. The reduced
crystallinity of NC substrate is attributed to the partial etching in acidic Ru solution, which is
consistent with the reduced XRD peak intensity of the Ru/NC sample. Moreover, the HAADF-
STEM image of the Ru/NC (Figure 1d) showed that the disordered Ru hydroxide clusters
(highlighted by blue ellipses) existed with neighboring Ru single atoms (highlighted by red
circles), and the elemental mapping displayed in Figure 1e demonstrated uniform distribution

of Ru across the region selected. The Ru content was ~11.2 wt% as determined by the
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inductively coupled plasma mass spectrometry (ICP-MS) measurement (Table S1). Then X-ray
absorption spectroscopy (XAS) was conducted with the aim of unveiling the coordination
environment of Ru and Co in the as-prepared Ru/NC sample. As observed from the
corresponding Ru K-edge Fourier-transformed extended X-ray absorption fine structure (FT-
EXAFS) spectrum of the Ru/NC (Figure 1f), the dominate peak at 1-2 A was assigned to the
Ru-O contribution. The broad coordinated shell at approximately 3 A consisted of Ru-O-Co
and Ru-O-Ru contributions attributed to Ru single atom and Ru hydroxide clusters, respectively.
The presence of metallic Ru and crystalline RuO» can be excluded. Figure 1g displayed the FT-
EXAFS spectra of Co K-edge for the NC and Ru/NC samples. The scattering peaks at 1-2 and
2-3 A were attributed to Co-O and Co-Co contributions, respectively, in the CoO> slab of
NaCoOs. Quantitative analysis was summarized in Figure S4 and Table S2. It was worth to be
noted that the multiple scattering Co-M peaks of the Ru/NC all shifted to the larger distance
than those of pristine NC, which confirmed again the enlarged layer spacing of NC after the Ru
treatment. The above analysis identified the exfoliated CoO; slabs as well as the coexistence of
Ru based single atom and cluster in the Ru/NC (Figure 1h). In addition, the nitrogen adsorption-
desorption curves (Figure S5a and S5b) of the bulk NC demonstrated a type-III isotherm
without hysteresis loops, indicating its non-porous nature. On the contrary, the type-IV isotherm
with H3 hysteresis loops from the Ru/NC materials (Figure S5c and S5d) suggested the presence
of rich mesopores. Significantly, the Ru/NC sample possessed a much higher specific area of
31.12 m? g'! and a larger total pore volume of 0.11 cm® g™! than those of the pristine NC (3.45
m? g and 0.008 cm? g!). It was anticipated that such highly porous microstructure would allow
easy penetration of electrolyte and expose a large number of active sites during the
electrocatalysis.[>*")

The electrocatalytic performance of the as-prepared Ru/NC composite toward HER was
assessed in a 1 M KOH electrolyte involving a three-electrode system. Similar evaluations were
carried out on pristine NC, metallic Ru on conductive carbon support (Ru/C) and commercial
20 wt% Pt/C for direct comparison. Figure 2a recorded the typical polarization curves of the
four catalysts. As expected, the Pt/C electrode demonstrated highly active HER performance
with the lowest onset overpotential (Uonset) of near zero and an overpotential of only 24 mV to
reach 10 mA cm™ (#10), which agreed well with the previous reports.*!*?] The pristine NC
catalyst showed rather poor HER performance as indicated by a large Uonset value of 200 mV
and a large 710 value of 313 mV. In stark contrast, after Ru treatment, the Ru/NC electrode had
a dramatically decreased onset overpotential of nearly zero volt and a reduced overpotential of

25 mV to achieve 10 mA cm™. Such performance is almost the same as that of the benchmark
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Pt/C and significantly outperforms most of the alkaline HER catalysts (Table S3). Meanwhile,
to determine the optimal Ru content for the Ru/NC composite electrode, three other catalysts
synthesized under different Ru concentrations were prepared and denoted as Rus/NC, Rug/NC
and Ruis/NC. With the increase of exchanged Ru amount, diffraction peaks from the XRD
patterns decreased in intensity (Figure S6), which was probably attributed to the increasing
dissolution of NC structure in the H" environment. After electrochemical assessment, the
Rui2/NC electrode (also Ru/NC as mentioned before) showed the best performance when
catalyzing the HER (Figure S7), suggesting the existence of an optimum content of Ru species
for the best HER performance. Moreover, metallic Ru supported on conductive carbon support
with the same Ru content to the Ru/NC composite was prepared. The corresponding XRD
pattern (Figure S8) confirmed its metallic Ru phase. As observed from the TEM image of the
Ru/C material (Figure S9), numerous nanosized particles were uniformly distributed on the
conductive carbon support. However, the Ru/C catalyst exhibited much inferior HER activity
to the Ru/NC. It needed an overpotential of 86 mV to drive 10 mA cm™, 61 mV more than the
Ru/NC, which indicated a synergistic effect between the Ru species and the NC substrate in the
HER condition. Ru SAs distributed on the NC support was also prepared under low Ru
concentration (Ru SA/NC, Figure S10a), and the catalyst demonstrates far inferior activity than
the Ru/NC (Figure S10b). Mass activity is an important issue that is closely related to the cost
of catalyst. Figure 2b plotted the mass activity (normalized to mass of Ru or Pt) of the samples
at an overpotential of 0.2 V. The Ru/NC electrode delivered a mass activity of 4.67 A mg’,
which is 5.2 and 1.9 times that of the Ru/C and Pt/C catalysts, respectively, indicating its greater
advantage for practical applications. Besides, the price activity (normalized to price of Ru or
Pt) for the Ru/NC electrode is 38 times greater than that of the commercial Pt/C, demonstrating
that the Ru/NC catalyst is cost-efficient. Figure 2¢ displayed Tafel plots of the catalysts. A Tafel
slope of 29 mV dec™! was obtained for the Ru/NC electrode, which was close to the benchmark
Pt/C (26 mV dec™!) but markedly smaller than those of Ru/C (88 mV dec™!) and bulk NC (159
mV dec!). Notably, Tafel analysis should be made in strong polarization regime where the
reverse reaction proceeds at sufficiently slow rate and thus can be neglected. If the electrode
kinetics are fairly facile, the system will approach the mass-transfer-limited current by the time
such an extreme overpotential (overpotential > 100 mV/n) is established. Tafel relationships
cannot be observed for such cases, because they require the absence of mass-transfer effects on
the current.?*** As shown in the Pt/C and Ru/NC cases, the curves exhibits high slope and
inferior linearity at large overpotentials. Theoretically, there are no obvious Tafel region for

these catalysts. The low overpotential windows for kinetic analysis in this study as well as the
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previous reports should be pseudo-Tafel regions.*>! According to the three principle steps in
alkaline hydrogen evolution, hydrogen generation on the Ru/NC electrode proceeded via the
Volmer-Tafel mechanism, while that on the other two electrodes followed the inefficient
Volmer-Heyrovsky pathway.>! We further compared the electrochemically active surface area
(ECSA) of each catalyst, which was estimated from the double-layer capacitance (Cai, Figure
S11).561 The Ru/NC catalyst had the largest Cq value that was nearly 13 and 1.6 times that of
the original NC and commercial Pt/C, respectively (Figure 2d), demonstrating the significantly
enlarged ECSA after Ru treatment. Figure S12 exhibits the polarization curves of the three
catalysts after normalizing to their corresponding ECSA. It was found that the HER activity of
the Ru/NC catalyst was much better than the pristine NC and close to the benchmark Pt/C,
implying the great improvement of its intrinsic activity. Finally, chronopotentiometric curves
for the Ru/NC electrode were recorded at a fixed current density of 10 mA cm™ to assess its
long-term stability. Apparently, the applied potential remained identical for nearly 40 hours at
least, revealing the robust stability of the catalyst.

It has been acknowledged that most catalysts would undergo structure reconstruction during
the electro-derived oxidation or reduction process.*’! In order to investigate the structure
evolution of catalysts during the catalytic process, operando X-ray absorption spectroscopy
(XAS) was conducted on the Ru/NC electrode under HER conditions. Figure 3a showed the in
situ Ru K-edge X-ray absorption near edge spectroscopy (XANES) spectra collected from the
Ru/NC in conditions of as-prepared (A.P.), immersed into the KOH electrolyte (KOH), and
cathodically increased potentials. The average oxidation state of Ru in the as-prepared Ru/NC
catalyst is lower than +4 as its absorption edge shifted to lower energy than that of the reference
RuOs. The chemical state of Ru remained the same upon contacting with the alkaline electrolyte.
After progressively increasing the cathodic potential, the absorption edge position had a
pronounced shift toward that of Ru foil, suggesting the reduced oxidation state of Ru during the
HER. As plotted in Figure 3b, the Ru of the as-prepared Ru/NC is characteristic of an average
valence of +3.7, whereas the oxidation state decreased to approximately +2.0 under HER
potentials. Evolution of the coordinated environment of absorbing Ru was further extracted by
operando EXAFS spectra (Figure 3¢). Upon applying HER potentials, the decreased peak
intensity of Ru-O contribution and the enlarged Ru-O bond length corresponded to the reduced
Ru valence state. More importantly, the peak that corresponded to Ru-O-Ru contributions in
the Ru hydroxide clusters gradually faded, and simultaneously, a new scattering path that
attributed to the Ru-Ru path in metallic Ru emerged, indicating the generation of Ru clusters.

The state of single atom for Ru was well maintained in HER condition, which was evidenced

7



WILEY-VCH

by the average oxidation state of Ru (+2). The corresponding quantitative analysis summarized
in Figure S13 and Table S3 agreed well with these findings. When increasing the applied
potential back to open circle voltage (OCV), the Ru cluster still maintained (Figure S14a),
indicating the irreversibility of the process. According to the corresponding curve fitting results
in Figure S14b&c and Table S3, compared with that of the “-0.28 V” condition, the slightly
increased CN value of Ru-O and the shortened Ru-O bond length in the “OCV-back” spectrum
might be ascribed to the reoxidation by electrolyte. Meanwhile, the Ru-Ru contribution for Ru
cluster and the Ru-Co for Ru SAC were almost unchanged. Also, in situ Co K-edge XANES
and EXAFS spectra were analyzed to probe the structure transformation of the NaCoO-
substrate (Figure S15). Notably, neither the oxidation state nor the coordination environment
of Co showed obvious change during the HER, demonstrating the robust structure stability of
NaCoO, support in the Ru/NC composite catalyst. The above findings clearly revealed that
during the HER process, the obtained Ru/NC catalyst may act as the “pre-catalyst” rather than
the real active species. The Ru hydroxide cluster was easily reduced to metallic Ru cluster, and
the reactive species were Ru SAs and Ru clusters in HER condition (Figure 3d).

To gain comprehensive insights into the enhanced HER performance by the Ru/NC catalyst,
CV curves for the NC, Ru/NC and Ru/C electrodes were recorded in 0.1 M KOH (Figure S16).
The onset of OH adsorption (OHags) started at more negative potentials on the Ru/NC electrode,
implying a better interaction with the incoming H>O compared to the Ru/C.[2*?>4 This
demonstrated a more efficient dissociative adsorption of water molecules with the help of NC
substrate. It was found that the Ru/NC curve had no distinct peak for under-potential deposited
hydrogen (Hupa) as that in the Ru/C, which was probably ascribed to the atomic-level
distribution of Ru in the Ru/NC catalyst.[*”! Given the real active sites and the superior activity
of Ru/NC catalyst, we further performed DFT calculations to establish a structure-performance
relationship of electrocatalysts and uncover the origin of the outstanding HER activity. In most
studies, the computational models employed are the ideal atomic configuration based on the
“initial state of catalyst” without considering the dynamic evolution of catalyst structure under
applied bias, which may provide doubtful evaluations. In this regard, Ru SAs and Ru clusters
(rather than Ru SAs and Ru hydroxide clusters) supported on the NC support was constructed
as the model in the following study. During the model construction for Ru SA, five possible
high-symmetry adsorption sites on the NC substrate were taken into consideration as shown in
Figure S17. After quantitatively evaluating the adsorption energies (E.q) of each condition, S2
was determined as the most favorable adsorption site for Ru single atom due to its lowest Eaq

value (Figure S18). For the Ru cluster, the coordination number (CN) of Ru-Ru under HER
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condition was close to 3 from the curve fitting results, which was consistent with the octahedral
geometry of Rus nanoclusters.[*!! According the previous report!** and simulation optimization,
we constructed a Rug cluster on the NC substrate. Figure 4a and 4b displayed the top and side
view of the Ru SAs and Ru cluster models on NC substrate, respectively. To elucidate how the
individual component of Ru/NC cooperate to enhance the HER activity, we applied DFT
calculations on Ru SA, Ru cluster and NC sites for the key steps in alkaline HER, including
dissociating H>O molecule into hydroxyl group (OH") and H apart, relaying the reactive
hydrogen intermediates (Hads) to adjacent sites, and recombining Hags to produce Hz.[*44 As
shown in Figure 4c, the energy barrier for breaking the OH-H bond in water (AGy, o) was 1.41
eV on the NC substrate, which was significantly lower than those on the Ru SA (1.80 eV) and
Ru cluster (2.75 eV) surface. This indicated that the NC surface could promote the sluggish
Volmer step substantially and increase the rate of Hags formation by orders of magnitude, which
is consistent with the above Tafel slope analysis. After that, channeling H intermediates from
NC support to the nearby Ru sites is also of great significance. Climbing image nudged elastic
band (CI-NEB) method was used to calculate the energy barrier of H atom diffusion from NC
substrate to the two kinds of Ru sites. As displayed in Figure 4d, the energy barrier is much
lower in the Ru cluster case (0.76 e¢V), implying a much more feasible H migration. In the
kinetic view, the rapid migration of H intermediates would guarantee an efficient H> generation.

Finally, hydrogen adsorption free energy on different sites were calculated. On the NC
substrate surface, three high-symmetry possible sites (S1, S2, S3) for hydrogen atom adsorption
have been discussed (Figure S19), from which it was found that the hydrogen atom preferred
to adsorb on top of O atom (S2) while it could hardly remain stable on the other two sites during
the geometric optimization. Similarly, the optimal adsorption sites for hydrogen adsorption at
the Ru SA and Ru cluster surface were confirmed (Figure S20). Figure S1 displayed the Gibbs
free energy for HER on the three sites. From a thermodynamic perspective, the Gibbs free
energy change of hydrogen adsorption (AGy+) should be close to zero as possible for an ideal
HER catalyst.[*>#] As the hydrogen adsorption free energy on the NC substrate (AGys =
—0.85 eV) was much stronger than the optimal value (AGy+ = 0 eV), the desorption of Hags and
H> production would be hindered. In contrast, it was found that the hydrogen adsorption free
energies on the Ru SA and Ru cluster were much smaller and closer to the optimal value, which
confirmed that the Ru SA and Ru cluster were responsible for the adsorption/combination of
reactive Hags to generate Ho. As revealed from the aforementioned Tafel analysis, the Ru/NC
catalyst enabled the generation of hydrogen via a kinetically fast Volmer-Tafel process, where
the relayed Hads from NC would directly combine and desorb on the Ru sites. Gibbs free energy
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diagrams following the Volmer steps on Ru SA and Ru cluster were calculated (Figure 4e). It
was found that both AGy« values for adsorbing the first H (-0.06 eV) and the second H (-0.07
eV) on the Ru cluster surface are very close to zero. In contrast, the second H adsorption is too
strong on the Ru SA site with the calculated AGy« value up to -0.70 eV, which greatly increased
the difficulty of the Volmer reaction. Based on the above illustrations, it could be inferred that
the synergy between NC substrate and Ru species rendered the Ru/NC composite an
exceptional catalyst for alkaline HER. Specifically, the NC substrate accelerated the rate of
water dissociation, and the generated H intermediates recombined to generate H> on the Ru SA
or clusters. Considering the more fluent migration of H intermediates to Ru cluster, and the
more favorable adsorption-desorption energetics toward H intermediates on the Ru cluster
surface, it can be concluded that comparing the two kinds of Ru sites, Ru clusters dominate the
HER activity (Figure 4f). These findings also explain the much inferior activity of the Ru
SA/NC electrode.

3  Conclusion

In summary, on the basis of the above findings, the ruthenium catalyst with two existence
forms supported on NC substrate has been demonstrated outstanding HER activity as well as
robust stability in alkaline electrolyte. Individual role of each component of the Ru/NC hybrid
catalyst when catalyzing HER was thoroughly discussed to establish a structure-performance
relationship. This study highlights the importance of combining metal oxide support and Pt-
group metal catalyst to create spatially decoupled water dissociation and hydrogen desorption
towards efficient alkaline HER. Moreover, the more favorable activity of Ru cluster than Ru
SA would inspire new direction in designing noble metal based catalysts with excellent

performance for alkaline HER and beyond.
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Figure 1. (a) XRD patterns of the NC and Ru/NC samples. The inset shows the magnified XRD
pattern in the 2-theta range of 18-32°. (b) STEM and (c) HRTEM images of Ru/NC. (d)
HAADF-STEM image and (e) element mapping of Ru/NC. The scale bar is 100 nm. (f) EXAFS

spectra of Ru K-edge for the Ru/NC and references including RuO> and Ru foil. (g) EXAFS

spectra of Co K-edge for the NC and Ru/NC. (h) Atomic configuration of the Ru/NC. The red,

blue, yellow, and green balls represent O, Co, Na and Ru atoms, respectively.

11

5



WILEY-VCH

ap b 1500
“.'E _
5 R - 1200 "
£ -
= o
2 NC | ©
@ 5| ——RuNC g 900 :i;
e ——Ru/C z
z —=—20% PY/C L6005
g <
= ©
° F300 2
o
-100 - : ; . :
04 03 -02 01 0.0 BEE BRENSN oo L
Potential (V RHE) Ru/NC Ru/C 20% PtC Ru/NC Ru/C 20% Pt/C
Cos d . € o1
05 NC = RuiNC * Ru/NC @ 10 mA cm™
< o Ru/C 34 = NC B .
2 044 159mVdec’ . — ®  20% PUC 19.1 mF cm W ol
"E 0.34 / Ru/NC g 2 D>:
e - < 1MemFem®| I
a 02{ " ‘ E £
5 “ssmvdec’. - 5 1 o
O 014 88mVdec -t _"20%Pyc| 2 smrem® | &
0.0 s T———"36 mV dec’” ol =uu = ==
29 mV dec” )
0145 ; ; , ; ; 0.2 , ‘ ‘
1 2 3 0 40 80 120 160 0 10 20 30 40
log j (mA cm®) Scan Rate (mV's™) Time (h)
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the NC and Ru/NC catalysts. (e) Chronopotentiometric curves of the Ru/NC at 10 mA cm™.
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Figure 4. Top and side views of (a) Ru SA and (b) Ru cluster structures on NC support. (c)

Kinetic energy barrier for water dissociation on NC, Ru SA and Ru cluster surface. Insets are

the model structure for the initial state, transition state (TS) and final state. The red, pink, blue,

yellow, and green ball represent O, H, Co, Na and Ru atoms, respectively. (d) Energy barriers

for hydrogen migration from NC surface to the adjacent Ru SA and Ru cluster sites. (¢) Gibbs

free energy diagrams following the Volmer steps on Ru SA and Ru cluster. (f) Schematic

diagram illustrating the role of each component in the Ru/NC when catalyzing the alkaline HER.
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Sodium cobalt oxide substrate provides active sites for dissociation of water, and the generated
H intermediates recombine to generate H> on the Ru single atoms or clusters. Comparing the
two kinds of Ru sites, Ru cluster dominates the alkaline HER activity due to the more fluent
migration of H intermediates and its more favorable adsorption-desorption energetics towards

H intermediates.
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