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The shape control has realized huge success for developing efficient Pd/Pt-based
nanocatalysts, but the control of Ru-based nanocrystals remains formidable challenging due to
the inherent anisotropy in hexagonal closed-packed nanocrystals. Herein, a class of unique
RuCo nanoscrews (NSs) for water electrosplitting has been successfully synthesized with
rough surfaces and the exposure of steps and edges. Those high-index faceted RuCo NSs
show superior performances for overall water electro-splitting, where a low cell voltage of

1.524 V (@ 10 mA cm™) and excellent stability for more than 20 h (@ 10 mA cm™) for

overall water electrosplitting in 1 M KOH has been achieved. The enhanced performance of



RuCo NSs is due to the optimization of the binding energy with the intermediate species and
the reduced energy barrier of water dissociation. Density functional theory (DFT) calculations
reveal that, the RuCo NS structure intrinsically endows various ridges and edges, which create
amounts of extraordinarily low coordinated Ru- and Co- sites. These active Ru- and Co- sites
present high efficiencies in electronic exchange and transfer (EXT) between adsorbing O
species and nearby lattice sites, guaranteeing the high H>O-splitting activities. This present
work opens up a new strategy for creating high-performance electrocatalysts for water

splitting.

Hydrogen energy, due to its high gravimetric energy density, has been recognized as an ideal
alternative for fossil energy!. Electrochemical water splitting, as an effective method for
hydrogen production, has attracted more and more research attentions?. However, due to the
unsuitable adsorption/desorption capacity of the reaction intermediates (H, O%), it is difficult
for the reaction intermediates to desorb from the catalyst surface to form the final product,
which seriously hinders the progress of the reaction®*. Although researchers have made
significant progress in the design of catalysts, a large cell voltage is still needed to drive this
process. Therefore, it is still highly desirable to design high-efficiency water splitting

electrocatalysts.

Recently, ruthenium (Ru) has attracted special attention for water splitting catalysis since its
inherently excellent activity and far lower price than platinum (Pt) and iridium (Ir)>®. To date,
various strategies have been applied to enhance the activity of the Ru-based catalysts,
including turning the crystal phase, doping electrocatalysts with hetero atoms, alloying Ru

7,10,11

with the transition metals, and so on forth . In principle, since the electrocatalysis is

usually carried out on the surface of a catalyst, controlling the surface structure of the catalyst
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is a more straightforward way to improve the catalytic performance. The high-index crystal
facets have more coordination unsaturated atoms and more active sites, which is believed to
be more active'>!'*. Nevertheless, there were fewer reports on controlling the Ru-based
catalysts with high-index facets. To this end, the fine control of Ru-based catalysts is of great

significance in both practical application and fundamental research.

Herein, we have successfully created a unique class of RuCo nanoscrews (NSs) for water
electrosplitting with high efficiency by exposing high-index facet. The RuCo NSs exhibited
excellent HER (18 mV @ 10 mA cm™) and OER (231 mV @ 10 mA cm) activity in alkaline
solution. It was further demonstrated that the RuCo NSs can be adopted as bifunctional
overall water splitting electrocatalysts with a low cell voltage of 1.524 V and stability of up to
20 h. Mechanism studies show that the RuCo NSs can effectively reduce the energy barrier of
water dissociation, regulate the adsorption and desorption of intermediates, and thus
accelerating the whole reaction. Density functional theory (DFT) calculations reveal that the
local RuCo NS lattice strain mapping disorder mostly localizes at the apex of ridges and edges
regions. Within these regions, low coordinated Ru- and Co- sites play crucial roles in efficient
and robust electronic exchange and transfer (EXT) between adsorbing sites and intermediates.
With this trend, the NS system not only lowers the initial H>O activation energy level but also
alleviates the barrier of H-O-H scissoring. From views of both electronic and energetic

activities, high-performance water-splitting catalysis has been guaranteed.

The RuCo NSs were prepared by a simple wet-chemical reaction, in which RuBr; and
Co(acac); were selected as the metal precursors. We initially characterized the morphology
and structure of the prepared RuCo nanocrystals. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) (Figure 1a) image review that the RuCo

nanocrystals are highly dispersive with a uniform size distribution of average length of ~31
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nm and average diameter of ~6 nm (Figure 1b). As observed in the HAADF-STEM image,
the RuCo NSs have a rough surface with nanoscrew-like profile, thus, naming RuCo
nanoscrews (RuCo NSs). The atomic ratio of Ru/Co is 59.45/40.55, as revealed by energy-
dispersive X-ray spectroscopy (EDS) (Supplementary Figure 1a). STEM-EDS elemental
mappings were used to investigate the elemental distribution of RuCo NSs (Figure 1c¢), where
the Ru and Co uniformly distributed crossing the crystal. As confirmed by the powder X-ray
diffraction (PXRD) (Supplementary Figure 1b), the RuCo NSs can be indexed to the
hexagonal closed-packed (/cp) crystal structure. Compared with pure Ru (JCPDS No. 06-
0663), the {002} and {101} peaks of RuCo NSs were close to the peaks of the RuCo alloy
(JCPDS No. 65-8976). Furthermore, the peak at 42.55° of RuCo NSs show a significantly
enhanced diffraction peak belonging to the {002} plane, where the relative intensity ratio of
the {002}/{101} (Ioo2/T101 = 0.805) 1s much larger than the standard values in the JCPDF cards
of Ru (No. 06-0663, Ioo2/lior = 0.35) and RuCo (No. 65-8976, Iono/lior = 0.268)
(Supplementary Figure 1c¢), indicating that the preferential orientation in [002] direction of
the crystal'>. The lattice spacing of RuCo NSs is much closer to the RuCo (JCPDS No.65-

8976) compared with Ru (JCPDS No. 06-0663), revealing the alloy structure'®.

To better decode the structure, the RuCo NSs were further characterized by details. The
selected area electron diffraction (SAED) pattern (Figure 1d) further confirmed the /Acp
structure of the single crystalline of RuCo NSs, in agreement with the diffraction pattern from
the [100] zone axis of Ru (P63/mmc) (Supplementary Figure 2)!""!°. The atomic-resolution
TEM image clearly shows the highly crystalline structure of RuCo NSs along the view of
[100] zone axis with the hcp crystal structure (Figure 1le), in which the predominantly
exposed crystal lattices spacing are determined to be 0.208 nm and 0.201 nm and can be
attributed to the {002} and {101} planes and with many steps and edges. Both the 3D

HAADF-STEM surface plot image (Figure 1f) and the magnified aberration-corrected
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HAADF-STEM images of the RuCo (Figure 1g and Supplementary Figure 3) clearly show
that the nanocrystals with rough surfaces with many steps and edges, and the corresponding
fast Fourier transform (FFT) pattern (Figure 1g, inset) also confirmed the Acp phase

structure.

To explore the effect of the unique structure of RuCo NSs on electrocatalysis, we first
evaluated the HER performance of the catalysts in 1 M KOH at room temperature.
Commercial Pt/C, RuO> and RuCo nanoparticles (NPs) (Supplementary Figure 4) were
measured for comparison. As shown in Figure 2a, RuCo NSs demonstrate an overpotential of
only 26 mV to reach 10 mA cm, which is better than the RuCo NPs (33 mV), commercial
Pt/C (57 mV) and RuO; (179 mV). Furthermore, the RuCo NSs achieve a large current of
48.34 mA cm™ at the overpotential of 50 mV, which is 2.41 times higher than RuCo NPs
(20.07 mA cm) and 7.05 times higher than Pt/C (6.85 mA c¢m™), indicating the superior HER
activity of RuCo NSs. The corresponding Tafel slope of RuCo NSs was calculated as 26.3
mV dec’!, which is much smaller than that of RuCo NPS (29.4 mV dec™), Pt/C (39.5 mV dec’
"y and RuOz (101 mV dec™), suggesting the more efficient HER kinetics (Figure 2b and
Supplementary Figure 5a)?°. To reveal the intrinsic activity of the catalysts, TOF values
were calculated to reveal the intrinsic HER activity. Cu-UPD was used to estimate the active
sites of all catalysts (Supplementary Figure 6)*>'. As we observed in Supplementary Figure
7, RuCo NSs achieve the highest TOF value (8.4 Hz s™!) at the overpotential of 50 mV in 1 M
KOH, which are much higher than those of Pt/C (1.32 H, s!) and other reported (HER)
catalysts, further revealing the superior catalytic performance of RuCo NSs towards HER?!%3,
We further evaluated the intrinsic activity of different catalysts by normalizing the mass of Ru
(mass activity) (Supplementary Figure 8)*°, where the mass activity values are 2556.6 A g

'ru and 639.2 A g''ry at the overpotential of 50 mV of RuCo NSs and RuCo NPs, respectively

(Figure 2¢ and Supplementary Figure 9a). OER performance of RuCo NSs was also tested
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in 1 M KOH, RuCo NPs, RuO, and the commercial Ir/C were selected as references. As we
observed in Figure 2d, RuCo NSs require a low overpotential of 231 mV to reach 10 mA cm’
2. much lower than those of the RuCo NPs (296 mV @ 10 mA c¢cm™), RuO: (362 mV @ 10
mA cm?) and Ir/C (343 mV @ 10 mA cm™). Meanwhile, the corresponding Tafel slope of
RuCo NSs was calculated as 86.8 mV dec™!, smaller than those of RuCo NPs (92.4 mV dec™!)
RuO: (104 mV dec!) and Ir/C (98 mV dec™), clearly demonstrating the enhanced kinetics of
RuCo NSs towards OER (Figure 2e and Supplementary Figure 5b)?’. The mass activity
values are 3366.9 A g''ry and 572.3 A g''ry at the overpotential of 50 mV of RuCo NSs and
RuCo NPs, respectively (Figure 2f and Supplementary Figure 9b)*°. All these results
demonstrate that the unique structure of RuCo NSs with high-index facets considerably
improved the intrinsic activity of the catalysts (Supplementary Table 1-2).
Chronopotentiometry measurement was further used to evaluate the stability of RuCo NSs. As
we observed in Supplementary Figure 10-12, RuCo NSs also exhibit superior stabilities for
both HER and OER compared with commercial Pt/C and Ir/C. It is worth noting that the

increase in the proportion of metal states on the surface of RuCo NSs can be attributed to the

reduction potential of HER.

Given that the RuCo NSs have demonstrated promising activity and stability towards HER
and OER, we further investigated the RuCo NSs as the bifunctional catalysts for overall water
splitting. Figure 2g describes the polarization curves of RuCo NSs couple and Ir/C-Pt/C
couple in 1 M KOH. It is worth noting that, RuCo NSs couple requires a low cell voltage of
1.524 V (@ 10 mA cm™) and excellent stability for more than 20 h (@ 10 mA cm™) with
negligible degradation. On the contrary, the Ir/C-Pt/C couple exhibits lower performance
(1.63 V@ 10 mA cm™?) and poor stability for less than 10 h @ 10 mA cm™ (Figure 2h)*®,
According to the TEM image, STEM-EDS mappings and X-ray photoelectron spectroscopy

(XPS) spectra, RuCo NSs show no obvious morphology and composition change after water
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splitting stability test, confirming the excellent catalytic stability (Supplementary Figures

13-15).

To get a fundamental understanding of the high performance of RuCo NSs, the surface
electron structure of the RuCo NSs and RuCo NPs was investigated by XPS. As we observed
in the Ru 3p region (Figure 3a), the peaks located at ~463 eV and ~467 eV correspond to the
Ru’ 3ps.2 and Ru** 3ps.2, demonstrating the coexistence of metallic state and oxidized state of
Ru in the RuCo NSs?>*°. As for Co, the Co 2p region also reveals that coexistence of Co*"
(Co*" 2p1n: 796.4 eV, Co*" 2p3p: 780.4 V) and Co® (Co>" 2pi: 798.8 eV, Co>* 2p3n: 782.5

eV) (Figure 3b)*!-2,

The soft X-ray absorption spectrum at the Co-L» 3 edges is highly sensitive to the valence and
the local environment of Co ions.>*=® Here, we explore the electronic structure at the surface
layers using a surface sensitive total electron yield mode (TEY) (~2nm,) and the elative deep
inside of the particles using a self-absorption-free bulk sensitive partial fluorescence yield
mode (IPFY).>”3¥ As shown in Figure 3¢ the Co-L; spectrum of RuCo NSs taken with IPFY
mode exhibits a broad structure-less peak like Co metal, while the spectrum collected with
TEY mode presents the multiple spectral feature similar to that of CoO. Thus, our Co-L3 XAS
spectra demonstrate an oxidized shell and metallic core of RuCo NSs and a situation known in

Co0/Co core-shell system known previously.*

X-ray absorption near-edge structure (XANES) and the extended X-ray absorption fine
structure (EXAFS) are also sensitive to the electronic structure and the local environment of
metal ion.*** The Ru K-edge normalized absorption spectrum of XANES (Supplementary
Figure 16) shows that Ru in RuCo NSs appears to be in the middle valence state of RuO, and

Ru foil indicating also partially oxidized Ru similar to the situation of Co ion. We further
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examined the bond structure of Ru by the Fourier transform of the EXAFS (FT-EXAFS)
spectrum. As shown in Figure 3d. The peaks located at 1.47 A and 3.13 A are associated with
the Ru-O bond and Ru-Ru bond of the RuOa, respectively.!"* In the curves of Ru foil, the
main Ru-Ru coordination is located at 2.39 A. It is worth noting that the peak of RuCo NSs is
around 1.78 A, which is between the Ru-O and Ru-Ru bonds. This is due to the coordination
of Ru with surrounding heteroatoms (Ru-Co, Ru-O and Ru-Ru bonds) (Supplementary
Figure 17 & Supplementary Table 3). In order to further explore the effect of the
coordination structure of RuCo NSs, we used the wavelet transforms (WT) of the Ru K-edge
EXAFS to obtain the radial distance resolution in K-space. As shown in Supplementary
Figure 18, the WT contour plot of RuCo NSs exhibits a maximum at the interatomic distance
of about 3.6 A, which can be considered as the influence of the preferred orientation®. In
addition, the slight displacement of RuCo NSs in the K space around 8.9 Al is due to the
synergistic effect of the heteroatoms around Ru. We further used operando XANES to
investigate the true active sites of RuCo NSs during the OER measurement. As shown in
Supplementary Figure 19, compared with the open circuit potential (OCP), Co K-edge
shows no change under the applied potential of 1.5 V vs. RHE. In contrast, Ru K-edge shifts
to higher energy about 1.0 eV from OCP to 1.5 V, indicating Ru is the active site during the

OER measurement.

To better understand these oxidation states, the O 1s XPS of the RuCo NSs and RuCo NPs
were further measured. As shown in Figure 3e, three different oxygen species were observed
in O 1s spectra. The peaks located at 530.1, 532.1, 533.7 eV can be attributed to lattice
oxygen (RuO), hydroxyl group (Ru-OH) and adventitious species, respectively*®. Previous
works have reported that the lattice oxygen species of Ru exhibits a weak binding capacity to
the intermediate species in the reaction, while the surface hydroxyl species (Ru—OH) are

considered to possess high adsorption with oxygen species. Compared with RuCo NPs, the
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proportion of surface hydroxyl species (Ru-OH) on the RuCo NSs increases, indicating that
RuCo NSs have a much stronger bonding with the adsorption species (H20). In general, the
rate-limiting step of HER in alkaline solution is the water dissociation of the Volmer step
(H20 + e — H" + OH", where * denotes the site on the electrode surface)!'. Thus, the
cleavage of the HO-H bond plays an important role in the rate of the reaction. Above all, the
RuCo NSs have a faster adsorb of H2O and would accelerate the water dissociation. Water
splitting involves two reactions, wherein OER 1is a process involving multiple
adsorption/desorption intermediates (HO®, O", HOO") of the reaction, and the rate-limiting
step is the formation of HOO®" from O°. Therefore, O should have a moderate
adsorption/desorption capacity on the catalyst surface, which should not be too strong or too
weak*’. Based on the volcano plot, Ru is too weak for O, while Co has a strong adsorption
capacity for O™. Thus, according to the XPS analysis, the introduction of Co can adjust the
d-band electron of Ru, balancing the adsorption and desorption of O, which is beneficial to
the reaction. These results well validate the conclusions of the valence band of RuCo NSs
(Figure 3f), in which the d-band of the RuCo NSs is -1.190 eV, which upshifts than that for
the RuCo NPs (-1.305 eV), revealing that the RuCo NSs have a more suitable binding ability
with the reaction intermediates than RuCo NPs, ultimately facilitating the kinetics of the

reaction®®#.

We are now interpreting the excellent HER and OER performances within alkaline
conditions. To be consistent with the experimental characterizations, the RuCo (0001)
surfaces have been cleaved within the hexagonal close packing lattice of RuCo lattice. Based
on experimental characterizations, many steps and edges have been noticed on the {002} and
{101} planes on the surface, which have been assigned to different high index surfaces.
Accordingly, the structural model has been built with consideration of the co-existence of

lower coordinated edge apex and ridges, as well as convex-and-concave character (Figure
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4a). The real space contour plots of active bonding and antibonding orbitals near the Fermi
level (Er) demonstrate the clear comparison of active electronic distributions (Figure 4b and
¢). The distribution contrast indicates, the electronic orbitals are less rich on the flat RuCo
(0001) surface (Figure 4b). While the distribution turns to be more electron-rich character at
the edge apex region and ridge area. Such contrasting electron-rich feature denotes a high
probability of agglomerations for active sites or regions (Figure 4c¢). Owing the difficulties of
reproducing the exact same structure of the nanoscrew, we have selected the nanostructure
with evident edge and step feature to enlarge the strain induced in these regions through the
MD simulations. From the surface strain mapping contour, the structural fluctuations are
easily formed in terms of ridges and edge apexes near the middle part (Figure 4d). This arises
because of the uneven strain mapping distributions with size exceeded beyond 15 nm.

Meanwhile, the unit size of forming the twisting screw becomes more uniform (Figure 4e).

The PDOSs of the Ru-4d bands on various coordinated Ru-sites have been studied. With
compared, the lower coordinated Ru-sites from CN = 8 to CN =4 demonstrate the much more
evident overlapping effect with Er. The corresponding Ru-4d band centers have been also
shifted towards the higher level close to Er from Ev-2.1 eV to Ev-0.7 eV. Such a trend
indicates lower coordinated Ru-sites staying at ridges, edges, and apex regions exhibit
substantially high electronic activity for election transfer with O-species, supporting the
experimental EXAFS results (Figure 4f). On the contrast, for the Co-sites with medium CN
(from CN = 8 to CN = 6), the Co-3d band center demonstrated a nearly fixed band center
staying at Ev-1.2 eV. We find most of these Co-sites locate at the regions of ridges and edges.
Accordingly, these Co-3d bands have nearly been pinned indicating robust electronic
exchange and transfer (EXT) between adsorbing species and nearby lattice sites (Figure 4g).
We compared the TDOSs on the overall d-band contribution between NSs and (0001) surface.

These are not only exhibiting the overall electronic activity trend but also efficiently
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projecting out the essential difference between NS and uniform (0001) surface (Figure 4h).
As shown in Figure 4i, from the initial H>O adsorption to the formation of the O, we observe
the linear correlation in the dominant peak of O-2p orbitals in different O-containing species.
Regarding the 2p-band variation trend for the O-species, there have been found two linear
trends from the H>O towards the formation of O, where the dominant O-2p peak shifts
towards the higher position and become closer to the Fermi level (Er), indicating an efficient
electron transfer towards the oxidation process. These confirm the high efficiencies of
electron-transfer during the 4-electron H>O oxidation (Figure 4i). For the intrinsic stress and
strain, there has been a drastic stress-vibration discovered at the size below about 5 nm, where
the lattice stress overall exhibits a shrinking trend towards the minimum at 4.9 nm. With the
size increasing, the stress turns to be stabilized approaching equilibrium (Figure 4j). The
mapping of the strain further indicates the existence of strain on the edge and step region
(Supplementary Figure 20a-b). Meanwhile, the slight distortion of the RuCo nanoparticle
after MD simulations further confirm the strain effect (Supplementary Figure 20c-d). Our
further mapping of the intrinsic size-dependent lattice strain reflects the distribution. We find
the near linear-scale downtrend for the lattice from shrinking behavior crossover the 15 nm

borderline, towards possible NS formation by intrinsic fringe shrinking effect (Figure 4k).

We further move on to the energetic pathways to interpret the HER and OER energy
properties (Figure 5). For the alkaline HER, the pathway given from the NS system not only
lowers the initial adsorption energy level for [*H + H,O*], but also alleviates the barrier of
forming the [2H + HO*]. Accordingly, the resulted formation of [H> + HO*] within the RuCo
NS system shows more energetically favorable than the one found in the flat (0001) surface
(Figure 5a). Further transition state barrier analysis confirms alkaline HER performance
arises because the H,O-splitting step exhibits nearly half of the barrier height (0.25 eV vs.

0.53 eV) for RuCo NS compared to (0001) surface (Figure Sb). We further move onto the
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OER pathways within alkaline conditions, focusing on the RuCo NS system. It shows that
under U = 0 V standard potential, alkaline OER pathways are energetically favorable, and
potential determining step occurred at the formation of [*OOH"] staying at the level near 3.90
eV. This character arises from the prominent electron-transfer of highly active Ru-sites as
well as a robust valence state of Co-site with 3d-band pinned (Figure Sc). At the potential of
U=1.23 V, the evident energetic difference has been presented. The alkaline pathway
possesses a lower overpotential height for overcoming the barrier of forming [*OOHT.
Therefore, the RuCo NS system exhibits high performance in alkaline OER catalysis (Figure
5d). Overall, from both electronic activities and energetic pathways analysis, we confirm that,
the synergetic contributions from both extra-low coordinated Ru- and Co- sites substantially
facilitate the competitively full water splitting catalytic performance for efficient HER and

OER simultaneously.

In conclusion, we have designed a new class of RuCo NSs for efficient overall water
electrosplitting. Aberration-corrected HAADF-STEM reveals that the RuCo NSs with rough
surfaces expose many edges and steps. The RuCo NSs exhibit superior activity for HER (26
mV @ 10 mA cm™?) and OER (231 mV @ 10 mA cm™). Significantly, the RuCo NSs also
exhibit low cell voltage of 1.524 V (@ 10 mA cm™) as bifunctional water splitting
electrocatalyst and excellent stability for more than 20 h (@ 10 mA cm™). The enhanced
activity of RuCo NSs is due to the optimization of the binding energy with the intermediate
species in the water splitting reaction. DFT calculations reveal that, the intrinsic lattice strain
deviation induces morphological NS formation for RuCo system. Such a structural character
endows the amount of low coordinated Ru- and Co- sites, which plays a facilitating role in the
electronic exchange and transfer with intermediates transformation during H,O splitting.
Within this trend, the local CN disordered Ru and Co sites not only lowers the initial

adsorption barrier of H,O but also minimizes the transition barrier for H-O-H bond scissoring,
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promoting the electron-lattice coupling effect. This work paves new prospects for the design

of efficient electrocatalysts for overall water splitting.

Experimental Section

Chemicals: Ruthenium(IIl) bromide (RuBr3, 99%) was purchased from Alfa Aesar.
Ruthenium Carbonyl (Ruz(CO)i2, > 98%), cobalt(Ill) acetylacetonate (Co(acac)s, 98%),
oleylamine (CH3(CH2);CH=CH(CH:);CH2NH2, OAm, >70%), polyvinylpyrrolidone
((C6HoNO),, PVP, average M.V. 58000) and L-ascorbic acid (C¢HgOs, 99%) were purchased
from J&K Scientific (Beijing, China). Hydroquinone (CsHeO2, AR, > 99.0%), potassium
hydroxide (KOH, AR, > 85%), ethylene glycol (C:HsO2, EG, AR, > 99.5%), cyclohexane
(CeHi2, AR, > 99.7%), ethanol (C2HsO, AR, > 99.7%), isopropanol (C3HsO, AR, > 99.7%)
and sulfuric acid (H2SO4, AR, 95%-98%) were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China). Vulcan XC-72 R carbon black was purchased from Cabot.
Commercial Pt/C (20% Pt on XC-72R) and commercial It/C (20 Ir on XC-72R) were
purchased from Johnson Matthey (JM) Corporation (with the minimum metal surface area of
90 m? g'!, maximum crystal size of 3.5 nm). Ruthenium (IV) oxide (RuO2) was purchased
from Sigma-Aldrich. All the chemicals were used as received without further purification.
The water (18 MQ/cm) used in all experiments was prepared by passing through an ultra-pure
purification system (Aqua Solutions).

Synthesis of RuCo NSs: In a typical preparation of RuCo NSs, RuBr; (8.5 mg), Co(acac)s (6
mg), hydroquinone (55 mg) and OAm (5 mL) were added into a vial (volume: 35 mL). After
the vial had been capped, the mixture was ultrasonicated for around 15 min. The resulting
homogeneous mixture was then heated from room temperature to 230 °C in 30 min and
maintained for 5 h in an oil bath before it was cooled to room temperature. The RuCo NSs

were collected by centrifugation and washed three times with cyclohexane/ethanol mixture.
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Synthesis of RuCo NPs: In a typical preparation of RuCo NPs, Ru3(CO)12 (5.4 mg), Co(acac)s
(6 mg), L-ascorbic acid (54.6 mg), PVP (40 mg) and EG (10 mL) were added into a vial
(volume: 35 mL). After the vial had been capped, the mixture was ultrasonicated for around
15 min. The resulting homogeneous mixture was then heated at 180 °C for 5 h before it
cooled down to room temperature. The RuCo NPs were collected by centrifugation and
washed three times with acetone/ethanol mixture.

Characterization: The samples were prepared by dropping cyclohexane or ethanol dispersion
of samples onto carbon-coated copper TEM grids using pipettes and dried under ambient
conditions. Low-magnification transmission electron microscopy (TEM) was conducted on a
HITACHI HT7700 transmission electron microscope at an accelerating voltage of 120 kV.
High-resolution TEM (HRTEM) and scanning TEM (STEM) were conducted on an FEI
Tecnai F20 transmission electron microscope at an accelerating voltage of 200 kV. HRTEM,
STEM and high-angle annular dark-field STEM energy-dispersive X-ray spectroscopy
(HAADF-STEM-EDS) were conducted on a JEOL GrandARM300F scanning transmission
electron microscope with double Cs correctors at an acceleration voltage of 300 kV. Powder
X-ray Diffraction (PXRD) pattern was collected on X’Pert-Pro MPD diffractometer
(Netherlands PANalytical) with a Cu Ka X-ray source (A = 1.540598 A). The concentration of
catalysts was determined by the inductively coupled plasma optical emission spectrometer
(Varian 710-ES). X-ray photoelectron spectra (XPS) was collected with an SSI S-Probe XPS
Spectrometer. The Co-Ls and Ru-K XAS spectra were collected at the TLS-BL20A and TPS-
BL 44A, respectively of the National Synchrotron Radiation Research Center (NSRRC,
Hsinchu, Taiwan). The Ru-K EXAFS Data were processed according to standard procedures
using the Demeter program package (Version 0.9.24)°°. TGA was performed on SII TG/DTA
6300 thermogravimetric analyzer over a temperature range of 25-900 °C at a heating rate of

10 °C min™!' in oxygen atmosphere.
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Electrochemical Measurement: For all the electrochemical tests, a three-electrode system was
used to conduct the electrochemical measurements at an electrochemical workstation (CHI
660E). To prepare the working electrode, RuCo NSs or RuCo NPs were loaded on carbon
powder (Vulcan XC-72 R, Cabot) in 10 mL ethanol and sonicated for 0.5 h to deposit NSs on
carbon. The products were separated by centrifugation and washed with ethanol/acetone three
times, and then annealed in air at 250 °C for 1 h. Finally, the catalyst (2.0 mg) was dispersed
in 390 pL water-ethanol solution (3:1, v/v) and 10 pL 5 wt% Nafion by ultrasonicating for 1 h
to form a homogeneous ink. 10 pL catalyst ink was then loaded onto a glassy carbon electrode
(GCE, diameter: 5 mm, area: 0.196 cm?). The mass loading of the catalyst was 0.25 mg/cm?.
A graphite rod and a saturated calomel electrode (SCE) were used as counter electrode and
the reference electrode, respectively. The reference was calibrated with respect to the
reversible hydrogen electrode (RHE). Linear sweep voltammetry (LSV) was carried out at 5
mV s at room temperature. For comparison, the commercial Pt/C and Ir/C were examined in
all tests under the same conditions.
Active Sites Calculations: The number of active sites (n) can be qualified based on the
underpotential deposition (UPD) copper stripping charge (Qcu, Cuupp — Cu?" + 2¢°) with the
following formula:
n=Qcu/2F (1)

where F is the Faraday constant (C mol ™).
Turnover Frequency (TOF) Calculations: TOF was calculated using the following formula:

TOF =1/ (2Fn) 2
where I is the current (A) during the linear sweep measurement, F is the Faraday constant (C
mol™), n is the active sites (mol)?!.
Computational Details: We have carried out the simple DFT calculations based on the
CASTEP code®'. The overall geometric optimization has also been considered, where the

algorithm of Broyden-Fletcher-Goldfarb-Shannon (BFGS) has chosen for all related geometry
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optimization calculations. The plane-wave basis set for expressing the valence electronic
states has been used with a kinetic cutoff energy of 750 eV. The PBE functional has been set
for the calculations. During electronic-minimization process, the ensemble DFT (EDFT)
method of Marzari et al®2. is used to guarantee the convergence and avoid the spin-charge
sloshing effect.

For DFT electronic structure calculations and energetic pathway analysis, regarding the
balance of structural modeling and computation demanding cost, we consider the model has
been built based on the RuCo (0001) surface within hexagonal close packing lattice. The
RuCo NS particle has been established through axially twisted by randomized angles for each
atomic layer in size of 160 atoms. Based on this structural framework, the vacuum thickness
is set to the value larger than 15 A in order to separate any two adjacent RuCo NS particles
for lattice coupling. The separations are considered in terms of top surface, ridges, and edges.
To balance the computational demanding cost, the Monkhost-Pack reciprocal space
integration was performed using Gamma-center-off special k-points with mesh of 2x2x2,
which was guided by the initial convergence test>>. With these settings, the overall total
energy for each step was converged to less than 5.0x10”7 eV per atom. The Hellmann-
Feynman forces on the atom were converged to less than 0.001 eV/A.

For the strain distribution, we applied the Large-scale atomic/molecular massively parallel
simulator (LAMMPS) for MD simulations®*. Sufficiently large cubic boxes are created to
avoid thermal perturbations of a perfect lattice. This initial model has been build in a
sufficiently large periodic cubic box to avoid the thermal perturbations of a perfect lattice.
The atomic interactions have been modelled with the embedded-atom method. The system
energy has been minimized first to reach the equilibrium configuration. The time-integration
on Nose-Hoover style non-Hamiltonian equations of motion has been performed under the
NVT condition (canonical ensembles) with a constant temperature of 10K and the MD

duration time has been set to 3 ns to obtain the atom positions and velocity under the
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configuration. The Verlet algorithm has been applied for the velocity to with an integration
time step of 1.0 fs. The periodic boundary condition has been applied in x, y, and z three
directions. We have selected the distinctive styles of the EAM potential for the MD
simulations. The demonstration of stress per-atom during uniaxial tensile strain evolution is
actualized by the OVITO package®®. For mechanical properties analysis, we further use
LAMMPS to investigate the atomic lattice stress and strain distribution of RuCo cluster with
different sizes from 12000 to 100000 atoms, with a ratio of 3:2 for Ru:Co, respectively. The
structures of the MD models are selected from the edge and steps of the RuCo nanoscrews,
which aim to enlarge the mechanical properties difference in the edge and step region of the
nanoscrew. We focus on the strain effect trend induced at the edge region, in which the two

elements have been treated differently only in the potential field.

The Ru, Co, O, and H norm-conserving pseudopotentials are generated using the OPIUM
code in the Kleinman-Bylander projector form, and the non-linear partial core correction and
a scalar relativistic averaging scheme are used to treat the mixed valence (Fe, Ni) spin-orbital
coupling effect>®>%. We chose the projector-based (4d, 5s, 5p), (3d, 4s, 4p), (2s, 2p), and (15)
states to reflect the valence states of Ru, Co, O, and H atoms respectively. The RRKJ method

is chosen for the optimization of the pseudopotentials®.
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Figure 1. Morphology and structural characterization of RuCo NSs. (a) HAADF-STEM
image, (b) diameter and length histograms, (¢) STEM-EDS mappings, (d) SAED pattern (e)
aberration-corrected HRTEM image, (f) 3D HAADF-STEM surface plot image and (g)
aberration-corrected HAADF-STEM image (inset: corresponding FFT patterns) of RuCo NSs.
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Figure 2. HER and OER performance of different catalysts. (a) HER polarization curves
and (b) Tafel slopes of RuCo NSs, RuCo NPs, RuO; and Pt/C. (c) Mass activities of RuCo
NSs and RuCo NPs for HER at overpotential of 50 mV. (d) OER polarization curves and (e)
Tafel slopes of RuCo NSs, RuCo NPs, RuO; and Ir/C. (f) Mass activities of RuCo NSs and
RuCo NPs for OER at potential of 1.55 V. (g) Overall water splitting performance and (h)
chronopotentiometry stability measurements at 10 mA cm™ of RuCo NSs and Ir/C-Pt/C
couple in 1 M KOH.
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Figure 3. Surface characterization of RuCo NSs/C. XPS spectra of (a) Ru 3p, (b) Co 2p of
RuCo NSs and RuCo NPs. (¢) Co Ls-edge XAS spectra of CoO and RuCo NSs taken with
TEY and IPFY modes. (d) Fourier transforms of Ru-K EXAFS spectra of RuCo NSs, RuO»
and Ru foil. XPS spectra of (e) O 1s XPS of RuCo NSs and RuCo NPs. (f) Surface valence
band photoemission spectra of RuCo NSs and RuCo NPs.
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Figure 4. Electronic activities for HER and OER. (a) Local structural configuration of
RuCo NS. (b) The real spatial 3D orbital contour plots of RuCo flat (0001) surface. (c¢) The
real spatial 3D orbital contour plots of local fringe part of RuCo NS. (d) Transverse view of
Ru7200Co04800 cluster with intrinsic lattice strain mapping. (e) Transverse view of
Rus0000Co40000 cluster with intrinsic lattice strain mapping. (f) PDOSs of Ru-4d bands for
different Ru-sites with different coordination number (CN). (g) PDOSs of Co-3d bands for
different Co-sites with different CN. (h) TDOSs of overall and individual d-band
contributions comparisons between RuCo NS and (0001) surface. (i) PDOSs of intermediate
O-species of four-electron based acidic OER. (j) The average atomic stress evolution with the
simulated cluster size. (k) The average atomic strain evolution with the simulated cluster size.
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Figure 5. Energetic activities for HER and OER. (a) The pathway of alkaline HER
occurred between RuCo NSs and (0001) surface systems. (b) The H>O splitting energetic
levels with transition state (TS) representing the splitting barrier. (¢c) The pathways of four-
electron based alkaline OER at U=0 V. (d) The OER pathways are summarized at U=1.23 V.
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