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Engineering the electronic structure of single
atom Ru sites via compressive strain boosts acidic
water oxidation electrocatalysis
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Single-atom precious metal catalysts hold the promise of perfect atom utilization, yet control of their activity and stability
remains challenging. Here we show that engineering the electronic structure of atomically dispersed Ru, on metal supports via
compressive strain boosts the kinetically sluggish electrocatalytic oxygen evolution reaction (OER), and mitigates the degra-
dation of Ru-based electrocatalysts in an acidic electrolyte. We construct a series of alloy-supported Ru, using different PtCu
alloys through sequential acid etching and electrochemical leaching, and find a volcano relation between OER activity and the
lattice constant of the PtCu alloys. Our best catalyst, Ru,-Pt,Cu, delivers 90 mV lower overpotential to reach a current density
of 10 mA cm~2, and an order of magnitude longer lifetime over that of commercial RuO,. Density functional theory investiga-
tions reveal that the compressive strain of the Pt shell engineers the electronic structure of the Ru,, allowing optimized bind-
ing of oxygen species and better resistance to over-oxidation and dissolution.

ting, the intermittent electrical energy generated from renew-
able wind and solar energy can largely be converted into fuels'.
Water electrolysis using a polymer electrolyte membrane (PEM),
based on proton transfer?, has been demonstrated to effectively mit-
igate the drawbacks of an alkaline environment, including the cross-
over of product gases, limited current density and low operating
pressure’™. Unfortunately, the sluggish catalysed oxygen evolution
reaction (OER) and intense degradation of the catalysts®” in low pH
and the strong oxidative environment imped the widespread adop-
tion of practical electrolysers®. Compared with Ir-based systems,
which have better dissolution resistance”'’, Ru has more abundant
reserves and has been evaluated to be a more active OER catalyst
due to its lower overpotential . The high activity of Ru-based cat-
alysts for the OER in acidic conditions has been linked to its flexible
redox state’’ due to the wide modulation spacing in response to the
change in valence state induced by the frequent adsorption/desorp-
tion of oxygenated species'. This was corroborated by the simul-
taneous emergence of high-valence Ru species and corresponding
high OER activity'>'?. The moderate oxygen bonding on Ru and low
oxygen bulk diffusivity also contribute to its OER activity"’.
Typically, transient dissolution arising from structural distur-
bance related to frequent changes in the redox state of metals is

B y developing efficient and durable electrolysers for water split-

responsible for their degradation''. This path is linked to the adsor-
bate evolution mechanism (AEM) of molecular oxygen generation.
However, the accompanying over-oxidation of Ru to Ru-O, moieties
during the generation of (H)O ligands as a result of the demanding
oxidative environment under electrode potentials is believed to trig-
ger another dissolution route, where active oxygen-coordinated Ru
moieties peel off from defects'. This represents a primary bottle-
neck hindering the application of Ru-based catalysts'>. As shown
in Supplementary Fig. 1, these defects are mainly oxygen vacan-
cies arising from the oxidative release of lattice oxygen to form
molecular oxygen (the so-called lattice oxygen evolution reaction,
LOER)"*, In this dominant dissolution mechanism, as a result of
the LOER process, the easy insertion/removal of oxygen in and out
of its lattice is significant”””. Indeed, this rationalizes why thermally
synthesized RuO,, with its better crystallinity and fewer defects***,
has a lower dissolution rate than electrochemically prepared RuO,
(refs. '°%). The rational design of a highly efficient and dissolution-
resistant Ru-based OER catalyst requires precise control over the
electronic structure of Ru, preventing the dissolution of active Ru
species in acid electrolytes and further lowering the overpotential
for final industrial applications.

A reasonable means with which to lower the contribution of the
LOER to the dissolution of Ru may involve switching the dominant
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O, generation mechanism from the LOER to the AEM*. This can be
implemented by impeding the fast bulk diffusion rates and surface
exchange kinetics of atomic oxygen by changing the coordination
environment of the Ru. Metallic Pt has a significantly lower disso-
lution rate than Ru due to the relatively weaker oxygen bonding,
resulting in a lower contribution of the LOER". Embedding single
atomic Ru into a Pt-rich coordination environment with higher
corrosion potential may help improve the dissolution resistance
of Ru by suppressing any local over-oxidation of Ru surface atoms.
In addition, the atomic isolation of Ru without any formation of
Ru-O-Ru oxygen bridging bonds maximizes the effect in modulat-
ing the coordination of Ru. Previous studies have shown that elec-
trophilic oxygen ligand holes are induced by cationic lattice defects
or low-valence metal ion dopants thanks to there being more cova-
lent bonding, which prevents electrons from being transferred from
the Ru/Ir centres to their oxygen ligands®. This mechanism will
also help keep the resultant surface-exposed Ru sites in lower redox
states, given the relatively lower valence state of Pt than Ru'**. A
huge improvement in the isolated Ru’s OER activity with the AEM
mechanism, without compromising its stability, is further required,
due to the failure of the traditional PtRu alloy in the OER activ-
ity””. The thin Pt shell environment, subject to compressive surface
strain induced by the lattice mismatch, makes this possible’**. The
magnitude of this strain can be controlled by the lattice parameter
of the underlying substrate®, through electrochemical leaching or
acid etching of the Pt-based alloy. We consider it feasible that single
Ru atoms anchored onto strained Pt overlayers may offer a method
to efficiently engineer the electronic properties and OER reactivity
with respect to redox chemistry.

We have synthesized a series of PtCu,/Pt,, core—shell structures
with atomically dispersed Ru, and have unravelled their mechanism
of formation, oxidation resistance and the origin of the enhanced
OER catalysis by exhaustively examining their structures, coordi-
nation environments and oxidation states. Through sequential acid
etching and electrochemical leaching, the structure of PtCu, alloys
can be varied (to give PtCu,, PtCu and Pt,Cu), which modulates
effectively the OER activity catalysed by the Ru,. The best catalyst,
Ru,-Pt,Cu, delivers 220 mV overpotential to achieve a current den-
sity of 10mA cm™ for acidic OER, with ten times longer lifetime
over commercial RuO,. We found that there is a volcano-type rela-
tion between the OER activity and the lattice constant. We argue
that the compressive strain of the Pty shell effectively engineers
the electronic structure and redox behaviour of single atomic Ru
anchored at the corner or step sites of the Pt-rich shell, with opti-
mized binding of oxygen intermediates and better resistance to
over-oxidation and dissolution.

Results

Preparation and characterization of Ru,-Pt,Cu. Uniform five-
fold twinned Cu nanowires with an average diameter of 22 nm were
prepared based on a previously established method (Supplementary
Fig. 2)’'. Ru-doped PtCu, nano-island chains were then generated
epitaxially using electroless galvanic redox replacement in the pres-
ence of Pt and Ru ions, resulting in the growth of metallic islands
consisting of dispersed Ru atoms embedded in a Cu-rich alloy
(Fig. 1a). Island growth occurred largely from the five-fold twin
boundaries of the pristine Cu nanowires. Epitaxial growth and the
resultant nano-island formation of PtCu, from the Cu nanowires
were corroborated by the identical atomic stacking mode (inter-
planar spacing and crystal facet orientation) of the island and the
underlying substrate, as determined from aberration corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging with sub-dngstrom reso-
lution and fast Fourier transform (FFT) patterns (Supplementary
Fig. 3 and Supplementary Note 1). Treatments at elevated tempera-
tures from 433K to 473K initiated an alloying process between Pt
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domains and the Cu substrate as well as a rearrangement of the indi-
vidual Ru atoms as dopants. As a result, the formation of ordered
alloy phases was observed. The observed preferential growth along
the twin boundaries might result from a stronger interface interac-
tion of the defect-rich stepped surfaces of twin boundaries* com-
pared with the other exposed lateral facets of the Cu nanowire. The
narrow width of the twin boundaries of the Cu nanowire appear to
effectively prevent a lateral extension of the PtCu, islands to other
facets, further facilitating the formation of one-dimensional (1D)
chains of islands. 3D tomographic reconstructions (Fig. 1b) from
the 2D HAADF-STEM images clearly demonstrate the preferential
growth of Ru domains along the five-fold twin boundaries of the
Cu nanowire and the distribution of periodic Pt-Cu islands. More
detailed information about the individual Ru, Pt and Cu tomo-
graphic images and animated voxel recordings of the rotation of the
tomogram are available in Supplementary Video 1, Supplementary
Fig. 4 and Supplementary Note 2.

To remove buried non-functional Cu in the bulk of the nanow-
ires as well as non-alloyed Ru, and to provide better accessibility to
surface active sites, the Cu nanowires with protruding PtCu, nano-
island chains were treated in nitric acid. The acid treatment trans-
formed the island chains into an acid-stable Ru-doped PtCu/Ptg,
tubular core-shell structure with five-fold rotational symmetry. The
core composition transformed thereby from PtCu, to PtCu stoichi-
ometry (Fig. 1c), as suggested by the identical interplanar expan-
sion from 0.214nm (Supplementary Fig. 3e) to 0.218 nm (Fig. 1d)
in the nano-islands and underlying substrates. The dissolution of
the Cu-rich nanowire core and the Ru-Cu distributed far from twin
boundaries was supported further by contraction of the tubular
structure diameter from 67 nm (Fig. 1a) to 36 nm (Fig. 1c). The Pt
and Ru elemental distribution were retained after the acid etching,
according to energy-dispersive X-ray spectroscopy (EDS) elemen-
tal mappings (Supplementary Fig. 5), while the absolute Cu content
obviously dropped sharply.

The elemental composition of the tubular dealloyed cores and
their associated lattice spacing were further modulated by a sub-
sequent electrochemical leaching process brought about by a
cyclic voltammetry (CV) scan in N,-saturated 0.1 M HCIO, solu-
tion (+0.01V to +1.21 V versus RHE) at a sweep rate of 50mVs™".
This voltammetric treatment removed additional Cu atoms and
formed the final Ru-doped Pt,Cu/Pty,, core-shell nano-island
chains (Supplementary Fig. 6). In essence, the treatment served as
an activation procedure for the catalyst. The principle morphology
(Fig. 1g) and elemental distribution (Supplementary Fig. 6) of the
final nano-island chains were maintained during this CV activa-
tion process, although the tubular diameter contracted further
from ~36nm (Fig. 1c) to ~25nm (Fig. 1g). The core composi-
tion (and corresponding interplanar spacing) changed from PtCu
(Fig. 1d, 0.218 nm) to Pt,Cu (Fig. 1h, 0.222 nm). The change in the
ratio of Ru, Pt and Cu in three representative samples is shown in
Supplementary Table 1. An accurate count of the corner, step and
kink defect sites exposed on the nano-island facets revealed that the
acid etching and electrochemical leaching had increased the num-
ber of surface defects of the nano-island (Fig. 1k), which serve as
anchor sites for dispersed individual Ru atoms (Ru,). The compo-
sitional evolution of the alloy core of the tubular catalyst structure
from PtCu, (green line, Fig. 1k) to PtCu (blue line) after acid treat-
ment and further to Pt,Cu (red line) after the electrochemical leach-
ing process could be traced by the shift of the face-centred cubic
(fcc) X-ray diffraction patterns (XRD) to smaller angles (Fig. 11). In
conclusion, a class of single-atom ternary alloys™ were synthesized
by acid etching and electrochemical leaching.

To further demonstrate the formation of the core-shell struc-
ture’>** and atomic dispersion of Ru, atomically resolved elemental
mapping® was performed to provide overall structural informa-
tion, and typical results of the Pt,Cu supported Ru are shown in
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Fig. 1| Characterizations of Cu@Ru,-PtCu,, Ru,-PtCu and Ru,-Pt,Cu. a,b, HAADF-STEM image (a) and six projected images of a three-dimensional
visualization of tomographic reconstruction images (b) of Cu@Ru,-PtCus,. c-f, HAADF-STEM image (c), high-magnification image (d) and corresponding
FFT patterns (ef) of Ru;-PtCu. g-j, HAADF-STEM image (g), high-magnification image (h) and corresponding FFT patterns (ij) of Ru,-Pt;Cu. In d and

h, red and yellow dashed lines represent {111} facets and blue dashed lines represent the {200} facet. k, Statistics of steps exposed on different facets of

three representative samples. I, XRD spectra of three representative processes.

Fig.2a-f. Pt-resolved mapping (Fig. 2b) indicated ordered and straight
edge structures, which cannot be found in Cu-resolved mapping
(Fig. 2¢c). Superposition of the Pt and Cu mappings (Fig. 2e) showed
an ordered atom arrangement and regular geometry profile, which
are nearly identical to the corresponding HAADF image (Fig. 2a).
The absence of Cu in the topmost layer (red dashed lines in Fig. 2e)
provides clearer evidence of the formation of the Pt shell. The
formation of this Pt shell explains the preservation of the XRD
peak position (the dark cyan line in Fig. 11) after 28h OER test by
preventing the bulk diffusion of inner Cu through the Pt shell.
Finally, negligible variations of the Cu valence state were observed
by in situ K-edge X-ray absorption fine structure (XAFS) spectra
with increasing working potentials. We believe that this was made
possible by separation of the inner Cu species from oxygenated spe-
cies by the Pty shell (Fig. 2g). The Ru elemental distribution in
Pt,Cu shown in Fig. 2d indicates that the Ru is highly atomically
dispersed and well separated in the Pt,Cu/Pt,;, matrix, as marked
by the arrows in Fig. 2f and Supplementary Fig. 7.

The way in which the atomic isolation and control of the redox
state of Ru, influence the OER mechanism was further anal-
ysed by clarifying its local coordination, using ex situ and in situ
XAFS studies at the Pt and Ru edge. The Fourier transform (FT)
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of extended XAFS (FT-EXAFS) oscillations (Supplementary Fig. 8
and Supplementary Note 3) revealed that the Ru-doped Pt;Cu exhib-
its one Fourier transform peak located at 1.58 A attributed to the
scattering of the Ru-O bond, while the peaks at 2.30 A and 2.73 A
are attributed to the Ru-Pt and Ru-Cu bonds (Fig. 2h; for details
see Supplementary Figs. 9-11 and Supplementary Tables 2-4).
The absence of Ru-Ru bonds (at 2.38A) and related Ru-O-Ru
coordination at a higher coordination shell excludes the presence
of metallic Ru clusters and RuO, particles. This further supports the
atomic isolation of Ru species dispersed inside the Pt,Cu/Ptg, core—
shell particles (noted as Ru,—-Pt,Cu henceforth). X-ray absorption
near-edge structure (XANES) measurements showed that the cor-
responding Ru K-edge adsorption threshold of Ru,~Pt,Cu locates
between the Ru foil and RuO, bulk (Supplementary Fig. 12), indi-
cating that surface-exposed Ru, sites were not over-oxidized.

Electrocatalytic performance of Ru,-Pt,Cu towards OER. The
OER activities of Ru,-PtCus, Ru,-PtCu and Ru,-Pt,Cu supported
on active carbon (Supplementary Fig. 13) were evaluated and
compared to commercial RuO, and IrO, (Supplementary Fig. 14)
in a conventional three-electrode set-up, with O,-saturated 0.1 M
HCIO, aqueous solution as the electrolyte. As revealed by the linear
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Fig. 2 | Fine-structure characterizations of Ru,-Pt,Cu. a-f, Atomically resolved elemental mapping of Ru,-Pt,Cu. g, Schematic atom model of (a). Blue,
grey and purple represent Pt, Cu and Ru, respectively. h, FT-EXAFS spectra of the Ru K edge.

sweep voltammetry (LSV) presented in Fig. 3a and Supplementary
Fig. 15, Ru,-Pt,Cu has the catalytically most active polarization
curve, with a sharp increase in anodic current density from an
onset potential of 1.40V (potential required to reach 0.1 mA cm™)
referred to the reversible hydrogen electrode (RHE). The potential
required to reach an OER current density of 10 mA cm™ is another
key OER performance metric. A 280 mV overpotential was required
for Ru,~-PtCu, to reach 10 mA cm=2. With a decrease in Cu ratio, the
corresponding overpotential decreased continuously to 250 mV for
Ru,~-PtCu and 220 mV for Ru,-Pt,Cu. However, for PtRu NPs with-
out any Cu, the corresponding overpotential increased significantly
to 340mV (Fig. 3b and Supplementary Fig. 16). We note that the
OER activity of the PtCu alloy was rather poor, with an overpotential
of 410mV (Fig. 3a and Supplementary Fig. 17). This suggests that
the atomically dispersed Ru, centres embedded in the Pt-Cu alloys
act as, or at least participate in, the active site for the OER. To assess
the electrochemically active surface area (ECSA) we investigated
hydrogen adsorption/desorption during CV as well as CO strip-
ping (Supplementary Figs. 18 and 19 and Supplementary Note 4).
The ECSAs calculated from the H,,, adsorption/desorption peak
area (between 0.05 and 0.35V) are consistent with the CO stripping
results (Supplementary Table 5).
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The lattice constants of Ru,~-PtCu,, Ru,~PtCu, Ru,-Pt,Cu and
PtRu NPs are plotted in Fig. 3b. It can be seen that the corresponding
lattice constant increased with an increase in the ratio of Pt to Cu, as
expected from Vegard’s rule®. Interestingly, there is a volcano-type
relation between overpotential (lower means more active, hence the
volcano is inverse) and the lattice constant. The optimum lattice
constant occurred for Ru,-Pt,Cu, which will be discussed in detail
in the following. To the best of our knowledge, the OER overpo-
tential of Ru,~Pt,Cu at the inverse-volcano peak outperformed the
state-of-the-art RuO, (310 mV) and IrO, (380 mV) catalysts in acidic
electrolyte (Supplementary Table 6). Due to the atomic dispersion
of the active Ru species, Ru,~Pt,Cu also shows a remarkable mass
activity of 6,615A g™ (normalized by Ru) and 779 Ag™ (normal-
ized by Ru+Pt) at =280mV, respectively (Supplementary Fig. 18
and Supplementary Table 7). Polarization curves at different temper-
atures for Ru,-Pt,Cu and RuO, were collected to assess the appar-
ent kinetic barriers (Supplementary Fig. 20). The derived Arrhenius
plots were extended to the OER thermodynamic equilibrium poten-
tial, from which the apparent electrochemical activation energies
(E,) at n=0mV could be extracted”. As shown in Supplementary
Fig. 21, the extracted E, for Ru,-Pt,Cu was as low as 30.8 kJmol™,
which is approximately half that of RuO, (61.9kJ mol™).
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Fig. 3 | Activity and stability investigations of Ru;-Pt,Cu during the OER process. a, LSV curves of Ru,-Pt;Cu, Ru,-PtCu, Cu@Ru,-Pt;Cu and reference
samples in an O,-saturated 0.1M HCIO, aqueous solution with 1,600 r.p.m. b, Overpotential to reach 0.1mA cm~2 and 10 mA cm~2 for the catalysts (left
axis) and lattice parameter dependence on the composition of Pt/Cu (right axis, red line). Error bars show the s.d. evaluated from five independent
measurements. ¢, Chronopotentiometric curve obtained with Ru,-Pt;Cu and commercial RuO, with constant current densities of 10 mA cm=2 d-f, In situ
XAFS spectra change of the Ru K-edge (d,e) and Pt L;-edge (f). g, In situ ATR-IR spectra recorded during the multi-potential steps.

Experiments on a rotating ring-disk electrode (RRDE) showed
that the product catalysed by Ru,-Pt,Cu were exclusively O,. This
was supported by the oxygen reduction reaction (ORR) polarization
curve collected from the ring electrode at a constant disk potential
of 1.45V (Supplementary Fig. 22). When the disk potential varied
from 1.27V to 1.48V, a negligible current density (<10pAcm™)
assigned to the oxidation of hydrogen peroxide was observed on the
ring electrode. According to the ratio of ring and disk currents mea-
sured in a separate experiment, the Faradaic efficiency catalysed by
Ru,-Pt,Cu for OER was as high as 99.8% (Supplementary Fig. 23
and Supplementary Note 5).

The stability of Ru,-Pt,Cu and commercial RuO, was tested
by chronopotentiometry measurements, and the variations in the
corresponding potentials are plotted in Fig. 3c. During a 28 h long-
term test on Ru,-Pt,Cu, the potential required to reach 10 mA cm™
was almost constant (decreasing only by 2.1%), well surpassing
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that of commercial RuO, (inset of Fig. 3c and Supplementary
Fig. 24). We also used inductively coupled plasma mass spectrom-
etry (ICP-MS) to quantify the mass loss of Pt, Cu and Ru during
u-t measurements (Supplementary Fig. 25). The minor dissolved
mass of Ru was much lower than the almost 100% dissolution
of RuO, catalysts under acidic OER conditions after a test last-
ing approximately 2h (inset of Fig. 3c). The stability was further
demonstrated by the negligible activity decay in the polarization
curve after 3,000 cycles (Supplementary Fig. 26). High-resolution
transmission electron microscopy analysis on the recycled sam-
ple indicated that the island-like morphology and trimetallic
interface were preserved to a large extent after the durability test
(Supplementary Fig. 27). The great stability of Ru,-Pt,Cu might
arise from the unique periodic nano-islands providing abundant
defect sites that anchor the atomically dispersed Ru, and prevent
their migration and aggregation.
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as descriptors. h, PDOS of surface-embedded Ru, 4d with respect to the Fermi level, where e, 4 is total 4d electrons of the Ru, atom. i, In-plane lattice
contraction relative to the Pt (111) pristine surface (red circles) and corresponding d-band centre &, , of Ru, (blue squares). j, Corresponding adsorption
energy £, of the oxygen atoms (red circles) and 5 (blue squares). k, Bader charge AQ,, for adsorbed oxygen and variation of Bader charge AQy, for

coordinated Ru, on alloy surfaces with 0.50 ML pre-adsorbed oxygen.

In situ XAFS and ATR-IR of Ru,-Pt,Cu during OER. We car-
ried out in situ XAFS studies to investigate the potential-dependent
oxidation of Ru, during the OER (Supplementary Fig. 28). With
the potential scanned from 0 to 1.86V, the oxidation state of Ru,
appeared stable, as shown by the essentially identical Ru, K-edge
absorption threshold position (Fig. 3d, Supplementary Fig. 29 and
Supplementary Note 6) and coordination (Fig. 3e). In contrast,
an increase in the white line intensity of the Pt L,-edge suggests
increased d band vacancy for Pt atoms in the Pt-Cu domains (Fig. 3f
and Supplementary Figs. 29 and 30), probably because of the elec-
tron transferring from Pt to Ru,. This is further corroborated by
X-ray photoelectron spectroscopy (XPS) measurements, which
revealed the change in electronic structure at the surface of the
catalysts between the initial sample and that after running the chro-
nopotentiometry test (Supplementary Fig. 31 and Supplementary
Note 7). Notably, Ru kept the same oxidation state after the u—t mea-
surements, considering the possible charge compensation from Pt-
Cu to Ru, thereby avoiding the over-oxidation of Ru. To prove the
AEM for the generation of molecule oxygen, we further performed
in situ attenuated total reflection infrared (ATR-IR) spectroelectro-
chemical measurements to capture the OOH intermediate (Fig. 3g
and Supplementary Fig. 32). The recorded peak at approximately
1,212cm™ is assigned to the characteristic vibration adsorption of
the surface-adsorbed superoxide (OOH,4)*. This indicates that the
AEM rather than the LOER mechanism dominated O, generation
over the Ru,-Pt,Cu, which certainly improved its stability under
acidic conditions.
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Theoretical insights on OER activity and stability. Density func-
tional theory calculations on various Pt,Cu, ,(111) (x=0, 1, 2, 3, 4)
surfaces were performed to rationalize the observed activity and
dissolution resistance. For the dissolution and segregation of Cu
under acidic OER conditions, Pt-skin surfaces® were used if not
stated otherwise, and one-quarter of surface atoms were substituted
by Ru to model atomically dispersed Ru,. Importantly, 0.5 ML oxy-
gen was pre-adsorbed on the surface to simulate the oxidic environ-
ment of the Pt shell and the Ru atom, as proved by the EXAFS and
XANES analyses (Fig. 4b—f). The critical minimum overpotential #,
required to enable all OER elementary steps of the OER to be exer-
gonic, was investigated by calculating the free energy profile’-*.
Specifically, we calculated the corresponding free energies of OH,
O and OOH, the key OER intermediates dominating the overall
OER activity. A linear scaling relation between the free energies of
OOH and OH on atomically dispersed Ru, embedded in the alloy
surfaces, AGgo=0.93AG,,;+3.02+0.18 (Fig. 4a), was found and
is in good agreement with previous work'2. Due to the competition
between the free energies of the four elementary steps involved*
(Supplementary Fig. 33), the calculated overpotential # can be
represented by a 2D volcano-type surface with respect to the free
energy of the O and OH intermediates (Fig. 4g). As expected, a too
weak binding of adsorbate over the active Ru, site (higher AG,,; and
AG,- AGy) impedes the adsorption of OH and increases the sub-
sequent dehydrogenation barrier. On the other hand, a too strong
interaction (lower AG,,; and AG, - AG,,) is detrimental for forma-
tion of the OOH intermediate and subsequent generation of O,. The

309


http://www.nature.com/natcatal

ARTICLES

NATURE CATALYSIS

best OER activity (7=0.42V) close to the peak of the 2D volcano
plot was found on the Ru,-Pt,Cu (111) (Fig. 4e) surface. In con-
trast, Ru;—~Cu (111) (Fig. 4b), Ru,-PtCu, (111) (Fig. 4c), Ru,-PtCu
(111) (Fig. 4d) and Ru,-Pt (111) (Fig. 4f) exhibit overpotentials of
0.82, 0.71 and 0.66 and 0.92V, respectively, which are less active.
Although the trend reproduces the experimental results well, the
difference between the calculated (0.42 V) and experimental (0.22V
at 10mA cm=2, 0.17V at 0.1 mA cm~2) overpotentials for Ru,-Pt,Cu
remains, which might arise because of the simplified model used in
the calculations.

To shed light on the electronic origin of the computationally
predicted beneficial reactivity of atomically dispersed Ru,, the pro-
jected density of states (PDOS) of Ru, were analysed and plotted
(Fig. 4h). The data reveal that, with an increasing Pt to Cu ratio
from PtCu,, PtCu, Pt;Cu to Pt, the PDOS of Ru, shifts gradually
towards the Fermi level, and the corresponding d-band centre &g, 4
shifts up from —3.37eV to —2.76 eV. The upshift of the d-band cen-
tre is understandable because the compressive surface strain with
respect to the pristine Pt was gradually released (Fig. 4i). As a result,
the oxygen adsorption (E,) is systematically strengthened from
—1.63 eV for the pristine Cu (too weak binding) to —2.48 eV for the
pristine Pt (too strong binding). This eventually leads to an inverse
volcano-type plot of the OER overpotential (Fig. 4j) with respect
to the lattice constant, and explains excellently the experimental
findings (Fig. 3b).

To rationalize the improved oxidation and dissolution resistance
of the Ru,-Pt,Cu catalysts observed in the experiments, we used
the adsorption of an oxygen atom on various Pt-Cu surfaces with
0.50 ML pre-adsorbed oxygen to probe the corresponding charge
transfer (Fig. 4k). It was found that, irrespective of the Pt-Cu sur-
face considered, the adsorbed oxygen gains a considerable amount
of charge (~0.54-0.59 ). However, the coordinated Ru, contributes
only ~0.19-0.21 e. This implies that most of electrons gained by the
adsorbed oxygen come from the Pt-Cu alloys. Namely, the Pt-Cu
alloys could act as an electron reservoir to donate electrons towards
reaction intermediates and help prevent the over-oxidation and
subsequent dissolution of Ru,.

Conclusions

In summary, we have synthetized a series of Pt-Cu alloys with
embedded Ru atoms as an OER electrocatalyst through acid etch-
ing and electrochemical leaching. Atomically resolved elemental
mapping revealed that the present Ru species was highly atomi-
cally dispersed and the PtCu,/Pty,, core-shell structure was
achieved. In situ XAFS studies demonstrated that the oxidation
state of Ru, was almost unchanged within the OER catalysis poten-
tial range. Accordingly, we have shown how engineering the elec-
tronic structure of single Ru sites via compressive strain boosts
OER activity by tailoring the binding of oxygenated species close
to an optimized level and suppresses its over-oxidation by effec-
tively preventing the electron over-transferring from Ru to the
oxygen-containing ligands.

Methods
Theoretical calculations. A series of Pt-Cu bimetal alloys with different crystal
phases and stoichiometric, Pt, Pt,Cu, PtCu, PtCu, and Cu, are considered in this
work (for their structures, lattice parameters and crystal phases see Supplementary
Table 8). To understand the trends we focus only on the (111) surface. All surfaces
were modelled as a four-layer slab with layers separated by 15 A vacuum. To
simulate the Pt-skin surface with surface-embedded Ru atoms, the topmost layer
was replaced by three-quarters Pt and one-quarter Ru. The atomic coordinates of
the optimized structures are provided in Supplementary Data 1.

For all the metal slab models, the bottom two layers were constrained at
the bulk position, and the top two layers with adsorbates were fully relaxed.
All structures were optimized until the forces on each ion were smaller than
0.02eV A, and the convergence criterion for the energy was 10-*eV. All spin-
polarized calculations were performed using the Vienna Ab-initio Simulation
Package (VASP)**, the Perdew-Burke-Ernzerh (PBE) generalized gradient
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approximation (GGA) functional was used for the exchange-correlation potential®,
and the projected augmented wave (PAW) potential was used to described the
ion-electron interaction”. The cutoff energy for the plane-wave basis was set
to be 400eV. All (2 X 2) surfaces were sampled by (6 X 6 X 1) Monkhorst-Pack
k-point mesh*. The total energy of the oxygen molecule was derived from the
experimental enthalpy of water and total energy of the water and hydrogen
molecule.

At least four elementary steps are usually needed for the OER reaction to
proceed, as listed in equations (1) to (4), which involve adsorbed OH, O and OOH
species on the surface (*):

2H,0+ - OH*+H,0+¢ +H" (¢))
OH*+H,0—>O0*+H,0+e +H" (2)
0*+H,0—>O0H*+¢ +H* 3)
OOH*—-0,+e +H"* 4

As an assessment of the energy change in this process, the Gibbs free energy
changes for these four elemental steps can be expressed as

AG,=AGyy—eU+ AGy,, (PH) (5)
AG,=AGy—AGyy—eU+ AG,,,(PH) 6)
AG,=AGoo—AGy—eU+ AGy, (PH) @)

AG,=4.92 [eV]-AGyo—AGo—eU+ AGy, (PH) (8)

where U is the potential measured against the normal hydrogen electrode (NHE)
under standard conditions (T=298.15K, P=1bar, pH 0). Under these standard
conditions, the thermodynamic potential for the oxidation of water to produce
oxygen is Ag;’;"oz 2.46V (refs. -°!). For practical applications, even though only
a minimum applied potential of 1.23 V is enough to compensate the increase of
thermodynamic energy for every step in the OER reaction (equations (1)-(4)),

an additional potential, namely the overpotential #, is always needed to reach a
measurable rate for any real electrochemical OER process. The free energy change
of the protons caused by non-zero pH can be represented by the Nernst equation
as AGy,(pH) =—k; T In(10) X pH. The total energy change of all these steps will be
fixed to 4.92 eV, which is equal to the experimental free energy change to generate
two water molecules. The Gibbs free energy differences of these intermediates

can be given by AG,= AE,+ AZPE,— TAS, where i means OH*, O* and OOH*.
Energy differences AE, can be calculated relative to H,O and H, (at U=0 and
pHO0), as given by equations (9)-(11). The zero-point energy (AZPE,) and entropy
corrections (TAS,) used in the present work are listed in Supplementary Table 9.

AE gy = E(OH")—E(*)—

E(H20>—§H2] ©

AEq=E(0")—E(*)~[E(H,0)~H,] (10)
AE oo =E(OOH*)—E(*)—[ZE(HZO)—gHzl (1)

The theoretical overpotential is then readily defined as
n=max[AG,, AG,, AG;, AG,,]/e—1.23 [V] (12)

Characterization. Powder X-ray diffraction patterns of samples were recorded
using a Rigaku Miniflex-600 with Cu Ko radiation (Cu Ka, 1=0.15406 nm, 40kV
and 15mA). The morphologies were characterized by TEM (Hitachi-7700, 100kV).
HAADF-STEM images and the corresponding electron energy-loss spectroscopy
were collected on a JEOL JEM-ARM200F TEM/STEM with a spherical aberration
corrector working at 200kV.

HAADF-STEM tomography was performed in a FEI Talos F200X operated
at 200kV. The electron micrographs were acquired automatically using a single-
axis tilt tomography holder 2021 from —70° to 70°, with projections taken every
1° above 40°, and every 2° below 40°. During acquisition of the HAADF-STEM
tilt series, the camera length was 98 mm. Stack alignment and reconstruction
of the tile series were carried out offline using the software package Inspect 3D
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4.1.2 (FEI). The aligned tilt series was reconstructed using the Simultaneous
Iterative Reconstruction Technique (SIRT)* with 100 iterations. The reconstructed
structure was segmented manually and visualized in the software package Avizo
Version 9.2.0.

Scanning electron microscopy (SEM) was carried out on a JSM-6700F SEM.
Nitrogen sorption measurements were conducted using a Micromeritics ASAP
2020 system at 77 K. The XPS experiments were performed at the photoemission
end-station at beamline BL10B in the National Synchrotron Radiation Laboratory
(NSRL) in Hefei, China. Briefly, the beamline was connected to a bending magnet
and covered photon energies from 60 to 1,000V with a resolving power (E/AE)
better than 1,000. In the current work, the structure of the samples were studied at
photon energies of 1,253.6 eV. Elemental analysis of Ru, Pt and Cu in the samples
was conducted with an Optima 7300 DV for ICP-MS.

Ex situ XAFS measurements. XAFS spectra data (Ru K-edge, Pt L,-edge and Cu
K-edge) were collected at the IW1B station in the Beijing Synchrotron Radiation
Facility (BSRE operated at 2.5 GeV with a maximum current of 250 mA) and

the BL14W1 station in Shanghai Synchrotron Radiation Facility (SSRE, operated
at 3.5GeV with a maximum current of 250 mA). The data were collected at
room temperature (25°C) (Ru K-edge in fluorescence excitation mode using a
seven-element Ge detector, Pt L,-edge in fluorescence excitation mode using a
Lytle detector and Cu K-edge in transmission mode using a N,-filled ionization
chamber). All samples were pelletized as disks of 13 mm diameter and 1 mm
thickness using graphite powder as a binder.

In situ XAFS measurements. Electrochemical measurements were conducted
on a computer-controlled electrochemical analyser (Supplementary Fig. 25).
Catalyst-modified carbon paper was used as the working electrode, Pt wire as the
counterelectrode and a Ag/AgCl (3 M KCl) electrode as the reference electrode.
A home-made electrochemical cell was used for in situ XAFS measurements.
In situ XAFS was used to obtain the change of valence state and coordination
environment for elemental analysis of the catalyst during reactions. We prepared
dilute catalyst solutions (2 mgml™ for 5ul) and distributed them evenly on
the centre of carbon paper to form uniform films. The acquired EXAFS data
were processed according to standard procedures using the ATHENA module
implemented in the IFEFFIT software package. The EXAFS spectra were obtained
by subtracting the post-edge background from the overall absorption and then
normalizing with respect to the edge-jump step. Subsequently, the y(k) data were
Fourier-transformed to real (R) space using a Hanning window (dk= 1.0A) to
separate the EXAFS contributions from different coordination shells. To obtain the
quantitative structural parameters around the central atoms, least-squares curve
parameter fitting was performed using the ARTEMIS module of the IFEFFIT
software package™.

The following EXAFS equation was used:

N; SoF, (k)

2 = Y= expl=2k ]
g ’ (13)
iRj in[2kR (k)]
exp 20 sin[2kR; + @;

where §;” is the amplitude reduction factor, F/(k) is the effective curved-wave
backscattering amplitude, N; is the number of neighbours in the jth atomic shell,
R; is the distance between the X-ray absorbing central atom and the atoms in the
jth atomic shell (backscatterer), A is the mean free path (in A), @;(k) is the phase
shift (including the phase shift for each shell and the total central atom phase shift)
and o; is the Debye—-Waller parameter of the jth atomic shell (variation of distances
around the average R)). The functions F(k), 4 and ¢,(k) were calculated with the ab
initio code FEFF8.2.

The coordination numbers of model samples (Ru foil and RuO,, Pt foil and
PtO,, Cu foil and CuO) were fixed as nominal values. The obtained S, was fixed in
the subsequent fitting of the Ru K-edge, Pt L;-edge and Cu K-edge of the samples.
The internal atomic distances R, Debye—Waller factor ¢ and the edge-energy shift
AE, were allowed to run freely.

In situ electrochemical attenuated total reflection Fourier transformed infrared
spectroscopy (EC-ATR-FTIRS) measurements. A catalyst ink was first prepared
by mixing 1 ml ethanol with 4 mg Ru,-Pt,Cu catalyst. The catalyst ink was then
dropped via pipette onto a hemicylindrical silicon prism covered with several
layers of graphene. A Pt foil and a Ag/AgCl electrode were used as counter- and
reference electrodes, respectively. Millipore Milli-Q water (18.2MQcm) and
ultrapure perchloric acid (70%, Suprapure, Sigma-Aldrich) were used to prepare
the solution. The supporting electrolyte used in the measurement was 0.1 M
HCIO,, which was constantly purged with N, (5N, Nanjing Special Gas Corp)
during the experiment. Before the experiments, the working electrode was cleaned
by continuously scanning the electrode potential in the region 0.6-1.6 V for about
30 min. The electrode potential was held at 0.8V in 0.1 M HCIO, and a background
spectrum (reflectance R,) was recorded. The electrode potential was first altered
from 0.8V to 1.6 V stepwise, then back again; in the meantime, infrared spectra

NATURE CATALYSIS | VOL 2 | APRIL 2019 | 304-313 | www.nature.com/natcatal

were recorded with a time resolution of 5s per spectrum at a spectral resolution of
4cm™. All spectra were presented as absorbance, A =—log(R/R,), where R is the
reflectance of the sample spectrum. A Varian FTS 7000e infrared spectrometer
with an HgCdTe detector cooled by liquid nitrogen was used.

Preparation of Cu nanowires. In a typical procedure for synthesizing Cu nanowire
nanocrystals, CuCl,-2H,0 (10 mg) and RuCl,-xH,O were dissolved in 1 ml ethanol
and 3 ml oleylamine. The mixture was sonicated for 30 min. The as-obtained
suspension solution was slowly injected into a vial containing 3 ml 1-octadecylene,
preheated at 120 °C for 10 min with vigorous stirring, then heated from 120°C to
160°C. The reaction last 6 h. After being cooled to room temperature, the products
were precipitated by ethanol, separated via centrifugation and further purified by
an ethanol-hexane mixture three times.

Preparation of Cu@Ru,-PtCu,. In a typical procedure, 5.65 mg of Pt(acac),
dissolved in 1 ml oleylamine was added to the as-prepared Cu nanowires and the
temperature was changed from 160 °C to 200 °C followed by 12 h thermal treatment
at 200 °C. The products were precipitated by ethanol, separated via centrifugation
and further purified by an ethanol-hexane mixture several times.

Preparation of Ru,-PtCu. In a typical procedure to obtain Ru,-PtCu catalyst,
Cu@Ru,-PtCu, nanocrystals were dissolved in 10ml 7.5 M nitric acid, followed
by 2 h stirring at room temperature. Finally, the products were separated via
centrifugation and further purified by ethanol.

Preparation of Ru,-Pt,Cu. These Ru,~PtCu nanowires were loaded onto carbon
black (XC-72) and annealed in an argon atmosphere at 400 °C for 12h. The
catalysts then underwent CV measurements in N,-saturated 0.1 M HCIO, solution
(0.01V to 1.21 V versus RHE) with a sweep rate of 100mV s

Electrochemical measurements for OER. Electrochemical tests were

conducted on a CHI760E electrochemical work station (Chenhua) with a
three-electrode system in 0.1 M HCIO, aqueous solution. The Ag/AgCl

(3M KCl) electrode was used as a reference electrode and a platinum wire

was used as a counterelectrode. A constant O, or N, flow was maintained in

the headspace of the electrolyte during the entire experiment. The synthesized
Ru,-Pt,Cu, Ru,-PtCu and Cu@Ru,-PtCu,, PtRu nanoparticles (NPs) and PtCu
NPs were dispersed onto carbon black (Cabot, Vulcan XC-72) with a metal loading
of ~30%. The catalysts were subjected to a 400 °C annealing process for 12h in
argon to remove organic surfactants™.

The turbid catalyst ink was prepared by mixing 4 mg of the catalyst in 1 ml
solution containing 960 pl ethanol and 40 ul 5% Nafion solution, followed by
ultrasonication for 30 min. Similarly, the catalyst inks for commercial RuO, and
IrO, samples were prepared by mixing 4 mg in 960 pl ethanol and 40 pl 5% Nafion
solution as above.

Next, a certain volume of the catalyst ink was carefully dropped onto a
5-mm-diameter glassy carbon disk electrode or RRDE. The catalyst layer was
allowed to dry at room temperature before electrochemical measurements. In
0.1 M HCIO,, the catalyst loading was 0.0163 mgy,,,cm~ and the loading of Ru
was 0.00192 mgg, cm~? (based on ICP-MS).

Electrochemical impedance spectroscopy measurements were conducted at
1.20V (versus Ag/AgCl) on a rotation electrode under 1,600 r.p.m. The amplitude
of the sinusoidal wave was 5mV, and the frequency scan range was 100 kHz-0.1 Hz.
Unless otherwise stated, all experiments were performed at ambient temperature
(25°C) and all potentials were referenced to the RHE.

CV measurements were carried out in 0.1 M HCIO, solutions under a flow of
N, at a sweep rate of 50mV s™'. The specific ECSA was calculated by measuring
the H,,,y adsorption charge (Qy) collected in the hydrogen adsorption/desorption
region (0.01-0.31V) after double-layer correction, according to the following
relation:

Qy

mxqy,

ECSA =

(14)

where Q is the charge for H,,, (H* +e =H,,,) adsorption, m is the metal
loading and gy, (210 pCcm™) is the charge required for monolayer adsorption of
hydrogen on Pt surfaces.

For CO stripping, pure CO gas was purged through the catalyst surface in cells
filled with 0.5 M H,SO, electrolyte for 30 min while holding the working electrode
at 0.1V (versus RHE). After transferring the electrodes to another cell filled with
fresh 0.5 M H,SO, electrolyte (without CO), CO stripping was performed in the
potential range 0-1.2V (versus RHE) at a scan rate of 10mV s™'. The ECSA., was
also calculated using equation (14).

Rotating disk electrode voltammetry. The electrochemical experiments were
conducted in O,-saturated 0.1 M HCIO, for the OER at room temperature at

1,600 r.p.m. For RRDE tests, a computer-controlled CHI 760E electrochemical
workstation was used, the disk electrode was scanned at a rate of 10mV s™' and the
ring electrode potential was set to 1.48 V versus RHE. The hydrogen peroxide yield
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(H,0,%) and the electron transfer number (1) were determined by the following
equations:

Ir

H,0,(%) =100x —X (15)
I
n=4x d
A (16)
Id+ﬁ

where I, is the disk current, I, is the ring current and N=0.4 is the current
collection efficiency of the Pt ring.

The accelerated durability tests of the catalysts were performed in the O,-
saturated 0.1 M HCIO, electrolyte at room temperature (25 °C) by applying
potential cycling between 1.0 and 1.6 V versus Ag/AgCl at a sweep rate of 50mV s
for 3,000 cycles.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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