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Nanoporous ruthenium (np-Ru) comprising reaction active facets is
synthesized from a ruthenium-cerium (Ru,Ce) alloy precursor.
Spontaneous nanophase separation of Ru,Ce in an oxidative atmo-
sphere results in a lamellar nanocomposite consisting of Ru metal and
cerium oxide (CeO,). Selective leaching of the Ru-CeO, nano-
composite in sulfuric acid yields np-Ru with a high surface area of 48
m? g~*, predominantly surrounded by reaction active {1010} facets.
Active-faceted np-Ru efficiently catalyzed the hydrogen evolution
reaction (HER) in acidic media at an overpotential of +74 mV vs. the
reversible hydrogen electrode, which is 20 mV lower than that for
carbon-supported Ru (Ru/C) and rather close to +58 mV for state-of-
the-art Pt/C. Np—Ru has great potential in broad applications such as
hydrogen battery electrodes because of its low HER overpotential and
scalable synthetic protocol.

Nanoporous materials are one of the confocal subjects of broad
research on catalysts, absorbates and sensors due to their large
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surface area as a stage for different molecular events."* Metallic
nanoporous materials, i.e., nanoporous metals, are of particular
and growing interest because of their high thermal/electric
conductivity, magnetic , and plasmonic properties.>* There
are a number of successful attempts to tailor the nanopores in
size, dispersity and connectivity, using templates such as block
copolymers, liquid crystals and/or mesoporous silica.*** The
nanoporous metals synthesized in such bottom-up approaches
are inherently an aggregate of individual clusters deposited to
the template surface. Different approaches such as dealloying of
prepared alloy precursors may yield more favorable nanoporous
metals for electrocatalytic applications because of their
continuously connected network structure.”* The so far
developed dealloying methods can, however, hardly tailor the
surface atomic arrangement of nanoporous metals: dealloyed
metals are usually surrounded by randomly developed facets,
some of which can inhibit targeted surface reactions.®
Herein, we propose another versatile method to synthesize
facet-tailored nanoporous metals, utilizing a spontaneous
nanophase-separation phenomenon of alloy precursors. An
alloy precursor consisting of the target metal and an oxyphilic
metal counterpart is subjected to an oxidative atmosphere to
promote internal oxygen diffusion. Selective oxidation of the
counterpart metal results in a spatially ordered metal-oxide
nanocomposite. As the result of a strong metal-oxygen inter-
action at the epitaxial interface, the metal phase is allowed to
develop energetically unfavorable crystal planes. The oxide
counterpart is finally leached out in solvent to yield the targeted
nanoporous metal that is surrounded by reaction active facets.
Precious-Group Metals (PGMs) especially platinum (Pt) serve
as prominent catalysts for different chemical reactions.'*?
Electrolytic hydrogen (H,) evolution from aqueous solution
(Hydrogen Evolution Reaction: HER) can potentially produce
CO,-free H,, yet is precluded from broad use due to the lack of
reaction active and economically sound electrocatalysts.”® It is
highly desirable to materialize nanoporous ruthenium (np-Ru)
as an efficient alternative to the state-of-the-art, expensive Pt
electrocatalysts for the HER (Pt: 30 $ g~ "; Ru: 8 $ g~ - Johnson
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Matthey). However, to date, most of the attempts to synthesize
np-Ru by conventional dealloying>** and organometallic
decomposition®® methods resulted in the emergence of random
facets which diminished the catalytic performance: the {1010}
facets of hexagonal Ru are theoretically demonstrated as most
HER active, but less readily developed than any of the other
energetically favorable facets.”

To demonstrate the priority of the proposed approach for
nanoporous metals, we have successfully synthesized np-Ru
from an precursor alloy consisting of Ru and a highly oxyphilic
metal counterpart, cerium (Ce) (Fig. 1).® A Ru,Ce alloy was first
subjected to an oxidative environment to promote nanophase
separation into a Ru-CeO, nanocomposite. The Ru and CeO,
phases were ordered in a nanometer-thick (~5 nm) lamellar
structure because oxygen atoms diffuse throughout the precursor
so as to extend an epitaxial interface of the CeO,{110} and Ru
{1010} planes. Selective leaching of the CeO, phase in sulfuric
acid (H,SO,) finally yielded phase-pure, highly crystalline np-Ru
that was predominantly surrounded by {1010} facets. The active
faceted np-Ru efficiently promoted the HER in acidic media at
a lower overpotential than carbon-supported Ru (Ru/C) with
a higher turn-over frequency (TOF) at +100 mV vs. the reversible
hydrogen electrode (RHE) compared to previously reported
metallic np-Ru (Fig. S1 and S2+).>

The Ru,Ce alloy precursor was prepared by melting Ru and
Ce metal ingots using an arc torch in a pure Ar atmosphere. The
precursor alloy was then powdered with a mortar, sieved to 50—
60 pm in size and heated in a mixture of carbon monoxide (CO),
oxygen and argon gas (CO:O,:Ar = 1:1:98 in volumetric
ratio; flow rate = 60 cm® s~ ') at 600 °C for 12 hours. Powder X-
ray diffractometry (pXRD) demonstrated that the reflections
from the Ru,Ce precursor were fully substituted by those from
Ru metal and CeO, after the atmosphere treatment (Fig. S37).
Cross-sectional scanning transmission electron microscopy
(STEM) observation further showed that the atmosphere-treated
Ru,Ce alloy was converted into a Ru-CeO, nanocomposite
consisting of a highly ordered lamellar structure with a spatial
period of 5 nm (Fig. 2a, b; see Fig. S47). The bright and dark
contrasted areas in Fig. 2a correspond to the metal Ru and CeO,
phases, respectively, as supported by compositional mapping
(Fig. 2b; see Fig. S57 for details).
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Fig.1 Synthetic protocol for active faceted np-Ru. Heating the Ru,Ce
alloy precursor in an oxidative atmosphere results in a nanophase-
separated metal-oxide composite having an extended Ru{1010}/
CeO,{110} epitaxial interface. The nanocomposite is finally leached in
sulfuric acid to selectively dissolve CeO,, yielding active faceted np-
Ru.
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Fig. 2 (a) Cross-sectional annular-dark field (ADF) scanning trans-
mission electron microscopy (STEM) image and (b) compositional
mapping image of a nanophase-separated Ru-CeO, composite ob-
tained from precursor Ru,Ce via atmosphere treatment. The red and
dark green stripes correspond to the Ru and CeO, phases, respec-
tively. (c) High-resolution transmission electron microscopy (TEM)
image of the Ru-CeO, interface. (d) A schematic model for the
epitaxial relationship between the Ru{1010} and CeO,{110} planes. The
red, blue and green circles correspond to the Ru, Ce and O atoms,
respectively.

The Ru phase was developed such that the Ru{1010} and
Ce0,{110} planes were oriented with an epitaxial relationship
(Fig. 2¢; S3 and S77). The interatomic distance of oxygen on the
CeO, (110) planes along the [100] axis, 2.7 A, matches with the
interatomic distance of Ru on the Ru (1010) planes along the
[1120] axis, 2.7 A (Fig. S81).>° This lattice matching may mini-
mize the interfacial energy between the metal and oxide phases
to favor the epitaxial Ru{1010}/Ce0,{110} interface. Note that in
the pXRD spectra, the {1010} reflections were clearly visible for
np-Ru due to the preferred growth of the {1010} facets, while
much weak reflections were recognized for directly dealloyed
Ru,Ce having polycrystalline nature (Fig. S37).

Subsequent selective leaching of CeO, from the Ru-CeO,
nanocomposite (Fig. 3a) in H,SO, solution resulted in the tar-
geted, faceted np-Ru (Fig. 3b). The CeO, phase was completely
removed as evidenced by pXRD and hard X-ray photoemission
spectroscopy (HAXPES) (Fig. S3 and S97). The Ru{1010} facets,
which were extended via the formation of the Ru{1010}/Ce{110}
interface in the nanophase separation of the precursor alloy,
became fully exposed to the environment after the elimination of
the CeO, matrix (Fig. 3c and d, see Fig. S107 for FFT analysis). The
specific surface area of np-Ru was quantified by BET (Brunauer-
Emmett-Teller) surface area measurements as 48 m”> g~ . The
nitrogen (N,) adsorption-desorption isotherm demonstrated
a hysteresis trend, showing that np-Ru consisted of slit-shaped
and/or lamellar pores, as expected from the transmission elec-
tron microscopy (TEM) observations (Fig. S11+).
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Fig.3 (a) Cross-sectional ADF STEM image of a nanophase-separated
Ru-CeO, nanocomposite (bright: Ru; dark: CeO,) and (b) a bright-
field transmission electron microscopy (TEM) image of active faceted
np-Ru obtained via a selective leaching of the Ru-CeO, nano-
composite (dark: Ru; bright: vacuum). (c) Bright-field TEM images of
active faceted np-Ru. The atomic fringes in (d) correspond to the Ru
{1010} planes.

Cyclic Voltammetry (CV) was conducted in 0.5 M H,SO,
solution using a rotating glassy-carbon disk electrode to identify
the preferential facets of np-Ru. Fig. 4a presents the CV profiles
for np-Ru and carbon-supported Ru (Ru/C; loading weight: 5%).
Ru/C showed a typical CV profile for polycrystalline Ru with no
preferential facets. By contrast, np-Ru showed a CV profile
having distinct peaks at +0.30 V and +0.52 V vs. RHE, corre-
sponding to the electrochemical oxidation of chemisorbed
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Fig. 4 (a) Cyclic Voltammetry (CV) profiles for np-Ru (red) and Ru/C
(blue), and (b) Linear Sweep Voltammetry (LSV) profiles and the cor-
responding (c) Tafel plots for np-Ru (red), Ru/C (blue) and Pt black
(black). The corresponding Tafel slopes are shown in the inset. (d)
Chronogalvanometry profile for np-Ru (red) acquired at a HER current
density of 10 mV s~ All the experiments were conducted in 0.5 M
H>SO4 solution using platinum wire as the counter electrode.
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hydrogen atoms over the {1010} and {0001} facets, respec-
tively.*® As expected from the TEM characterization (Fig. 2d-f
and S7t), np-Ru was predominantly surrounded by the {1010}
and {0001} facets.

Linear Sweep Voltammetry (LSV) was performed in 0.5 M
H,S0, in a potential range from +100 mV to —400 mV vs. RHE to
evaluate the HER performance of the faceted np-Ru catalyst (by
considering overpotential at current density, j of 10 mA
cm ?).2%332 As a comparison, Ru/C and Pt black were also
tested under the same conditions. The polarization curves
resulting from LSV demonstrated that np-Ru had an over-
potential of —74 mV. This value was significantly low compared
to the overpotential of —94 mV for Ru/C, and rather close to that
for the state-of-the-art Pt/C, —58 mV (Fig. 4b).

We performed LSV using a graphite rod as the counter
electrode to avoid possible contamination by redeposition of Pt
(Fig. S127).** Another control LSV experiment was conducted in
a perchloric acid (HClO,) electrolyte to avoid possible contam-
ination by adsorption of sulfuric anions (SO,>") (Fig. S131). The
np-Ru catalyst was superior to Ru/C in the both cases in terms of
higher onset potentials. np-Ru also showed higher HER mass
activity than a non-supported metal Ru catalyst (Fig. S14, see the
ESIT for the synthetic details of metal Ru). The electrochemical
surface areas (ECSAs) for np-Ru and Ru/C were determined to be
39.60 and 73.87 m* g, respectively, by measuring the double-
layer capacitance in the electrolyte solution (Fig. S15, see the
ESIT for experimental details).>**® The current density normal-
ized to the ECSA finally supported that np-Ru was superior to
Ru/C in HER activity (Fig. S167).

Furthermore, the Tafel slopes derived from LSV for np-Ru,
+51 mV dec™*, was much lower than that for Ru/C, +129 mV
dec ™", and again closer to that of Pt black, +33 mV dec . The
np-Ru catalyst promoted the HER not only at a lower over-
potential but also kinetically fast compared to Ru/C (Fig. 4c). In
addition, the exchange current density at zero overpotential (/)
from the Tafel extrapolation method for np-Ru, PtB, and Ru/C
was estimated to be 22.67 mA cm 2, 17.25 mA cm 2, and
6.638 mA cm 2, respectively (Fig. S171). The np-Ru catalyst
exhibited a higher exchange current density than Ru/C, indi-
cating that the np-Ru surface had a so low energy barrier that
charge is readily transported between the electrolyte and the
catalyst surface.

It is acknowledged that there are three rate-determining
steps associated with the HER in acidic media, resulting in
different Tafel slopes: reduction of hydronium ions, H;0" to H
adatoms, Hyg, (Volmer reaction: H;0' + e~ + M — H,qg, + H,0; A
= 120 mV dec™ "), electrochemical desorption (Heyrovsky reac-
tion: Hygs + H;O0" + e~ — H, + H,0 + M; A = 40 mV dec ') and
pairing of H,qs to form molecular H, (Tafel reaction: 2H,qs —
H, + 2M; A = 30 mV dec™ ') where M corresponds to the surface
empty site.>>*°

Based on the calculated Tafel slopes, the rate-determining
step for Ru/C is assigned to the Volmer reaction in which
H;0' reduction to H,qs was relatively slow. By contrast, the np-
Ru catalyst promotes the HER predominantly via the Volmer-
Heyrovsky reaction, where H,qs was readily available to be
desorbed via electrochemical pathways. As theoretically

This journal is © The Royal Society of Chemistry 2020
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demonstrated by Li et al, the Ru {1010} and {0001} facets
moderately adsorb H,q4s compared to the other facets including
{1120}.*” The moderately adsorbed H,4s onto the {1010} facets
can serve as an active intermediate for the other reactions, i.e.,
hydronium ions to molecular H, (Heyrovsky) as for np-Ru,
whereas too strongly adsorbed H,qs depletes the surface
empty site, M, slowing down further generation of active Huqs
(Volmer) as for Ru/C.** Electrochemical impedance spectros-
copy demonstrated a small arc diameter for np-Ru compared to
that for Ru/C, showing that np-Ru had a lower resistance at the
electrode/electrolyte interface (Fig. S18T). The low electrode/
electrolyte resistance is associated with better diffusion of
hydrogen, electrolyte, and intermediate species.** The improved
HER catalytic activity of np-Ru is thus partly attributed to the
lowered charge-transfer resistance at the catalyst/electrode
interface.

The catalyst stability of np-Ru was evaluated by chro-
nogalvanometry in 0.5 M H,SO, solution at +10 mA (Fig. 4d).
The active faceted np-Ru exhibited a stable overpotential over 6
hours, supporting the reaction stability of the developed Ru
{1010} facets (see also Fig. S197 for chronoamperometric tests).
TEM characterization has also confirmed that the np-Ru cata-
lyst after the stability test retained not only the nanoporous
structure but also the catalytically active {1010} facets (Fig. S20
and S217).

Conclusions

A nanoporous ruthenium (np-Ru) catalyst surrounded by
reaction-active {1010} facets has been successfully materialized
via leaching of a lamellar Ru-CeO, nanocomposite that spon-
taneously emerges from a Ru,Ce precursor alloy in an oxidative
atmosphere. Np-Ru can be a rational alternative to Pt catalysts
because of its low hydrogen evolution reaction (HER) over-
potential, high H, generation rate, long-term reaction stability,
and low material cost. The active faceted np-Ru can be further
improved in catalytic performance through hybridization with
promoter nanomaterials such as carbon nanotubes and/or
graphene materials, contributing to future social implementa-
tion of CO,-free hydrogen resources.*»** Finally, the proposed
material design strategy for np-Ru, ie., the utilization of
nanophase separation of precursor alloys, will open up unex-
plored synthetic routes toward a wide variety of nanoporous
metals.
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