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ABSTRACT: Proton exchange membrane water electrolysis
(PEMWE) is a highly promising hydrogen production technology
for enabling a sustainable energy supply. Herein, we synthesize a ! |
single-atom Co-doped core—shell heterostructured Ru@RuO, (Co- !
Ru@RuO,) catalyst via a combination of ultrafast pulse-heating and
calcination methods as an iridium (Ir)-free and durable oxygen
evolution reaction (OER) catalyst in acidic conditions. Co-Ru@RuO, !
exhibits a low overpotential of 203 mV and excellent stability over a | %
400 h durability test at 10 mA cm™> When implemented in industrial |
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PEMWE devices, a current density of 1 A cm™ is achieved with only

1.58 V under an extremely low catalyst loading of 0.34 mgy, cm™?,

which is decreased by 4 to 6 times as compared to other reported Ru-based catalysts. Even at 500 mA cm 2, the PEMWE device
could work stably for more than 200 h. Structural characterizations and density functional theory (DFT) calculations reveal that the
single-atom Co doping and the core—shell heterostructure of Ru@RuO, modulate the electronic structure of pristine RuO,, which
reduce the energy barriers of OER and improve the stability of surface Ru. This work provides a unique avenue to guide future
developments on low-cost PEMWE devices for hydrogen production.

1. INTRODUCTION

The utilization of renewable electricity for water electrolysis is
considered a promisin% and sustainable approach for green
hydrogen production.”” Currently, the predominant alkaline
water electrolysis (AWE) technology faces several challenges,
including product gas crossover, high ohmic resistance, limited
current density, and low operating pressure.3 In comparison to
traditional alkaline electrolysis, proton exchange membrane
water electrolysis (PEMWE) offers advantages such as faster
kinetics, higher operating current density (up to 2—3 A cm™2),
and the production of high-purity hydrogen (>99.9999 vol %),
which attract broaden research and industrial interests.*
However, the OER at the anode is a four-proton-coupled
electron transfer process, and its efficiency is hindered by the
higher reaction barrier compared to the hydrogen evolution
reaction (HER) in the water-splitting process.’ Additionally,
the harsh acidic and strongly oxidative operating conditions
pose significant challenges for the development of high-
performance acidic OER electrocatalysts, thereby impeding the
widespread application of PEMWE.”

For decades, IrO,- and RuO,-based materials have been
regarded as benchmark electrocatalysts for achieving an
optimal balance between stability and activity in acidic
OER.® However, Ir-based materials face challenges such as
low mass activity, extremely low earth abundance, and high
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cost (US$162,279 kg™'), limiting their practical applications on
a large scale. In contrast, Ru (US$16,090 kg™') presents a
more cost-effective option, being 1/10 the cost of Ir, and
typically exhibits higher intrinsic activity. This positions Ru-
based catalysts as appealing candidates to strike a balance
between cost and activity in commercial PEMWE devices.
Despite these advantages, the utilization of Ru-based catalysts
for acidic OER encounters a major obstacle, which is the poor
stability (less than 100 h at 10 mA cm™2) in acidic conditions.
This is attributed to the overoxidation of Ru to high-valence
Ru* (n > 4) materials, such as soluble RuO,, in highly
oxidative environments.”'" This phenomenon inevitably leads
to the collapse of the crystal structure, the dissolution of active
sites, and subsequent degradation of the catalytic performance.

Carbon, given its widespread natural occurrence, has
emerged as a favorable substrate for various catalysts owing
to its exceptional conductivity, extensive surface area, and
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Figure 1. Synthesis and characterization of Co-Ru@RuO,and Ru@RuO,. (a) Schematic illustrating the synthesis of Co-Ru@RuO,. TEM images of
(b) RuyeCoy;/XC-72 and (c) Co-Ru@RuO, 9:1. (d) HRTEM image of Co-Ru@RuO, 9:1 nanoparticles with a core—shell heterostructure. (e, f)
XRD patterns of Ru@RuO, and Co-Ru@RuO, with different Ru/Co ratios. (g) Raman spectra of Ru@RuO, and Co-Ru@RuO, with different Ru/

Co ratios. (h) EDS mapping of Co-Ru@RuO, 9:1.

robust chemical stability under diverse conditions.'"'” In the
initial investigations of acidic OER, a prevalent approach
involved either loading the catalyst onto a carbon support,B’14
such as carbon nanotubes, or encapsulating the catalyst with

carbon'® to enhance its activity and stability in acidic
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environments. Nevertheless, this practice reflects a misinter-
pretation in the assessment of acidic OER catalysts’ perform-
ance at the laboratory scale. In typical three-electrode tests, the
stability assessment of the catalysts often relies on
chronopotentiometry (CP), with the current density typically

https://doi.org/10.1021/jacs.4c18238
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capped at 10 mA cm™ However, in industrial PEMWE
devices, operational current densities generally range from 1 to
2 A em™2. Under such elevated current densities, carbon is
susceptible to oxidation and dissolution, rendering it incapable
of maintaining its stability. In recent years, alternative
modification approaches for carbon-free Ru-based catalysts,
including heteroatomic doping,'®"” alloying,'®"" defect en-
gineering,20 and strain effect,” have significantly enhanced the
stability of catalysts in acidic conditions. Some of them have
also demonstrated commendable activity and stability in
industrial PEMWE devices. However, both in industrial
applications and in the majority of current research studies,
the mass loading of noble metal-based catalysts at the anode is
typically around 2—3 mg cm™%>*"** This relatively high mass
loading substantially escalates the cost associated with
hydrogen production in PEMWE.

In this work, we develop a Co-doped Ru@RuO, with a
core—shell heterostructure as a robust and efficient catalyst for
acidic OER in low-Ru-loading PEMWE devices. Although Co-
doped RuO, catalysts for acidic OER have been studied in
earlier works, such as Co-doped RuO, nanorods'” and Ru/
RuO,-C0,0,,”° none of these studies’®*’ have further
optimized their performance in PEMWE devices, especially
in the case of low catalyst mass loading. Additionally, Co;0, is
a highly effective non-noble metal catalyst for acidic OER,
which is attributed to its unique spinel crystal structure.”® One
of the reasons for selecting Co as the dopant in our study is to
investigate how the Co doping ratio and phase transition (from
Co doping to Co;0, formation) influence the performance of
the Co-Ru@RuO, catalysts. We first employ the ultrafast
pulse-heating technology to synthesize ultrafine RuCo alloy
nanoparticles supported on commercial carbon substances
(Vulcan XC-72R). Subsequently, the RuCo/XC-72R compo-
site is subjected to high-temperature calcination in air to
produce the Co-Ru@RuO, catalyst. The designed Ru—Co
binary oxide exhibits a low overpotential of 203 mV at 10 mA
cm™? and enhanced stability exceeding 400 h at 10 mA cm ™2,
outperforming commercial RuO, at the laboratory scale. When
implemented in industrial PEMWE devices, a current density
of 1 A cm™ is achieved with only 1.58 V under an extremely
low catalyst loading of 0.34 mgy, cm ™, which is only one-
fourth to one-sixth of those of the reported Ru-based catalysts.
Furthermore, the Co-Ru@RuO, catalyst exhibits stable
operation at 500 mA cm > and 1 A cm™ for over 200 and
70 h, respectively, surpassing the stability of previously
reported highly active Ru-based electrocatalysts in PEMWE.
The structural characterizations including X-ray absorption
spectroscopy (XAS), spherical abbreviation-corrected trans-
mission electron microscopy (AC-TEM), X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy are applied to
fully understand the enhanced acidic OER activity and stability
of the Co-Ru@RuO, catalysts. Furthermore, DFT calculations
confirm that both single-atom Co doping and the Ru@RuO,
core—shell heterostructure could modulate the electronic
structure of the pristine RuO, catalyst, leading to a reduction
in the energy barrier associated with the rate-determining step
(RDS) in the OER mechanism, which is responsible for the
observable enhancement in the OER activity by the catalyst.
This work offers new insights into the development of cost-
effective and high-performance catalysts for practical
PEMWE:s.
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2. RESULTS AND DISCUSSION

The synthetic process of the RuCoO,, catalyst is schematically
shown in Figure la. First, commercial Vulcan XC-72R was
subjected to a mild oxidation treatment with nitric acid to
introduce oxygenated functional groups onto its surface. The
resulting abundance of carboxylic groups facilitated the
adsorption of Ru®" and Co**, forming Ru—Co carboxylate
complexes on Vulcan XC-72R. Subsequently, these complexes
were placed between two closely attached carbon cloths, with
the working temperature of the carbon cloths precisely
controlled by the input current from a direct-current (DC)
power supply. In the course of the electrical pulse heating
process (0.1 s on, 1 s off, repeated 10 times), the elevated
temperature (up to 1400 K) rapidly reduced the metal ions to
metal nanoparticles. These nanoparticles were securely
attached to the carbon supports and subsequently rapidly
cooled to avoid agglomeration. The morphology of the RuCo/
XC-72R (Ru/Co = 9:1) precursor was investigated using
TEM. The TEM image revealed a uniform deposition of RuCo
nanoparticles onto the carbon black substrates (Figure 1b).
Utilizing the ultrafast pulse-heating method, the particle size of
RuCo was meticulously controlled to approximately 4 to S nm.
High-resolution TEM (HRTEM) image of the RuCo nano-
particles is depicted in Figure S1, illustrating lattice fringes with
a spacing of approximately 0.205 nm, which corresponds to the
(101) plane of the Ru-based catalysts. The slight reduction in
lattice fringe spacing for Ru in the RuCo nanoparticles
compared to bulk Ru (0.206 nm) is attributed to the
incorporation of Co. Second, the acquired RuCo/XC-72R
was subjected to annealing in air to facilitate the conversion of
RuCo nanoparticles to RuCoO,, concurrently removing the
carbon supports. After the air-annealing process, RuCo
nanoparticles undergo noticeable oxidation and particle
growth, as is evident in the TEM images presented in Figure
Ic,d. The oxidized RuCoO, nanoparticles maintain a uniform
size, but their average size increases to approximately 15 nm.
The examination of lattice spacing reveals distinct lattice
fringes corresponding to the (110) and (101) crystal planes of
RuO, and Ru, respectively. This observation confirms the
core—shell heterostructure of the RuCoO, nanoparticles. Here,
Co-doped RuO, catalysts with various doping levels were
prepared by controlling the Ru/Co ratio in the precursor
solution, specifically 9:1, 3:1, 1:1, and 1:3. According to the
TEM results, the synthesized RuCoO,, catalysts are denoted as
Co-Ru@RuO, (9:1, 3:1, 1:1, and 1:3) based on different Ru/
Co feed ratios. The HRTEM images of these Co-Ru@RuO,
catalysts and the homemade Ru@RuO, catalyst are shown in
Figures S2. It can be observed that both the Co-Ru@RuO, 3:1
and Ru@RuO, catalysts also exhibit a distinct core—shell
heterostructure. However, as the Co doping ratio further
increases, the Co;0, phase becomes prominent, and the
presence of Ru becomes almost undetectable. The X-ray
diffraction (XRD) results are consistent with the TEM
observations presented above, as shown in Figure le. The
XRD patterns with detailed peak annotations are shown in
Figure S3. It reveals that as the Co doping ratio increases from
0 to 25%, the crystal structure of the synthesized Co-Ru@
RuO, catalyst exhibits a mixed phase of Ru (PDF #65-7646)
and RuO, (PDF #43-1027) without the presence of Co,0,.
When the Co doping ratio is further increased to 50 or 75%,
the intensity of Ru and RuO, phase peaks decreases
significantly, while that of Co;0, gradually increases. This

https://doi.org/10.1021/jacs.4c18238
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Figure 2. Electronic structure of Co-Ru@RuO,, Ru@RuO,, and RuO,. High-resolution XPS spectra of (a) Ru 3p, (b) Co 2p, and (c) O Is. Ru K-
edge (d) XANES and (e) EXAFS spectra of different samples. (f) Co K-edge EXAFS spectra of different samples. Corresponding WT for (g) Co-
Ru@RuO,, (h) RuO,, and (i) Ru foil.

also indicates that the appropriate amount of Co doping does Ru@RuO, 9:1 rules out the formation of Co;0,, further
not alter the crystal structures of RuO, and Ru in the catalyst. confirming the atomic dispersion of Co within the Ru@RuO,
Concurrently, as the Co doping ratio increases, noticeable matrix. However, the vibration peak corresponding to Co;0,
positive shifts in the diffraction peaks of the (110) and (101) Ay, is shown in Co-Ru@RuO, 3:1, 1:1, and 1:3, confirming the
planes of RuO,, as well as the (101) plane of Ru, are observed. presence of the Co;O, phase in these catalysts, which may
This indicates that Co atoms have been successfully adversely affect their catalytic performance by covering the
incorporated into the Ru@RuO, crystal lattice, leading to catalytic active sites of RuO,. The successful incorporation of
the formation of a Co-doped Ru@RuO, phase with an Co and a core—shell heterostructure was also affirmed through
accompanying lattice shrinkage (Figure 1f). And unless energy-dispersive spectroscopic (EDS) elemental mapping of
otherwise specified, Co-Ru@RuO, in the following text refers Co-Ru@RuO, (Figure 1h), revealing a uniform distribution of
to Co-Ru@RuO, 9:1. Co throughout the entire Ru@RuO, matrix. Meanwhile, the
To accurately assess the crystal structure and confirm the EDS results prove that the actual Ru/Co ratio in Co-Ru@
absence of Co;0,, Raman spectra of Ru@RuO, and Co-Ru@ RuO, 9:1 is close to the feed ratio (Figure S4), which is
RuO, with different Ru/Co ratios were recorded (Figure 1g). consistent with the results of inductively coupled plasma
The lack of a distinct vibration corresponding to Co;0, in Co- atomic emission spectrometry (ICP-AES) (Table S1). The air-
8723 https://doi.org/10.1021/jacs.4c18238
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Figure 3. Electrocatalytic OER performance of Co-Ru@RuO,catalysts. (a) OER polarization curves and (b) Tafel plots of Co-Ru@RuO, with
different Ru/Co ratios, Ru@RuO,, and commercial RuO,. (c) Capacitive current at 0.95 V (vs RHE) against the scan rate and the corresponding
Cg values estimated through linear fitting of the plots. (d) ECSA-normalized LSVs and (e) mass activity of Co-Ru@RuO, with different Ru/Co
ratios, Ru@RuO,, and commercial RuO,. (f) The comparison of our work with other work in terms of the overpotential and stability at 10 mA
cm™2 (g) Chronopotentiometry test of Co-Ru@RuO, with different Ru/Co ratios, Ru@RuO,, and commercial RuO, at 10 mA cm™>

annealing process significantly enhanced the acidic OER
performance (Figure SS), and the optimized air-annealing
temperature for the conversion of RuCo nanoparticles to Co-
Ru@RuO, catalysts was determined to be 500 °C, as
illustrated in Figure S6. The Ru/Co precursor molar ratio of
9:1 was established on the basis of a rigorous performance
optimization process, which is discussed in the following
sections.

To gain a profound understanding of the valence state and
distinctive electronic structure of the Co-Ru@RuQO, electro-
catalysts, XPS analysis was conducted on the specimens
alongside a comparative sample of Ru@RuO,. Figure S7
illustrates the high-resolution XPS spectra of Ru 3p, revealing
two peaks approximately at the binding energies (BEs) of
462.9 and 465.2 €V corresponding to Ru*" and Ru** of Ru
3ps)s, respectively.'®*® Correspondingly, another two signal
peaks of Ru** and Ru*" appear at 485.1 and 487.1 eV,
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respectively, attributed to Ru 3p, /,. Notably, the Ru*" species
exhibit a notable negative shift of approximately 0.2 eV
compared to Ru@RuO, (Figure 2a), indicating a lower valence
state of Ru in Co-Ru@RuO,. Because XPS is only sensitive to
several nanometers of the catalyst’s surface structure, we can
assume that Co doping has lowered the valence state of Ru in
the RuO, shell. There are four peaks in the high-resolution Co
2p XPS spectrum (Figure 2b): peaks at 781.5 and 797.3 eV are
assigned to Co 2ps,, and Co 2p;/, of Co®, respectively, and
those at 786.6 and 802.8 eV are ascribed to Co 2p;,, and Co
2p,, of Co*, respectively.”” In high-resolution O 1s XPS
spectra (Figure 2c), peaks at 529.9, 530.7, 531.7, and 532.9 eV
are identified to be M—O bonds, OH™ groups, oxygen
vacancies, and absorbed oxygen, respectively.’”*> Compared
with Ru@RuO,, the OH™ groups, oxygen vacancies, and
absorbed oxygen in Co-Ru@RuO, are slightly positively
shifted, indicating that O 1s is positively charged.‘?'3 Figures
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S$8—S510 depict the variation in XPS patterns of Co-Ru@RuO,
with different Ru/Co ratios. As the doping level of Co
increases, the peak shift trend of Ru 3p and Is mirrors the
aforementioned analysis. The positive shift of the O 1s BE and
negative shift of the Ru 3p BE provided direct evidences for
the weakening of the Ru—O bond covalency by the
incorporation of Co into the Ru@RuO, matrix. Furthermore,
the Co 2p peaks also undergo a negative shift, indicating a
slight decrease in the valence state of Co with an increasing Co
content. These analyses collectively suggest electron transfer
from Ru and Co to O in the Co-Ru@RuO, compositions,
corroborating electronic interactions among Ru, Co, and O.
Considering that XPS is more sensitive to the surface
information on the catalyst, we then performed XAS for both
Co-Ru@RuO, and commercial RuO,. As shown in Figure 2d,
the absorption edge of the Ru K-edge X-ray absorption near-
edge spectroscopy (XANES) for Co-Ru@RuO, shifts to a
higher energy compared to the Ru foil reference, while slightly
shifting to a lower energy than RuO,. This suggests that the
average oxidation state of the Ru species in Co-Ru@RuO, is
slightly less than +4, which aligns well with the XPS results and
the characteristics of the core—shell structure. The correspond-
ing Ru K-edge extended X-ray absorption fine structure
(EXAFS) spectrum of Co-Ru@RuO, shows two peaks around
1.6 and 2.4 A, which are assigned to Ru—O and Ru—Ru/Co
bonds, respectively’* (Figure 2e). The elongated Ru—O bonds,
compared with RuO,, confirmed that the Ru—O bond
covalency was weakened as a result of Co doping. Three
distinct regions are observed in the wavelet transform (WT) of
the Ru K-edge EXAFS oscillations of Co-Ru@RuO, (Figure
2g), which can be assigned to RuO, (Figure 2h) and the Ru
foil (Figure 2i), in accordance with the corresponding curves
shown in Figure 2e. We also analyzed the Co K-edge XANES
(Figure S11) and EXAFS (Figure 2f) spectra of Co-Ru@RuO,,
Co foil, CoO, and Co;0,. The Co K-edge XANES spectrum of
Co-Ru@RuO, shows a higher absorption edge energy than
that of the Co foil, indicating the oxidation of Co species. The
Co K-edge EXAFS spectra further confirm that the Co atom
coordinates with the O atoms at an average Co—O distance of
approximately 1.36 A, which is slightly shorter than the 1.47
and 1.56 A observed for standard Co;0, and CoO,
respectively, due to the intermetallic interactions within the
RuO, lattice. It is also worth noting that there is no peak at
2.18 A (Co—Co bond) in Co-Ru@RuO, in contrast to the Co
foil, demonstrating that Co may exist in the form of single
atoms within the Ru@RuO, matrix.’”*>*¢ To further
investigate the presence of Co within the Ru@RuO, matrix,
we utilized spherical abbreviation-corrected TEM to character-
ize the Co-Ru@RuO, catalyst. The results are shown in Figure
S12. The high-angle annular dark-field scanning TEM
(HAADF-STEM) images in Figure S12a—c show that Co
atoms are dispersed in the RuO, matrix. The EDS mappings in
Figure S12d also indicate the homogeneous dispersion of Co
atoms without any significant aggregation. Combined with the
EXAFS results, we can infer that Co exists as single-atom
doping within the Ru@RuO, matrix. Explicitly, a Ru@RuO,
core—shell heterostructure has been formed. The above
characterizations clearly indicate that single-atom Co dopants
were uniformly distributed within the Ru@RuO, matrix, where
the Ru oxidation states and Ru—O covalency were slightly
altered due to the incorporation of Co atoms and the
formation of the Ru@RuO, core—shell heterostructure.
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The catalytic performances of as-prepared Co-Ru@RuO,
with different Ru/Co ratios toward the OER were directly
evaluated on a rotating disc electrode (RDE) set up in 0.5 M
H,SO, with platinum and Ag/AgCl as the counter and
reference electrode, respectively. For comparison, homemade
Ru@RuO, and commercial RuO, electrocatalysts were also
investigated under the same conditions. With the incremental
increase in Co-doping from 0 to 50%, the OER performance of
the catalysts exhibited a notable enhancement compared to the
Ru@RuO,. However, a further increase in Co doping (to 75%)
resulted in a decline in OER activity. The representative Co-
Ru@RuO, 9:1 demonstrated superior OER activity, necessitat-
ing only 203 mV overpotential to achieve a current density of
10 mA cm™2 This surpassed the performance of Co-Ru@
RuO, 3:1 (211 mV), Co-Ru@RuO, 1:1 (216 mV), homemade
Ru@RuO, (219 mV), Co-Ru@RuO, 1:3 (247 mV), and
commercial RuO, (303 mV) samples (Figure 3a). Simulta-
neously, the Tafel plot (Figure 3b) revealed that the Co-Ru@
RuO, 9:1 catalyst exhibited the smallest Tafel slope of 37.9 mV
dec™!, which is lower than that of Co-Ru@RuO, 3:1 (41.4 mV
dec™), Co-Ru@RuO, 1:1 (46.5 mV dec™'), homemade Ru@
RuO, (49.2 mV dec™), Co-Ru@RuO, 1:3 (59.3 mV dec™?),
and commercial RuO, (88.9 mV dec™). This observation
underscores the pivotal role of optimal Co doping in
facilitating the kinetics of the OER and accelerating the
electron transfer. With the increase of Co doping amount, the
Co;30, phase appears in the catalyst, blocking the active sites of
RuO,, which reduces the performance of the catalyst. To
compare the intrinsic activity of the prepared Co-Ru@RuO,
with different Ru/Co ratios, homemade Ru@RuO,, and
commercial RuQO,, the electrochemical specific surface area
(ECSA), derived from electrochemical double-layer capaci-
tance (Cy), was employed (Figure 3c and Figure S13). The
specific activity (defined as current density normalized by
ECSA) of those catalysts was calculated in Figure 3d, which
followed the order of Co-Ru@RuO, 9:1 > Co-Ru@RuO, 3:1
> homemade Ru@RuO, > Co-Ru@RuO, 1:1 > Co-Ru@RuO,
1:3 > commercial RuO,. Furthermore, the TOF value of Co-
Ru@RuO, 9:1 is also superior to that of other control samples
(Figure S14). The Co-Ru@RuO, 9:1 catalyst demonstrated
the highest mass activity of 108.4 A g”'p, at 1.47 V vs RHE
(Figure 3e). This value is 1.23, 1.28, 1.59, 2.17, and 13.9 times
higher than those of Co-Ru@RuO, 1:1, Co-Ru@RuO, 3:1,
Co-Ru@RuO, 1:3, homemade Ru@RuO,, and commercial
RuO,, respectively. Both the highest specific and mass
activities observed for Co-Ru@RuO, 9:1 among these samples
indicate its superior intrinsic activity. Comparisons of the
activity and kinetics of Co-Ru@RuO, 9:1 were also made with
respect to recently reported Ru-based catalysts (Figure 3f and
Table S2), revealing that the Co-Ru@RuO, 9:1 catalyst
exhibits better activity and faster OER kinetics than most of
the Ru-based catalysts in previous reports.

In addition to intrinsic activity, the stability of an
electrocatalyst is even more crucial for assessing Ru-based
OER electrocatalysts, particularly when aiming for industrial
applications. The stability of the synthesized catalysts was first
evaluated by a CP test at the current density of 10 mA cm ™ on
carbon paper. Although our synthesized Ru@RuO, showed
improved stability compared with Com-RuQ, (less than 20 h),
its performance still degraded at a rapid rate and lasted for no
longer than 175 h (Figure 3g). This excellent improvement can
be attributed to the formation of core—shell heterostructures.
Nevertheless, this performance degradation could be further
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Figure 4. Characterization of Co-Ru@RuO, postcycling and DFT calculations. (a) High-resolution Ru 3p XPS spectra of the Co-Ru@RuO,
catalyst before and after the stability test in acidic media. (b) HRTEM image and (c) EDS mapping of Co-Ru@RuO, after the 12 h stability test.
(d) OH*, O*, and OOH* intermediates' adsorption configurations on the (110) surface of the Ru@RuO, model. The gray, red, and purple balls
represent Ru, O, and H atoms, respectively. (e) The model of the Co-doped RuO, (Ru,,Coq;0,), in which the gray, blue, and red balls represent
Ru, Co, and O atoms, respectively. (f) PDOS and (g) Gibbs free energy diagrams of RuyoCoq;0, Ru@RuO,, and RuO,.

mitigated by incorporation of Co. Notably, our Co-Ru@RuO,
9:1 catalyst exhibited stability for more than 400 h at 10 mA
cm™? with a low degradation rate of 0.17 mV h™’, surpassing
the endurance of Co-Ru@RuO, 3:1 (240 h, 0.73 mV h™?), 1:1
(70 h, 2.69 mV h™'), 1:3 (less than 20 h), homemade Ru@
RuO, (175 h, 0.81 mV h™), and commercial RuO, (less than
20 h) catalysts. Inductively coupled plasma mass spectrometry
(ICP-MS) was also utilized to examine the dissolution of active
materials during the CP stability test of Co-doped Ru@RuO,
catalysts (Figure S15). It can be observed that for Co-Ru@
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RuO, 9:1, the dissolution of Ru and Co remained at a very low
level and varied slightly over time. With the increasing
proportion of Co in the catalyst, a significant rise in Co
dissolution during the stability tests can be clearly observed,
which consequently leads to a decline in the catalyst’s stability.
And for the Ru@RuO, catalyst, the Ru dissolution during
stability tests also remains relatively low, providing a partial
evidence on the positive role of the core—shell structure in
enhancing the stability. These findings suggest that not only
can appropriate Co doping enhance the stability of RuO, but
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Figure 5. PEMWE tests. (a) Schematic illustration and (b) digital photograph of a single-cell PEMWE. (c) I-V curves of PEMWE electrolyzers
using Co-Ru@RuO, as the anodic catalyst without iR correction. (d) Cell voltage of the PEMWE to achieve 2 A cm™> (left-hand side panel) and
mass activity of the catalysts at 1.6 V (right-hand side panel). (e) Comparison of our work with other works in terms of the stability time and mass
loading of the noble metal at PEMWE. (f) Chronopotentiometry testing of the Co-Ru@RuO, catalyst at 500 and 1000 mA cm™> and commercial
RuO, at 1000 mA cm™ in the PEMWE at 60 °C and ambient pressure.

the core—shell heterostructure of Ru@RuO, also has a positive
impact on the catalyst’s performance compared with bare
RuO,. Additionally, the effects of other 3d transition metals as
dopants, including Ni and Cr, on the performance of Ru@
RuO, core—shell heterostructure toward acidic OER were also
investigated. The standard RDE tests and stability tests in the
three-electrode system confirmed that Co is the optimal
dopant (Figure S16).

To gain a deeper understanding on why Co-Ru@RuO,
exhibits superior inherent OER performance in acidic
conditions compared to commercial RuO,, the Co-Ru@
RuO, catalyst after the stability test was first characterized.
Figure 4a and Figure S17 illustrate the high-resolution Ru 3p
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and Co 2p XPS patterns of the Co-Ru@RuO, catalyst before
and after the stability test in acidic media. Notably, the BE for
Co in Co-Ru@RuO, 9:1 after the OER was positively shifted
compared to that before the OER, which suggested that Co in
Co-Ru@RuO, 9:1 after the OER was positively charged.
However, the BE of Ru 3p in Co-Ru@RuO, 9:1 after
electrolysis presented a slightly lower oxidation state than that
before the OER, indicating that the overoxidation of Ru atoms
is suppressed due to the single-atom Co doping. Furthermore,
the catalyst nanoparticles after the OER were characterized by
TEM (Figure S18). HRTEM images (Figure 4b) show that the
nanoparticles did not grow significantly and the crystal lattice
remained well during the stability test. The EDS mapping
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(Figure 4c and Figure S19) also shows that the Co, Ry, and O
elements were uniformly distributed in Co-Ru@RuO, and the
Ru/Co ratio in the nanoparticles was nearly unchanged, which
prove the stability of our catalyst. Figure S20 presents a series
of in situ Raman spectra for the Co-Ru@RuO, catalyst
immersed in 0.5 M H,SO, at selected applied potentials versus
the Ag/AgCl reference electrode (in saturated KCI). We assign
the peaks at 518 and 634 cm™ to RuO, E; and A, peaks of
Co-Ru@RuO, and peaks at 980 and 1050 cm™" from SO,*~.>’
Despite the potential scattering effects from O, bubbles
diminishing the Raman signal strength, the peaks at 518 and
634 cm™' have almost no change in peak intensity with the
increase in the applied potentials, which signify that it
maintains an extremely stable structure under positive voltages.

The DFT calculations were also employed to understand the
effect of Co dopants and the Ru@RuO, core—shell
heterostructure on the OER activity. Considering the structure
of our Co-Ru@RuO, catalyst, to reduce the complexity of the
calculations, two models of Co-doped RuO, (RuysCoy;0,)
and Ru@RuO, were established to illustrate their effects on
the OER reaction pathways, as shown in Figure 4d,e. The
(110) crystal facet was selected as active surfaces based on the
XRD patterns and TEM images for RuyyCo,;0,, Ru@RuO,
((101) crystal plane for Ru core), and bare RuO,. To analyze
the excellent OER activity of Co-Ru@RuO,, the electronic
structures of Ruy4Coy,0,, Ru@RuO,, and bare RuO, were
firstly studied. The projected densities of states (PDOSs) of
the active site Ru d orbitals and adsorbed O-p orbitals (Figure
4f) were calculated, which are directly associated with the OER
activity. The d-band center (&) with respect to the Fermi level
of Ru@RuO, is —1.32 eV, while for bare RuO,, the g4is —1.20
eV versus the Fermi level. In other words, the d-band center of
Ru in Ru@RuO, shifts further from the Fermi level. The
adjustment in the d orbitals of Ru leads to a weakened
adsorption ability of the catalyst for oxygen atoms, thereby
facilitating the formation of *OQOH."® In addition, the p-band
center (ep) of O is recognized as an effective descriptor for
evaluating OER activity. Typically, a p-band center closer to
the Fermi level correlates with improved OER performance.’
In our calculations, it was found that & shifts from —2.8 eV in
RuO, to —2.73 eV in RuyyCoy;O,. Besides, the corresponding
calculated gaps between &, and ¢, for RuO,, Ru@RuO,, and
Ruy4Co,,0, were 1.6, 1.61, and 1.63 eV, respectively (Table
S4). All results indicated that the covalency of Ru—O bonds in
Ru,Coq;0, and Ru@RuO, was lower than that of the bare
RuO,, which is in agreement with the XANES results.
Generally, weak metal—oxygen covalency can promote the
stability of catalysts by suppressing the lattice oxygen mediated
mechanism (LOM) pathway during the OER.”™*’ This also
proves that Co dopants and the Ru@RuO, heterostructure can
both regulate the electronic structure of RuO, and then affect
the adsorption of oxygen intermediates, thus improving the
reaction kinetics of the OER.

Based on the above analysis, the traditional adsorption
evolution mechanism (AEM) pathway is studied on
Ruy4Coy;0,, Ru@RuO,, and bare RuO,. In an acidic
environment (pH 0), the four-electron OER pathway
proceeds through a series of elementary steps. Initially, a water
molecule undergoes deprotonation to yield OH* at the
catalytically active sites. Subsequently, it deprotonates again
to form O* followed by the deprotonation of another water
molecule to produce OOH*. Finally, the subsequent
deprotonation occurs, leading to the desorption of an O,
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molecule from the surface (Figure 4d). The free energy
diagram indicates the activities of RuyoCoy,;0, Ru@RuO,,
and bare RuO, on the (110) surface (Figure 4g). Clearly, the
formation of OOH* (2.08 eV) was found to be the RDS for
the bare RuO, surface, which is consistent with previous
reports.*” In contrast, for Ruy¢Cop,;0, and Ru@RuO,, the AG
of their RDS are 1.58 and 1.88 eV, representing reduced
energies of 0.5 and 0.2 eV, respectively. This reduction signifies
the enhanced intrinsic OER activity of the catalyst due to Co
doping and the Ru@RuO, heterostructure, which further
confirms the results of PDOS analysis and agrees well with the
results of electrochemical tests. Regarding stability, we
evaluated the energy change associated with the demetalation
of surface Ru atoms from the (110) surface of both RuO, and
Ruy4Coy;0;, as the delamination of surface Ru atoms is a
potential factor contributing to the low stability of catalysts.*"
The proposed demetalation process of surface Ru is illustrated
in Figures S21 and S22. We observed that with the
incorporation of Co into the RuO, matrix, the energy barrier
for Ru demetalation increased from 11.46 to 13.76 eV (Figure
S$23), suggesting more stable surface Ru atoms in RugeCoq;0,
than in RuO,.

Having the excellent performance of Co-Ru@RuO, in the
three-electrode tests, its activity and stability in the PEMWE
device were further evaluated. In this setup, the Co-Ru@RuO,
catalyst was utilized as the anode catalyst for the OER, while
commercial Pt/C (20%) was employed as the cathode catalyst
for the HER. A proton exchange membrane (Nafion 115) was
interposed between the two catalysts, as shown in Figure Sa,b.
The selection of Pt/C for the cathode catalyst was driven by its
established characteristics of high HER activity and durability.
In the context of hydrogen production in industrial PEM
devices, the typical mass loading of anode catalysts, such as
RuO, or IrO,, is around 2 to 3 mg cm™>. Even in the state-of-
the-art research on Ru-based catalysts, the mass loading
typically exceeds 1 mgp, cm™2>>** Nevertheless, in this study,
we achieved remarkable performance even with a much-
reduced mass loading of the Co-Ru@RuO, catalyst, set at 0.5
mg cm ™2 (0.34 mgg, cm ™). The current—voltage characteristic
(I-V) curves (without iR correction) in Figure Sc clearly show
that under the same mass loading conditions, commercial
RuO, requires a voltage of 1.72 V to achieve a current density
of 1 A cm™ at 80 °C. In contrast, our Co-Ru@RuO, catalyst
only requires 1.65 and 1.58 V at 60 and 80 °C, respectively, to
reach the same current density of 1 A cm™% The catalyst’s
activity is among the highest reported for Ru-based catalysts
despite its mass loading being only one-fourth to one-sixth of
the reported values. Moreover, the voltages (Figure Sd, left
panel) required for Co-Ru@RuO, and commercial RuO, to
reach a current density of 2 A cm™ were 1.715 and 1.905 V,
respectively. And the mass activity (Figure Sd, right panel) of
Co-Ru@RuO, at 1.6 V is 3.5 A mgg,~, which is approximately
2.8 times higher than that of the commercial RuO, (1.25 A
mgg,”'). Additionally, the PEM electrolyzer incorporating Co-
Ru@RuO, as the anode catalyst consistently maintains a
voltage close to 1.6 V during a 200 h continual operation at a
current density of 500 mA cm ™ with a low degradation rate of
0.4 mV h™', as depicted in Figure Sf. Even at a current density
of 1 A cm™? our catalyst demonstrates stable operation for
more than 70 h. In contrast, at the same low noble metal mass
loading, commercial RuO, can only work for less than 1 h at
the current density of 1 A cm™. It is noteworthy that in
comparison to previously reported electrocatalysts utilized in
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PEM electrolyzers, the Co-Ru@RuO, catalyst with extremely
low noble metal mass loading exhibits excellent intrinsic
activity and stability under high current densities that rank
among the best performances reported to date (Figure Se and
Table S3). Moreover, we also performed XPS tests on the
membrane electrode assembly (MEA) following a stability test
conducted at 500 mA cm™> in PEMWE, with the results
presented in Figure S24. After prolonged operation of the
PEMWE tests, a significant dissolution of Co from the MEA
surface was observed. However, the results of the Ru 3p
spectra indicated that the structural stability of Ru was well
preserved. Additionally, the shift of XPS peaks toward lower
binding energies further confirmed that the overoxidation of
Ru was effectively suppressed, which aligns with the character-
ization results obtained for the catalyst after stability tests in
the three-electrode system. These findings highlight the dual
contributions of Co doping and the core—shell structure in
enhancing both the stability and performance of the catalyst
under challenging acidic OER and PEMWE conditions.

3. CONCLUSIONS

In summary, we have developed a two-step strategy by
combining the rapid pulse-heating and calcination methods to
construct single-atom Co doped core—shell heterostructured
Ru@RuO, as a highly active and stable catalyst toward acidic
OER. The Co-Ru@RuO, 9:1 catalyst demonstrated both
higher activity and stability than the other investigated
samples. The overpotential is as small as 203 mV to achieve
a current density of 10 mA cm™ with stability for 400 h.
Furthermore, a PEMWE device fabricated with Co-Ru@RuO,
as an anode catalyst in an ultralow Ru mass loading of 0.34 mg
cm™? can afford a cell voltage of 1.58 V at 1 A cm ™ as well as
long-term stability over 200 h under 500 mA cm %
Experimental evidence and DFT calculations unveiled the
critical role of single-atom Co dopant and the Ru@RuO, core-
shell heterostructure, which affected the adsorption of oxygen
intermediates and weakened the covalency of Ru—O bonds,
thus improving the reaction kinetics and stability of the OER.
This work provides a durable solution for the deployment of an
Ir-free Ru-based catalyst in low-Ru-loading PEMWE.
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