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ABSTRACT: The oxygen evolution reaction (OER), as the anodic reaction in water 8 Co Mn OJ/C
electrolyzers, generally exhibits much higher overpotentials than the hydrogen 6l Ru Mn- OUC
evolution reaction (HER) and thus requires the development of more active, robust, al Ru:::Eoozjoszlé

and stable electrocatalysts. In this work, a series of carbon-supported Ru—M alloy <~ RuO,/C

nanoparticles (M = Ir, Co, Ni, and Fe), transition metal (TM)-doped RuO, g° °[ —PtC

nanoparticles such as Ru;_Mn,0,, Ru;_,Co,0, Ru;_, ,Mn,Co,0,, Ru,_Fe,O,, § or

Ru;_,Ni,O,, and Ru,_,V,0,/C, as well as RuO,, MnO,, Co;0,, and Co;_Mn,0, & 2| : 084V — i
nanoparticles have been synthesized with comparable nanoparticle sizes and = [ — 064V —
compared for their OER intrinsic activities in alkaline media. All studied Ru—M +—— 063V ——
alloy nanoparticles exhibited higher OER activity than pure Ru nanoparticles, and °r ' oogv

among them, Ru;_Ir,/C (x = 0.3—1) catalysts were found to be the most active. All B 06 08 10 12 124 15 18
studied Ru—TM oxide nanoparticles exhibited higher OER activity than the E /V (RHE)

corresponding Ru—TM alloy nanoparticles with 30—50 atom % Co-doped RuO,/C

catalysts being the most active. The OER enhancement on Ru—TM oxides is ascribed to the weaker O adsorption to their surfaces
relative to the respective Ru—TM alloys. Small amounts of Mn (<0.15 atom %)-doped RuO, nanoparticles also slightly enhanced
the OER kinetics. In contrast to Co and Mn, Ni-, Fe-, and V-doped RuO, nanoparticles inhibited the OER. Among Ru—TM oxide
nanoparticles, Ruy,Co,30,/C and RujgsMng;5O,/C represent promising bifunctional catalysts for both the OER and oxygen

reduction reaction (ORR).

KEYWORDS: oxygen evolution reaction (OER), Ru alloy nanoparticles, transition metal-doped RuO,, Co—Mn spinel oxides,

bifunctional catalysts, synergistic effect, DFT, oxygen adsorption energy

1. INTRODUCTION

To overcome the limited fossil fuel resources and to mitigate
greenhouse gas CO, emissions to confront global warming,
renewable energy sources such as solar and wind have been
explored in recent years. However, these renewable energy
sources have a significant disadvantage in that their generation
and supply are irregular and vary with time, weather, seasons,
and location. To achieve a stable renewable energy supply,
energy storage technologies must be developed. Among them,
water splitting to generate H, and O, can play an important
role in the development of renewable energy options. Water
electrolyzers can convert intermittent renewable energy
sources, such as solar and wind, into hydrogen (and oxygen),
which can be reconverted into electricity in fuel cells when
needed. The oxygen evolution reaction (OER) represents the
anodic electrode reaction and is paired with the hydrogen
evolution reaction (HER) in water electrolyzers for splitting
water. However, the OER involves a four-electron transfer and
has much larger overpotentials than the HER, which is one of
the outstanding challenges we must confront. For this reason,
the OER on different catalysts has been extensively studied
over the past decades to elucidate the reaction mechanism in
an effort to mitigate the large overpotentials.
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The OER takes place at very positive potentials so that in
addition to catalyst activity, the stability of OER catalysts is of
vital importance. So far, Ru, Ir, and Ru-Ir alloys and their rutile
oxides are well known to be very active and stable OER
catalysts.'~* Titanium substrates coated with RuO, + TiO,, or
RuO, + IrO, + TiO,, which are called dimensionally stable
anodes (DSA), have been used widely in the chlor-alkali
industry because of their excellent stability and low over-
potentials for the chlorine evolution reaction.” They also
exhibit high OER activity.’ Lee et al. studied rutile IrO, and
RuO, nanoparticles for the OER in both acid and alkaline
solutions and compared their activity to those of Ru and Ir
nanoparticle catalysts. They found that rutile IrO, and RuO,
were highly active for the OER in both acidic and alkaline
media and that rutile RuO, nanoparticles exhibited slightly
higher OER activities than rutile IrO, nanoparticles. Ir/C was

EZIAPPLIED 0"
ENERGY NATERIALS
" 72

Received: June 10, 2022
Accepted: August 30, 2022
Published: September 9, 2022

https://doi.org/10.1021/acsaem.2c01545
ACS Appl. Energy Mater. 2022, 5, 1124111253


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongsen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="He%CC%81ctor+D.+Abrun%CC%83a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.2c01545&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01545?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01545?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01545?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01545?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01545?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/5/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/9?ref=pdf
https://pubs.acs.org/toc/aaemcq/5/9?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.2c01545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

found to be slightly more active for the OER than rutile IrO,
nanoparticles but less stable. In contrast, Ru/C catalysts were
less active and degraded much faster than Ir/C and rutile
RuO,.” Reier et al. compared the OER activity and stability of
bulk and nanoparticle Ru, Ir, and Pt catalysts in acidic media
and found that bulk Ir and nanoparticle Ir catalysts exhibited
comparably high OER activity and durability. However, the
performance of nanoparticle Ru was very poor, while bulk Ru
exhibited a very high OER activity.” Cherevko et al. studied the
activity and stability of well-defined Ru, RuO,, Ir, and IrO, thin
film electrodes in acidic and alkaline electrolytes, and found
that OER activity decreased as Ru > Ir & RuQO, > IrO, in both
electrolytes, while dissolution increased as IrO, < RuO, < Ir
< Ru. Moreover, the dissolution rate of these metals in both
solutions was 2—3 orders of magnitude higher when compared
to their respective oxides, and their dissolution was generally
higher in alkaline solutions.” Danilovic et al. reported that the
order of OER activity of monometallic oxides in acid media
was Os > Ru > Ir > Pt > Au, but the stability order was the
reverse.”

Transition-metal-doped Ru, Ir, RuO,, and IrO, have also
been studied by several groups. Halck et al. reported that Co-
and Ni-modified ruthenia were more active than unmodified
ruthenia for the OER in acidic media and claimed that they
were beyond the volcano limitations (ie. their activity
appeared significantly above the peak of the conventional
volcano plot).” Forgie et al. studied bimetallic Ru—M alloys
(M = P4, Ir, Cu, Co, Re, Cr, Ni) for the OER in acidic media
and found that Ru—Co, Ru—Ir, and Ru—Cu exhibited
improved OER activity."’ Mixtures of manganese oxides and
ruthenium oxide have also been studied as bifunctional
catalysts for the oxygen reduction reaction (ORR) and
OER."' Browne et al. reported that mixed Mn/Ru oxides
with 10% Mn and an annealing temperature of 350 °C
exhibited the highest OER activity and even had a lower
overpotential than RuO, and IrO,."

Kotz et al. studied the OER on a series of sputtered Ru—Ir
alloys with different Ir content in 1 M H,SO, and found that
the stability increased with increasing Ir content while the
OER activity decreased.* The OER on sputtered Ru,Ir,_ O,
was also studied by the same authors. They reported that small
additions of IrO, to RuO, reduced the galvanostatic corrosion
rate significantly. An optimal trade-off between stability and
activity was found for 0.5 < x < 0.8."

Yeo et al. reported that the electrocatalytic activity of
ruthenium oxide can be improved and stabilized in an acid
electrolyte by alloying with iridium and tantalum, probably
because the ruthenium cations in these mixed oxides can exist
in the III-IV state and remain in such mixed valences over
long periods of time. Ternary Ru and Ir oxides such as Sn—Ir—
Ru oxides and Ta—Ir—Ru oxides have also been reported to
increase activity and stability in acidic media."”'* Kim et al.
reported that a pyrochlore yttrium ruthenate (Y,Ru,O,_s)
exhibited significantly enhanced activity for the OER in 0.1 M
perchloric acid when compared to RuO,."”

In alkaline media, transition metal (TM) oxides can be more
stable than in acidic media, and thus, Ni-, Co-, Fe-, and Mn-
based single metal oxides, binary metal oxides, ternary metal
oxides, and perovskites have been studied/explored as
potential OER catalysts.”'°~>' However, their OER activity
and stability are still inferior to those of RuO, and IrO,
catalysts.

Nickel is one of the most promising transition metal OER
catalysts in alkaline media, and its surface is normally covered
with a Ni (oxy)hydroxide layer at anodic potentials in alkaline
media. NiFe(OH), has been reported to exhibit an enhanced
OER activity when compared to Ni(OH),.”*"** However,
these types of catalysts are not active for the oxygen reduction
reaction (ORR), and thus cannot be used as bifunctional
catalysts for both OER and ORR.

Among perovskites, StCoO; and LaNiOj; were identified as
the best oxygen evolution catalysts.”” Suntivich et al. reported
that BagSrysCogsFey,0;_s (BSCF) exhibited an order of
magnitude higher OER activity than that of the state-of-the-art
iridium oxide catalyst in alkaline media.*

According to the literature, the catalytic activity could vary
significantly from bulk materials, films, to nanoparticles, from
metal oxides formed by thermal decomposition to electro-
chemically formed metal oxides, from metals to their oxides,
and from acidic media to alkaline media. The direct
comparison of the intrinsic OER activity of these different
catalysts is challenging since the surface area might be
significantly different.

While in alkaline media, non-noble metal alloys and metal
oxides can exhibit some OER activity and stability, their long-
term durability remains a big challenge. Combining non-noble
metals with noble metals can enhance the activity and stability
of OER catalysts, though the cost increases. There is an
optimal trade-off between/among cost, activity, and stability.
Ru and RuO, have been extensively studied in acidic media as
OER catalysts, but their study in alkaline media has been
limited. In alkaline media, due to the higher stability of
transition metals relative to acidic media, doping Ru or RuO,
with transition metals can provide options to further enhance
the OER activity and reduce the amount of noble metal
employed without significantly compromising stability.

As practical catalysts, nanoparticle catalysts are usually
employed to increase surface area and thus reduce the
amount/weight of catalyst employed. However, Ru nano-
particles exhibited much lower OER activity than bulk Ru. To
enhance the OER activity of Ru nanoparticles, in this work, we
doped Ru nanoparticles with different levels of Ir and
compared their OER activity in alkaline media with Ru
nanoparticles doped with Co, Ni, and Fe.”’ To minimize
particle size effects, the nanoparticles were synthesized to have
a similar particle size and thus had comparable surface areas.
Furthermore, we synthesized RuO, nanoparticles doped with
Co, Fe, Ni, Mn, and V and compared their OER activity and
stability with the Ru—M (M = Co, Ni, Fe, and Ir) alloy
nanoparticles. We found that RuO, and doped RuO,
nanoparticles are much more active and stable than their
respective Ru and Ru—M alloy nanoparticles and Ru,_,Co,0,/
C (x = 0.3—0.5) exhibited the highest OER activity among all
studied electrocatalysts. Finally, we propose that Mn- and Co-
doped RuO, nanoparticles could be used as effective
bifunctional catalysts for both OER and ORR, and
Co, sMn, s0,/C is also a promising nonprecious-metal bifunc-
tional catalyst.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization of Carbon-Supported
Nanoparticle Catalysts. A series of Vulcan XC-72R-supported Ru
alloy nanoparticle catalysts—Ru,_JIr,/C (0.1 < x < 0.9), and
Ru,_,Co,/C, Ru,_,Ni,/C, and Ru,_,Fe,/C (0.05 < x < 0.5)—with a
metal loading of 11 wt %, as well as Ir/C, Ru/C, and Pt/C
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Figure 1. (a) TEM images and nanoparticle distribution histogram of Ru,;Coy30,/C. (b) EDX maps of Ru and Co for Ruy;Coy30,/C and its

elemental composition.

nanoparticles with a metal loading of 20 wt % were synthesized by a
wet-impregnation method with chloride or nitrate precursors and
subsequent thermal decomposition of the precursor salts, followed by
reduction with forming gas. The synthesis details have been described
in a previous paper.

A series of Vulcan XC-72R-supported Ru-transition metal binary
and ternary oxide nanoparticle catalysts—Ru;_,Mn,O,/C,
Ru,_,Co,0,/C, Ru,_,Ni,O,/C, Ru,_,Fe,0,/C, Ru,_,V,0,/C (0.05
< x £ 09), Rul_x_yMnxCoyOZ/C, as well as RuO,/C, and
Co;_,Mn,0,/C nanoparticles with a metal loading of 11 wt % were
also synthesized via a wet-impregnation method with nitrate
precursors, subsequent thermal decomposition of precursor salts,
and then annealing in air for 2 h at high temperatures, as described in
a previous paper.32

The catalysts were characterized by powder X-ray diffraction
(XRD) in a Rigaku Ultima VI diffractometer with a Cu Ka source (4
= 0.15418 nm). Data were collected at a scan rate of 5°/min and with
an increment step of 0.02°.

Bright-field transmission electron microscopy (TEM) was
performed using an FEI Tecnai 12 BioTwin TEM operated at 120
kV, while dark-field TEM was performed on a Nion 100 UltraSTEM.

An LEO 1550 instrument, in which a field emission scanning
electron microscope (FESEM) was equipped with an energy-
dispersive X-ray (EDX) spectrometer, or an FEI Tecnai F20 S/
TEM were used to perform EDX spectroscopy. The surface
composition of samples was analyzed with SSX-100 X-ray photo-
electron spectroscopy (XPS) at a high sensitivity scan.

A TA Instruments QS00 thermogravimetric analyzer (TGA) was
used to confirm catalyst loadings.

2.2. Thin Film Electrode Preparation. First, a catalyst ink was
prepared by mixing the catalyst powder containing 0.8 mg metal, 3.2
mL of Millipore water, 0.8 mL of isopropanol, and 40 uL of Nafion
solution (S wt %, Fuel Cell Store), and subsequently sonicating for 15
min. A glassy carbon (GC) rotating disk electrode (RDE) with a
diameter of 6 mm was polished with 1 gm diamond paste (Buehler)
and then rinsed with acetone and Millipore water, respectively.
Afterward, 20 uL of catalyst ink was pipetted onto the GC electrode
and subsequently dried in air. To enhance the uniformity of the
catalyst film, the GC electrode was dipped into 0.1 M KOH for 10
min, leading to its surface becoming more hydrophilic. A
homogeneously dispersed thin film of catalyst was formed on the
GC electrode with a catalyst loading of 14 ug,,.../cm®

2.3. Electrochemical Measurements. Electrochemical experi-
ments were carried out with a WaveDriver 20 Bipotentiostat/

Galvanostat and AfterMath software (Pine Research Instrumenta-
tion). A three-electrode electrochemical cell made of Teflon was used
for alkaline media to avoid contamination from dissolved glass. An
AFMSRCE Rotator (Pine Research Instrumentation) was used for the
oxygen evolution measurements at rotation rates of 400 or 1600 rpm.
A homemade Ag/AgCl (1 M NaCl) electrode was used as the
reference electrode, and all potentials are quoted relative to a
reversible hydrogen electrode (RHE) with an electrolyte of 0.1 M
KOH. A Pt wire was used as the counter electrode. The supporting
electrolyte was prepared using Millipore water (18.2 MQ-cm) and
potassium hydroxide (99.99%, Sigma-Aldrich). Before measurements,
all solutions were deaerated with high-purity Ar (Airgas). All
experiments were carried out at room temperature (20 + 1 °C).

To compare mass activity (MA), the OER currents were
normalized to the mass of metals or the mass of noble metals.

The electrochemical surface areas (ECSA) of bulk Pt, Ir, and Ru
and nanoparticle Pt/C, Ir/C, Ru/C, Ru,_,Co,/C, Ru,_,Ni/C,
Ru,_,Fe,/C, and Ru,_Ir,/C catalysts were estimated by H upd.*!
In contrast, the ECSA of RuO,/C were estimated from the mean
particle size, assuming the particles had a spherical shape. The ECSA
of the transition metal-doped RuO,/C catalysts were determined by
comparing their double layer capacitances to that of RuQ,/C.** It
should be noted that the contribution of pure carbon to the whole
double layer capacitances was very small and could be neglected (see
Figure S1). The ECSA of Co;0,/C, MnO,/C, and Co;_MnO,/C
was also estimated from their mean particle size. The OER currents
were normalized to the ECSA to compare their specific activity (SA).

3. RESULTS

3.1. Nanoparticle Characterization. X-ray diffraction
data of a series of carbon-supported Ru, Ir, Pt, Ru,_lIr,
Ru,_,Co,, Ru;_,Ni,, and Ru,_,Fe, nanoparticles are presented
in Figures S2 and S3. All studied Ru alloy nanoparticles with a
low content of the second metal (0 < x < 0.5) exhibited the
same hexagonal close-packed (hcp) structure as Ru nano-
particles. As the Ir content increased up to 70 and 90 atom %,
the Ru—Ir alloys changed into a face-centered cubic (fcc)
structure. Co and Fe have a higher solubility in Ru, so Co and
Fe can fully alloy with Ru even at the high Co and Fe content
of 50 atom %. In contrast, Ni is less soluble in Ru than Co and
Fe, so Ru and Ni could not fully form alloys, and NiO
diffraction peaks were evident when the nominal Ni content
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reached 50 atom %.’' According to Vegard’s law, the lattice
parameters of Ru;_Ir,/C should increase with increasing Ir
content, while the lattice parameters of Ru;_,Co,/C,
Ru,_,Ni,/C, and Ru,_,Fe,/C should decrease with increasing
Co, Ni, and Fe content. The lattice parameters determined
from XRD were in good agreement with those calculated from
Vegard’s law, suggesting that Ru and the other transition
metals are fully and uniformly alloyed in all samples. The mean
particle sizes were estimated from Rietveld analysis to be about
3 nm. Representative TEM images of Ru alloys are presented
in Figures S4—S7. The nanoparticles are quite well distributed
on Vulcan, and the mean nanoparticle sizes were also
estimated from TEM and were in good agreement with
those estimated from XRD (Table S1).

The X-ray diffraction data of a series of carbon-supported
transition metal (TM)-doped RuO, nanoparticles are
presented in Figures S8 and S9. All studied Ru—TM oxide
nanoparticle catalysts exhibited the same tetragonal (rutile)
structure as RuO,/C. The addition of Co and Mn into the
RuO, lattices resulted in a decrease in the lattice parameters—
a, b, and c. When the content of Mn and Co was too high, two
separate phases (phase segregation) were observed. At an Mn
content of 0.8, two rutile phases could be ascribed to Mn-
doped RuO, and Ru-doped MnO,, respectively. At a Co
content of over 0.3, besides a rutile phase, a spinel structure
also appeared. So was the case for the ternary oxide—
Ruy ;Mn,4Co,30,/C. Ni-, Fe-, and V-doped RuO,/C catalysts
with a content of 0.3 exhibited comparable parameters to
RuO,/C (Figure $9a). Co;_,Mn,0,/C nanoparticles exhibited
a cubic spinel structure, and their lattices shrank with an
increase in Co content (Figure S9b). The nanoparticle sizes of
all studied catalysts, estimated from XRD data using Rietveld
analysis, are listed in Table S2. TEM images suggested that the
oxide nanoparticles were also quite well dispersed on the
Vulcan support, as shown in Figures la and S10. The
nanoparticle size of all transition metal-doped RuO,/C
catalysts was about S nm, and the nanoparticle size of spinel
Co;_,Mn,0,/C catalysts was about 3 nm.

As examples, the EDX spectra and elemental composition of
Ruy,Coy30,/C were determined with scanning transmission
electron microscopy (STEM)-EDX, and are shown in Figure
1b, with values consistent with the nominal composition
employed in the synthesis. The surface elemental composition
of Ruy;Coy30,/C, determined via XPS (Figure S11 and Table
S4), is also in good agreement with the nominal composition,
suggesting that Co is quite well distributed in the nano-
particles. The metal loadings of catalysts on Vulcan were
verified with TGA and were in good agreement with the
nominal loadings (11 wt %) (see Figure S12).

The catalysts were also characterized via cyclic voltammetry
in 0.1 M KOH, as shown in Figures S13 and S14. Transition
metal doping can apparently affect the cyclic voltammetric
profiles of Ru/C and RuO,/C. For example, Mn- and Co-
doped RuO,/C exhibited Mn and Co redox peaks at potentials
between 0.2 and 1.0 V (vs RHE), and their redox peak
intensity increased with increasing Mn and Co content. Low
levels of transition metal doping into Ru significantly enhanced
H adsorption/desorption reversibility/kinetics. Further in-
creasing the content of transition metals reduced H
adsorption/desorption charge, suggesting that the surface Ru
content decreased.

3.2. Oxygen Evolution Reaction (OER) on Ru Alloy
Catalysts. 3.2.1. Comparison of OER Activity on Bulk Ru, Ir,

and Pt and Nanopatrticle Ru/C, Ir/C, Pt/C, and RuO,/C
Catalysts. Linear sweep voltammetric (LSV) profiles of bulk
Ry, Ir, and Pt electrodes and Ru/C, Ir/C, Pt/C, and RuO,/C
nanoparticle catalysts for the OER in 0.1 M KOH at a rotating
rate of 400 rpm and a scan rate of 5 mV/s are presented in
Figure 2. The third positive-going-scan LSV profiles are shown
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Figure 2. LSV profiles of Ru/C, Ir/C, and Pt/C catalysts, and Ru, Ir,
and Pt bulk electrodes for the OER in 0.1 M KOH. Scan rate: 5 mV/s.
(a) Current is normalized to the ECSA; (b) current is normalized to
the mass of metals.

for comparison. Figure 2a compares the specific activity (SA)
for the OER on bulk electrodes and nanoparticle catalysts,
while Figure 2b compares the mass activity (MA) for the OER
on nanoparticle catalysts. The bulk Ru electrode exhibited a
very high specific activity for the OER, while the Ru/C
nanoparticle catalyst was much less active than the bulk Ru in
alkaline media. Similarly, a bulk Pt electrode was also more
active than Pt/C for the OER in 0.1 M KOH. This is similar to
the case in acidic media.” In contrast, the Ir/C nanoparticle
catalyst exhibited a higher SA for the OER than the bulk Ir
electrode and was significantly more active than the Ru/C
nanoparticle catalyst. Thus, it appears that the nanoparticle size
effect for the OER on Ir/C nanoparticles is different from that
on Ru/C and Pt/C. In general, the SA of Pt or Pd for
electrocatalytic reactions such as the ORR, hydrogen
oxidation/evolution reactions, CO, and fuel oxidation
reactions decreases with decreasing nanoparticle size due to
an increase in the adsorption energy.""?’_‘?’8 In contrast, the
enhanced OER activity for Ir nanoparticles could be due to the
exposure of different facets’ or to different coverages of
surface oxide species formed.** Similarly, we have previously
found that small Rh nanoparticles exhibited an enhanced
activity for the hydrogen oxidation/evolution reactions in
alkaline media. This is likely due to the weaker adsorbed
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KOH. (d) OER potential at 0.1 mA/cm? plotted vs Ir content.

hydrogen formed on Rh(111) facets of small nanoparticles.*'
RuO,/C exhibited a much higher specific activity for the OER
and much higher stability than Ru/C (Figures S15a and S16a).
The SA decreased in the following order for the bulk
electrodes: Ru > Ir > Pt, while for the nanoparticle catalysts,
the order was: RuO,/C > Ir/C > Pt/C > Ru/C. The MA for
the OER on nanoparticle catalysts (Figure 2b) also decreased
in the same order as the SA, and RuO,/C was even more
active than Ir/C in terms of MA. It should be noted that
although the bulk Ru electrode is very active for the OER in
0.1 M KOH, it readily dissolved to form soluble Ru oxides, and
the solution quickly became yellow during the OER.*

3.2.2. OER on Ru;_,Ir,/C Catalysts. To enhance the OER
activity and stability of Ru nanoparticles, Ir was alloyed with
Ru nanoparticles. LSV profiles of Ru,_Ir,/C catalysts for the
OER in 0.1 M KOH at a scan rate of S mV/s are presented in
Figure 3a. For comparison, LSV profiles of Ru/C and Ir/C are
also shown. The OER potential at 0.1 A/mg is plotted vs Ir
content in Figure 3b. Ru;_Ir,/C alloy nanoparticle catalysts
show a significantly enhanced OER activity in terms of MA
when compared to Ru/C. Ruy,Ir,;/C exhibited the highest
MA for the OER among all studied Ru,_,Ir,/C alloy
nanoparticle catalysts, even slightly more active than Ir/C
(Figure 3a,b). When the OER current was normalized to the
ECSA, Rug-Iry;/C, Rug;lry,/C, Rug,lrye/C, and Ir/C
exhibited a comparable SA for the OER (Figure 3c,d). The
Tafel slope decreased from 370 mV for Ru/C to 55 mV for
Ruy;Irg5/C (Figure S17). In addition, the stability of Ru;_,Ir,/
C catalysts increased as the Ir content increased (Figure S15).
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3.2.3. OER on Ru,_,Co,/C, Ru,_,Ni/C, and Ru,_,Fe,/C
Catalysts. We have previously studied the OER activity of Ru
alloy nanoparticle catalysts with 3d TMs such as Co, Ni, and
Fe.”' We found that Ru—TM (TM = Co, Ni, or Fe) with a TM
content of ~30 atom % exhibited the highest OER activity in
0.1 M KOH, and Ru—Co alloy nanoparticles were more active
than Ru—Ni and Ru—Fe alloy nanoparticles. The MA of the
OER decreased in the following order: Ir/C = RuyIr,3/C >
Ru,,Co,3/C > Ruy;Niy;/C > Ruy,Fey3/C > Ru/C (Figure
S18). The SA also exhibited a similar trend to the MA. In
Figure 4, the LSV profiles of Ruy,Co3/C, Ruy,Niy3/C, and
Ru,,Fe,;/C catalysts for the OER are further compared with
Ruy;Iry5/C, Ir/C, and Ru/C, when normalized to the total
mass of noble metals. Ruy,Co,;/C exhibited a comparable
activity to Ru;_,Ir,/C (x = 0.3—1) in terms of the mass of
noble metals. Although these alloy nanoparticle catalysts were
much more active than pure Ru nanoparticles, the OER
current gradually decreased with potential cycling (Figure
S15), suggesting that these carbon-supported Ru—TM alloy
nanoparticle catalysts are unstable. This could be caused by
both carbon corrosion as well as metal dissolution. To increase
the stability of catalysts, more stable supports such as metal
oxides need to be developed to replace carbon. In addition, we
found that these Ru—TM alloy catalysts were still less active
than RuO,/C (Figure 4d).

3.3. OER on Metal Oxide Catalysts. 3.3.7. Comparison
of OER Activity between Ru—TM Alloys and Ru—TM Oxides.
Metal mass-normalized cyclic voltammograms for the OER on
RuO,/C, Ruy,Coy30,/C, Ruy;Niy30,/C, and Ru,;Fe,;0,/C
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in 0.1 M KOH are compared with Ru/C, Ruy,Co;/C,
Ruy,Niy;/C, and Ruy,Fe,;/C in Figure S. Similar to the case

0.6
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Figure S. Total metal mass-normalized cyclic voltammograms of
Ru0O,/C, Ruy-Coy30,/C, Ruy,Nig;0,/C, and Ruy,Fey30,/C (solid
lines) for the OER in 0.1 M KOH, compared with their respective
alloy nanoparticles (dash lines). Scan rate: S mV/s.

of RuO,/C and Ru/C (Figure 4d), all studied Ru—TM oxide
nanoparticle catalysts were also much more active than their
respective alloy nanoparticle catalysts when normalized to the
total metal mass. For the pure Ru and Ru—TM alloy
nanoparticle catalysts, their surfaces were already oxidized to
form RuQO, and Ru,_,TM, O, oxides around 1.4 V (vs RHE) in
the first positive scan (Figure S15).** According to the double

layer charges (Figure S1) and oxidation/reduction peaks for
Ni**/Ni** between 1.3 and 1.4 V (Figure 5),** the Ru—TM
oxide nanoparticle catalysts and Ru—TM alloy nanoparticle
catalysts had comparable surface areas. However, all Ru—TM
oxide nanoparticle catalysts were much more active than all
respective Ru—TM alloy nanoparticle catalysts, suggesting that
besides the composition of surface species, the crystal structure
and composition of the nanoparticles and thus their resulting
electronic effects also play an important role in the OER in
alkaline media. Therefore, we next focus on the more stable
and more active TM-doped RuO,/C catalysts.

3.3.2. OER on Ru,;_,C0,0,/C Catalysts. The effect of Co
content in Co-doped RuO,/C on the OER activity is
presented in Figure 6. Ir/C, RuO,/C, and Co;0,/C are also
shown for comparison. Total metal mass-normalized LSV
profiles (Figure 6a) show that RuO,/C had a 30 mV lower
overpotential than Ir/C, while they exhibited similar Tafel
slopes, i.e., SI mV for RuO,/C vs 45 mV for Ir/C (Figure
$19). Co;0,/C exhibited an overpotential that was 120 mV
higher than that for RuO,/C but a similar Tafel slope to
RuO,/C (Figure S19). Low levels (5—20 atom %) of Co
doping into RuO,/C did not significantly change the OER
activity in terms of MA or SA. When the atomic percentage of
Co increased to 0.3—0.5, both the MA and SA for the OER
significantly increased. However, further increases in the Co
content to 0.8 caused a decrease in the overall OER activity.
Halck et al. also found that in acidic media, Co-doped RuO,
could significantly enhance the OER activity.” When the
currents are normalized to the mass of the noble metal, the Co-
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Figure 6. (a) Total metal mass-normalized LSV profiles of RuO,/C, Ir/C, Co;0,/C, and Ru;_,C0,0,/C catalysts for the OER in 0.1 M KOH.
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doped RuO,/C with a Co content of 50 atom % exhibited the
highest activity for the OER (Figure S$20). Although
Ru;_,Co,0, (x = 0.3—0.5) nanoparticles exhibited an
enhanced activity for the OER, they were less stable than
RuO,. The stability of Ru,_,Co,0, catalysts decreased with
increasing Co content (Figure S16).

3.3.3. OER on Ru,_Mn,0,/C Catalysts. Total metal mass-
normalized LSV profiles for the OER on Ru,_,Mn,0O,/C
catalysts are compared with RuO,/C and MnO,/C in Figure
7a, while the ECSA-normalized LSV profiles are presented in
Figure 7c. The OER potentials at 0.2 A/mg and 0.1 mA/ cm?
are plotted vs Mn content in Figure 7b,d, respectively. The
MnO,/C catalyst exhibited an overpotential of 150 mV higher
than RuO,/C for the OER and over 30 mV higher
overpotential than Co;0,/C. Small amounts of Mn (atomic
ratio of Mn/(Ru + Mn) <15%) doping into RuO,/C slightly
enhanced the OER activity. The Tafel slope of RuyyMn,,0,/
C was ca. 55 mV, which is smaller than the value of 78 mV for
MnO,/C, but comparable to the value of 51 mV for RuO,/C
(Figure S19). Further increasing the Mn content resulted in a
lower OER activity than RuO,/C. It should be pointed out
that although Ruy,Mn,30,/C was not single-phase, it still
exhibited quite high OER activity and was even more active
than Ru;_Mn,0,/C (0.2 < x < 0.5) in terms of MA (Figure
7b). When the OER current is normalized to the mass of the
noble metal, the Ru;,Mn,30,/C is superior to other studied
Mn-doped RuO,/C catalysts (Figure S21). Browne et al. also
reported that thermally prepared mixed Mn and Ru oxide films
with a low Mn content of 10—25 atom %, supported on Ti,

exhilzizted enhanced OER activity relative to a pure RuO,
film.

3.3.4. OER on Co;_,Mn,0,/C Catalysts. Prior to studying
the ternary oxide Ru,_,_,Mn,Co,0,/C catalysts for the OER
in alkaline media, we first investigated the OER activity of the
binary oxide Co;_Mn,O,/C catalysts. The OER activities of
Co;0,/C, MnO,/C, and Co;_Mn,0O,/C are compared in
Figure 8a,b. In a previous paper, we found that MnO, was
more active than Co;0, for the ORR in alkaline media.*” In
this work, Co;0,/C was found to be more active than MnO,/
C for the OER in alkaline media. Spinel structure
Co;_,Mn,0,/C nanoparticle catalysts significantly enhanced
the OER activity when compared to Co;0,/C and MnO,/C.
This suggests that a synergist effect is also present for the OER
on Coy_,Mn,0,/C catalysts, similar to that for the ORR.*
Among them, Co,Mn;0,/C and Co,sMn,O,/C exhibited
the highest OER activity. The Tafel slope for the OER on
Co,Mn;0,/C and Co;Mn;0,/C was 55—-56 mV, com-
parable to the value of 51 mV for RuO,/C (Figure S19). In a
previous paper,”> Co,Mn,0,/C and Co, ;Mn,0,/C were
found to exhibit the highest ORR catalytic activity in alkaline
media. Therefore, the Co; sMn, ;O,/C stood out as the most
effective bifunctional catalyst for both the ORR and OER
among all studied Co;_,Mn,O,/C catalysts, outperforming Pt/
C and was even close to RuO,/C (Figure $22). However, their
stability for the OER still needs to be further improved (Figure
S23).

3.3.5. OER on Ru;_,_,Mn,Co,0,/C Catalysts. Since the
binary Mn and Co oxides exhibited an enhanced OER activity
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when compared to pure Co and Mn oxides (Figure 8a,b), we
further studied the OER on ternary Ru, Co, and Mn oxide
catalysts. Total metal mass-normalized LSV profiles of the
OER on Ru;_, ,Mn,Co0,0,/C catalysts in 0.1 M KOH are
presented in Figure 8¢, and the ECSA-normalized LSV profiles
are shown in Figure 8d. None of the Ru;_,_ Mn,Co,0,/C
catalysts exhibited a higher OER activity than RuO,/C in
terms of both MA and SA, even after normalizing to the mass
of the noble metal (Figure S24). However, the
Ru,_,_,Mn,Co,0,/C catalysts were still much more active
and more stable than Co;_Mn,0,/C catalysts (Figures S16f
and S23).

3.3.6. OER on Ni-, Fe-, and V-Doped RuO,/C. Other 3d
transition metals such as Ni-, Fe-, and V-doped RuO,/C
catalysts were also studied for the OER in alkaline media. The
total metal mass-normalized LSV profiles for the OER on
Ruy¢Niy;0,/C and Rugy,Niyp;0,/C in 0.1 M KOH are
compared with RuO,/C in Figure 9a, and the ECSA-
normalized LSV profiles are shown in Figure 9b.
Ruy4Niy;0,/C and Ru,y;Niy;0,/C were much less active
than RuO,/C in terms of both MA and SA. This is in contrast
to the finding in acidic media.” Halck et al. reported that Ni-
doped RuO, exhibited a higher OER activity than undoped
RuO, in acidic media.” However, we did not observe a
synergistic effect for the OER on RuggNiy,;0,/C and
Ruy,Ni,;0,/C catalysts in alkaline media. Likely, Ni could
be dissolved to form a rough surface with more defect sites in
acidic media, which might enhance the OER.
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LSV profiles of the OER on Ruj,Fe;;0,/C and
Ru,,V(50,/C in 0.1 M KOH are compared with RuO,/C,
Ruy,Mn,50,/C, Ruy,Coy50,/C, and Rugy,Ni;;0,/C in
Figure 9¢,d. Ruy,Fey;0,/C and Ruy,V,;0,/C catalysts did
not exhibit an enhanced OER activity when compared to
RuO,/C. The OER activity of 3d transition metal-doped
RuO,/C catalysts in 0.1 M KOH decreased in the following
order in terms of both MA and SA: Ru,,Co,50,/C > RuO,/C
> Ruy;Vy50,/C > Ruy;Mn,;0,/C > Ruy;Nij;0,/C =
Ry, ,Fe(;0,/C.

Based on data presented in Figures 2—9, the OER potentials
for the most active catalysts are summarized in Table 1 for
comparison. In general, Ru—TM oxide nanoparticles had 30—
100 mV lower overpotentials than the respective Ru—TM alloy
nanoparticles; while they also exhibited about 100 mV lower
overpotential than the most active non-noble Co;sMn, O,
nanoparticles.

3.3.7. Mn- and Co-Doped RuO,/C as Bifunctional
Catalysts for Both OER and ORR. As we reported in a
previous paper, Mn- and Co-doped RuO,/C catalysts
significantly enhanced ORR activity in alkaline media when
compared to pure RuQ,/C catalysts.”> Meanwhile, Mn- and
Co-doped RuO,/C catalysts exhibited a comparable and even
enhanced OER activity. Therefore, these catalysts have
potential applications as effective bifunctional catalysts for
both ORR and OER in alkaline media, so that a single device
can function as both a fuel cell and an electrolyzer. The total
overpotential (the sum of the overpotential for the ORR and
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Figure 8. (a) Total metal mass-normalized LSV profiles of Co;0,/C, MnO,/C, and Co,_,Mn,0,/C catalysts for the OER in 0.1 M KOH. (b)
OER potential at 0.2 A/mg plotted vs Mn content. (c) Total metal mass-normalized and (d) ECSA-normalized LSV profiles of RuO,/C and
Ru;_, ,Mn,Co,0,/C catalysts for the OER in 0.1 M KOH. Scan rate: 5 mV/s. The compositions are shown in the figure.

the overpotential for the OER at 2.6 mA/ cmgeoz) for Pt/C,
RuO,/C, Co;sMn,0,/C, and Mn- and Co-doped RuO,/C
are compared in Figure 10. The total overpotentials for
RuygsMny 150,/C and Ruy,Coy30,/C were 0.64 and 0.63 V,
respectively, which are much smaller than 0.98 V for Pt/C,
0.84 V for Co;sMn,;;0,/C, and 0.78 V for RuO,/C.
Therefore, low content Mn- and Co-doped RuO,/C are very
promising bifunctional catalysts for both ORR and OER in
alkaline fuel cells/electrolyzers.

4. DISCUSSION

The OER involves the formation of adsorbed O atoms and
their combination to form O,. A volcano-shaped curve for the
OER activity vs the formation energy of the metal oxides was
reported by Trasatti several decades ago."”” Among them,
RuO, exhibited the highest OER in both acidic and alkaline
media, and IrO, was the second most active metal oxide.
Among the individual non-noble metal oxides, Co;O, and
MnO, also exhibited high OER activity in alkaline media.
Co;_,Mn,O, nanoparticles exhibited a synergistic enhance-
ment for the OER when compared to Co;0, and MnO,
nanoparticles. The synergistic enhancement was also observed
for the ORR on Co,_,Mn,O, nanoparticles.”> Therefore,
Co;sMn, sO, nanoparticles can be used as the most effective
non-noble-metal bifunctional catalysts for both ORR and OER
in alkaline media. However, they are still much less active than
Co- or Mn-doped RuO, nanoparticles. Co-doped RuO,
nanoparticles exhibited higher OER activity than RuO, in
alkaline media, similar to the case in acidic media as reported
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in ref 9. Ni-doped RuO, was also reported to be more active
than RuO, in acidic media.” However, in alkaline media, we
did not observe an enhancement of the OER activity for Ni-
doped RuO, nanoparticles. This might be due to different
electrolytes with very different pH values, which could change
the surface chemistry of catalysts and even the reaction
mechanism,“s_47 and/or increased surface area caused by Ni
dissolution in acidic media.

IrO,/C and Ru,_,Ir,0,/C were not successfully synthesized
since they require higher annealing temperatures in air when
IrCl; is used as a precursor. However, when carbon black was
used as the catalyst support, high annealing temperatures could
burn the carbon black causing a loss of support. Metal oxide
supports could be an attractive alternative to carbon black for
preparing supported IrO,-based catalysts.

As mentioned before, the Ir/C nanoparticle catalyst is more
active than the bulk Ir electrode for the OER in alkaline media
in terms of SA. In contrast, it was reported that in acidic media,
bulk Ir was slightly more active than Ir/C.” Pt/C and Ru/C
exhibited significantly lower OER activity than the correspond-
ing bulk electrodes in alkaline media. This is similar to the
activity trends in acid media.” Therefore, when extending the
OER activity from bulk electrodes to nanoparticles, the
nanoparticle size effect on the OER activity must be
considered. For the hydrogen oxidation/evolution reactions
in alkaline media, we also found that the Rh/C nanoparticle
catalysts were much superior to bulk Rh electrodes in terms of
SA, while Pt/C and Ir/C were less active than the respective Pt
and Ir bulk electrodes.”'
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Figure 9. (a) Total metal mass-normalized and (b) ECSA-normalized LSV profiles of RuO,/C, RuyNiy;0,/C, and Ruy;Ni;0,/C catalysts for
the OER in 0.1 M KOH. (c) Total metal mass-normalized and (d) ECSA-normalized LSV profiles of RuO,/C, Ru,,Co,30,/C, Ruy,Mn,;0,/C,
Ruy,Niy30,/C, Ruy,Fey30,/C, and Ru,;V,30,/C catalysts for the OER in 0.1 M KOH. Scan rate: S mV/s. The compositions are shown in the
figure.

Table 1. Summary of OER Potentials (E) of Most Active Carbon-Supported Ru—M Alloy (M = Ir, Co, Ni, or Fe), Ru—TM
Oxide (TM = Co, Mn, Nj, Fe, or V), and Co, ;Mn, ;O, Nanoparticles, Compared to Pure Ru and Ir Bulk and Nanoparticle
Catalysts”

metal catalysts Eya (V) Egx (V) Eyvianm (V) metal oxide catalysts Eya (V) Ega (V) Ervianm (V)
bulk Ir NA 1.530 NA Ru0O,/C 1.493 1.497 1.493
Ir/C 1.526 1.507 1.526 Ruy,Coy;0,/C 1.483 1.484 1.478
Bulk Ru NA 1.350 NA Ruy sC0g50,/C 1.483 1.485 1472
Ru/C >1.8 >1.8 >1.8 RugoMny;0,/C 1.490 1.494 1.487
Ruglrg5/C 1.526 1.512 1.526 RuggsMng,<0,/C 1.496 1.500 1.493
Rug; Ire7/C 1.528 1.511 1.528 Rug,Mng 0,/C 1.515 1.531 1.489
Rug7Coq/C 1.552 1.558 1.527 Coy.Mn, 0,/C 1.589 1.600 NA
RuysCoys/C 1.573 1.595 1.555 RugsMng 15C00s04/C 1.507 1.510 1.505
Ru,,Nig,/C 1.586 1.581 1.577 Ruy,Nig;0,/C 1.530 1.521 1.523
Ru,Feq/C 1.662 1.656 1.658 RuyFeq30,/C 1.533 1.518 1.526
Rug Feos/C 1.657 1.649 1.645 Ruy7V30,/C 1.513 1.505 1.503

“Ema and Eg, denote the OER potentials at 0.2 A/mg and 0.1 mA/cm?, respectively. Eys.. represents the OER potential at 0.2 A/mg,,,. Error
bars are shown in Figures 2—9.

Ru—TM/C (TM = Co, Nj, and Fe) alloy nanoparticles (Table S3). In contrast, the oxygen adsorption energy on

exhibited higher OER activity than Ru/C. Moreover, all
studied Ru—TM oxide nanoparticles were more active than
their respective Ru—TM alloy nanoparticles for the OER in
alkaline media. This might be due to the relatively weaker
oxygen adsorption on oxides than on alloys.’*> Oxygen
adsorption energies on Ru(0001) were calculated with density
functional theory (DFT) to be —1.5446 eV at atop sites
(smallest) and —3.1395 eV at hcp sites (largest), respectively

11250

RuO,(110) is only —0.7413 €V.*"** In the previous paper,” a
volcano-shaped relationship between the ORR activity of
Ru,_,TM,0,/C (TM = Co, Mn, Ni, Fe, and V) and O
adsorption energy was observed in alkaline media. Co- and
Mn-doped RuO,/C catalysts were found to be the most active
for the ORR due to the modest O adsorption energies. O
adsorption on Ni- and Fe-doped RuO, was too weak, so that
O, was hardly dissociated, and thus a low ORR activity was
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Figure 10. Comparison of the overpotential for both ORR and OER
on Co;sMn;0,/C, RuggsMng;50,/C, Ruy;C0030,/C, Ru0,/C,
and Pt/C at 2.6 mA/ cmgeoz. Scan rate: S mV/s. Rotation rate: 1600
rpm. The catalyst loading was 14 pigp,cc/ cmgeoz.

observed. In contrast, O adsorption on RuO, and V-doped
RuO, was too strong, so that adsorbed O was difficult to
desorb, thus leading to a low ORR activity.32 However, RuO,
exhibited quite high activity for the OER in alkaline media.
This might be caused by the further oxidation of RuO, surfaces
to higher Ru valence states,** on which O adsorption becomes
weaker. For Co-doped RuO,, the oxygen adsorption at Co and
Ru sites was even weaker than on Co;0, and RuO,,
respectively (Table S3), and thus the Ru;_,Co,0, (x = 0.3—
0.5) exhibited even higher OER activity than Co;0, and RuO,.
Regarding Mn-doped RuO,, the O adsorption energy at Ru
sites increased relative to that for RuQO,, while the O
adsorption at Mn became weaker than that for MnO, (Table
S3), so that Mn-doped RuO, did not enhance the OER
kinetics significantly when compared to RuO,. The O
adsorption at octahedral Co sites of Co;_Mn,O, was weaker
than that on Co;0, (Table S3), and thus Co;_,Mn,O,
exhibited higher OER activity than Co;0,/C. We believe
that the OER takes place at octahedral Co sites, while Mn
provides electronic effects to lower the adsorption energy of

oxygen.

5. CONCLUSIONS

We have synthesized a series of carbon-supported Ru—M (M =
Co, Ni, Fe, or Ir) alloy nanoparticle catalysts and a series of
carbon-supported 3d transition metals (TMs = Co, Ni, Fe, Mn,
or V)-doped RuO, nanoparticle catalysts via a wet-impregna-
tion method, followed by annealing in forming gas and in air,
respectively. For comparison, other carbon-supported cata-
lysts—Pt/C, Ir/C, RuO,/C, MnO,/C, Co0;0,/C, and
Co;_,Mn,0,/C nanoparticles—were also synthesized. These
catalysts were characterized by XRD, EDX, XPS, TEM, TGA,
and RDE voltammetry. All synthesized Ru—M alloy nano-
particles and Ru—TM oxide nanoparticles had a small mean
nanoparticle size of 3—7 nm. Their intrinsic OER activity in
alkaline media was compared.

We found that Ir/C was the most active among pure metal
nanoparticle catalysts for the OER in alkaline media and was
even superior to a bulk Ir electrode. Although a bulk Ru
electrode was very active for the OER, it dissolved very fast
during the OER. In contrast, Ru/C exhibited very low OER
activity. Alloying Ru nanoparticles with Ir, Co, Ni, or Fe
enhanced their OER activity. Ru;_,Ir,/C (x > 0.3) exhibited
the highest OER activity among all Ru alloy nanoparticle

catalysts and had comparable OER activity to Ir/C. Ruy,Coq3/
C was the most active among all studied Ru—Co alloy
nanoparticle catalysts and even outperformed Ir/C at low
overpotentials. Ru,,Niy3/C was inferior to Ruy,Co,3/C, but
more active than Ru,,Feg;/C.

In general, the TM-doped RuO,/C nanoparticle catalysts
exhibited higher OER activity than the respective Ru—TM/C
alloy nanoparticle catalysts. Small amounts of Mn (<0.15)
doped into RuO,/C yielded slightly enhanced or comparable
OER activity to RuO,/C. Further increases in the Mn content
caused the loss of OER activity. Small amounts of Co-doped
RuO,/C catalysts also exhibited comparable OER activity to
RuO,/C. In contrast, 30—50 atom % of Co-doped RuO,/C
significantly enhanced the OER in alkaline media and were the
most active among all studied catalysts. Ni-, Fe-, and V-doped
RuO,/C did not promote OER kinetics when compared to
RuO,/C.

Moreover, Ru;_,Mn,0,/C (x = 0.15) and Ru,_,Co0,0,/C
(x = 0.3—0.5) nanoparticles were found to be the most
effective bifunctional catalysts for both the ORR and OER in
alkaline media. Co;_,Mn,0,/C (x ~ 1.5) nanoparticles can
also be used as very effective nonprecious-metal-based
bifunctional catalysts for both the ORR and OER in alkaline
media and are even more efficient than Pt/C. However, they
are still less active than Ru;,_Mn,0,/C (x ~ 0.15) and
Ru,_,Co0,0,/C (x = 0.3—0.5) nanoparticles.
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