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ABSTRACT: Designing high-performance trifunctional electro-
catalysts for ORR/OER/HER with outstanding activity and
stability for each reaction is quite significant yet challenging for
renewable energy technologies. Herein, a highly efficient and
durable trifunctional electrocatalyst RuCoO, is prepared by a
unique one-pot glucose-blowing approach. Remarkably, RuCoO,
catalyst exhibits a small potential difference (AE) of 0.65 V and
low HER overpotential of 37 mV (10 mA cm™2), as well as a
negligible decay of overpotential after 200 000/10 000/10 000 CV
cycles for ORR/OER/HER, all of which show overwhelming
superiorities among the advanced trifunctional electrocatalysts.
When used in liquid rechargeable Zn—air batteries and water
splitting electrolyzer, RuCoO, exhibits high efficiency and
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outstanding durability even at quite large current density. Such excellent performance can be attributed to the rational combination
of targeted ORR/OER/HER active sites into one electrocatalyst based on the double-phase coupling strategy, which induces
sufficient electronic structure modulation and synergistic effect for enhanced trifunctional properties.

KEYWORDS: multifunctional electrocatalysts, porous nanofoam-like oxide, double-phase coupling effects, Zn—air batteries, water splitting

he ever-growing global energy and environmental

problems motivate people to develop clean and
sustainable energy devices including water splitting, recharge-
able metal—air batteries, and fuel cells for reducing CO,
emission.'”” The hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) are the two critical
electrochemical reactions for water splitting, while the oxygen
reduction reaction (ORR) and OER are recognized as the two
key electrochemical processes for rechargeable metal—air
batteries.” " However, these three reactions are sluggish in
kinetics and always need large overpotential since multi-
electron transfer is always involved, which urge the develop-
ment of high-efficient electrocatalysts to accelerate the
reactions. Many efforts have been devoted to explore
electrocatalysts with single functionality, such as Pt/Pd-based
alloys and M—N—C single-atom catalysts for ORR,""'* Ir/Ru-
based materials and NiFe-LDH for OER,"*'* and Pt-based
materials and MoS, for HER.'>'® Currently, developing
electrocatalysts with multifunctionality while maintaining
high catalytic performance for each reaction is an urgent yet
challenging task,"”'® since using different catalysts for cathodic
and anodic reactions usually cause many problems, which
complicate the device construction, sacrifice the whole
properties, and increase the costs.'” For instance, bifunctional
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ORR/OER catalysts are needed in the cathode of the
rechargeable metal—air batteries, since ORR and OER
reactions occur alternately in the cathode during the
discharging and charging process. If two different electro-
catalysts such as the compounds of Pt/C and RuO,/IrO, are
loaded on the cathode, the active sites for each reaction would
be diluted. Additionally, the ORR/OER components may be
oxidized/reduced in the constantly switched OER (charging)
and ORR (discharging) processes, resulting in the deterio-
ration of catalyst performance.” For water splitting systems,
the exploitation of bifunctional HER/OER catalysts is highly
desired, since the device can be simplified for reducing cost.”'
Therefore, the design of multifunctional electrocatalysts with
high ORR/OER/HER performance shows great significance
when applied in rechargeable metal—air batteries and water
splitting.
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Scheme 1. Illustration of the Preparation of Foam-like RuCoO,
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Figure 1. Morphology, structure, and composition characterization of RuCoO,, catalyst: (a, b) SEM and (c) TEM images showing the foam-like
structures of RuCoO,; (d) HAADF-STEM image showing the structure of foam-like RuCoO, consisting of small crystals; () HAADF-STEM of
RuCoO, showing the interfacial structure between the adjacent RuO, and Co;0, crystals; (f—i) elemental mapping images of RuCoO, showing the

inhomogeneous distribution of Co and Ru.

Recently, several multifunctional electrocatalysts have been
reported, including non-noble or noble metal catalysts. Non-
noble metal catalysts usually involve iron, cobalt, and nickel-
based alloys/oxides/phosphides/sulfides/carbides/nitrides
coupled with carbon substrate, such as CoFe@NC/
NCHNSs,*> Ni-NiO/N-rGO,”® FeCo/Co,P@NPCF,**
Co,P/CoNPC,” FeS/Fe;C@N-S-C,*° Fe,N/S/N,”” etc.
However, these non-noble metal catalysts still exhibit
insufficient activities and durability, especially when used as
trifunctional electrocatalysts for ORR/OER/HER simultane-
ously. It is quite challenging to achieve the target of half-wave
potential (E, ;) larger than 0.85 V for ORR, the overpotential
at 10 mA cm™2 smaller than 300/50 mV for OER/HER at the
same time.”® Some researchers focus on the design of noble
metal trifunctional electrocatalysts, including PtCo/Ir,”
RheCu,™ etc. Although these catalysts can partially achieve
some of the above targets, the high cost of these Pt/Ir/Rh-
based materials significantly limits their wide applications.
Among the noble metals, Ru is much cheaper than Pt/Pd/Ir/
Rh. Some Ru-based systems containing RuP/NPC,”" 0.4-Ru@
NG-750,%* and Ru@NGA-900** have also been explored as
ORR/OER/HER trifunctional electrocatalysts, while these
materials can still hardly meet the harsh requirements. The
challenge for the development of Ru-based trifunctional
catalysts mainly exists in the ORR performance, since pure
Ru-based materials exhibit unsatisfactory ORR performance
due to the improper electronic structure.** Additionally,
achieving enhanced OER/HER activities through regulating
the ORR performance is also a challenging task.
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Herein, a unique double-phase coupling strategy is proposed
to construct RuCoO, bimetallic oxides, which show superi-
orities in the aspects of rational screening of targeted ORR/
OER/HER sites, sufficient electronic structure modulation and
synergistic function induced by double-phase coupling effects,
and long-term material and structural stability. The rationally
designed RuCoO, catalyst shows excellent trifunctional
catalytic activities and stability for ORR, OER, and HER
simultaneously, with a small AE of only 0.65 V and an
overpotential of 37 mV to reach 10 mA cm™ for HER. The
catalysts were further extended for practical applications
including rechargeable zinc—air batteries and water splitting,
which also exhibit high efficiency and excellent durability even
at quite large current density. This work paves a feasible way to
rationally integrating various active sites to construct multi-
functional electrocatalysts for rechargeable metal—air batteries
and water splitting.

The synthesis process of the RuCoO, nanofoam is
schematically illustrated in Scheme 1. Glucose, urea, ruthenium
chloride, and cobalt chloride were first dissolved in DI water to
form a uniform solution, which was subsequently settled at 140
°C for 8 h. During the heating process, glucose gradually
turned into molten syrup with homogeneous distribution of
the metal salts and formed a porous foam consisting of bubble
walls due to the gas releasing from the decomposition of urea.
The glucose template was then removed by calcination at 500
°C for 12 h in air to form the RuCoO, nanofoam.

The morphology of RuCoO, was characterized by field-
emission scanning electron microscopy (SEM) and trans-
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Figure 2. XRD and XPS characterization of RuCoO,, RuO,, and Co;0,: (a) XRD patterns indicating the phase constitution of RuCoO, by RuO,
and Co;04; XPS spectra of (b) Co 2p for RuCoO, and Co;0,, (c) Ru 3p for RuCoO, and RuO,, and (d) O 1s for RuCoO,, Co;0,, and RuO,.

mission electron microscopy (TEM). As shown in Figures la
and Sla, the as-prepared RuCoO, exhibits sheet-like structures
at low magnification, and a unique porous foam-like structure
can be further observed at high magnification (Figure 1b,c,
Figure S1b), which benefits the improvement of catalytic
performance. The specific surface area (Sgpr) of the RuCoO,
nanofoam was determined to be 31.81 m* g~' by Brunauer—
Emmett—Teller (BET) tests (Figure S2). For comparison,
pure RuO, and Co;0, with similar porous foam-like structure
were also prepared using a similar procedure except for
changing the metal salts to RuCl; and CoCl,, respectively
(Figures S3 and S4). High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
displayed that the synthesized RuCoO, nanofoam was
constituted of small crystals (Figure 1d, Figure SS), and the
adjacent two crystals represent different phase structures,
which can be ascribed to the (110) plane of RuO, and (111)
plane of Co;0, (Figure le, Figure S6). Additionally, the RuO,
nanocrystal is closely coupled with Co;0, nanocrystals, which
induce electronic structure modulation and synergistic effects
for enhanced catalytic performance. Energy dispersive spectra
(EDS) mapping images reveal that the O element exhibits
homogeneous distribution, while Ru/Co elements show
distinct distribution with few Co atoms dispersed into RuO,
crystal (Figure 1fji, Figure S7), which further verifies the
coupling effects between RuO, and Co;0, nanocrystals.
X-ray diffraction (XRD) shows the coexistence of RuO,
(PDF no. 40-1290) and Co;0, (PDF no. 43-1003) for the
RuCoO, nanofoam (Figure 2a), and the prepared pure RuO,
and Co;0, catalysts correspond to RuO, (PDF no. 40-1290)
and Co;0, (PDF no. 43-1003), respectively. X-ray photo-
electron spectroscopy (XPS) was carried out to reveal the
valence states of the electrocatalysts. The high-resolution Co
2p XPS spectrum of the RuCoO, nanofoam can be
deconvoluted into signals at 779.65 and 794.55 eV ascribed
to the Co®" 2p;,, and 2p, /, and signals at 781.35 and 796.6 eV
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corresponding to the Co®" 2p;, and 2p, /5, respectively (Figure
2b).* The peaks of Co 2p in RuCoO,, show a positive shift,
and the peak area of Co®" increased compared with the pure
Co;0,, indicating the strong electronic interaction between
RuO, and Co;0,. Figure 2¢ shows that the peaks of Ru 3p in
RuCoO, exhibit a positive shift compared with the pure RuO,,
which implies that the Co;O, can obtain the electrons from
RuO,. The high-resolution O 1s spectrum of the RuCoO,
nanofoam can be deconvoluted into signals at 529.2, 529.75,
and 532.1 eV, which correspond to the Ru—0O, Co—0O, and
Ru—O—Co bonds (Figure 2d), respectively.*® The formation
of the Ru—O—Co bond could be ascribed to the strong
interaction between RuO, and Co;0, which serves as the
channel of electron transfer from Ru to Co and has benefits for
the electronic structure adjustment.

The oxygen reduction reaction (ORR) performance was first
assessed by linear sweep voltammetry (LSV). RuCoO,
nanofoam shows excellent ORR activity with a large E,/, of
0.855 V (Figure 3a), which is comparable to commercial Pt/C
catalysts of 0.85 V, and shows superiority toward those of pure
RuO, and Co;0,, as well as the recently reported Co;0,-based
electrocatalysts (Table S1). Meanwhile, the Tafel slope of
RuCoO, nanofoam (46.7 mV dec™") is also much smaller than
commercial Pt/C, pure RuO, and Co;0, catalysts (inset of
Figure 3a), indicating the enhanced ORR reaction kinetics.
The reaction is close to a four-electron transfer process since
the electron transfer number is approaching 4 and H,0, yield
is lower than 2% (Figure S8). Furthermore, accelerated
stability tests (ADT) was conducted to assess the stability of
the catalyst. Remarkably, the RuCoO, nanofoam exhibits
excellent long-term durability with a negligible degradation of
E,/»/J. (limited current density) even after 200 000 CV cycles
(Figure 3b,c), and a small decay of current density after 10 h
chronoamperometry tests (Figure S9). This cycling number of
200000 shows overwhelming superiority to the previously
reported cycling numbers (Tables S1 and S2). Such out-
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Figure 3. Electrocatalytic performance of RuCoO, for ORR and OER: (a) LSV curves and corresponding Tafel plots (inset) of ORR for RuCoO,,
RuO,, Co;0,, and Pt/C obtained at 1600 rpm; (b) LSV curves of RuCoO, and Pt/C before and after various potential cycles; (c) E,/, and Ji
before and after various potential cycles for RuCoO, and Pt/C; (d) OER LSV curves and Tafel plots of RuCoO,, RuO,, Co;0,, and IrO, obtained
at 1600 rpm; (e) LSV curves of RuCoO, and IrO, before and after various potential cycles; (f) OER potential of Ej10/Ej100 for RuCoO,, and Ej;o/
Ej, for IrO, before and after various potential cycles; (g) comparison of the overpotential for ORR, OER, and AE (AE = Ejo — E /2) between

RuCoO, and other catalysts.

standing stability of RuCoO, can be explained by the
maintained structure after CV tests (Figure S10).

The RuCoO, nanofoam also displayed high OER activities
with an overpotential of 275 mV (10 mA cm™) as shown in
Figure 3d, surpassing that of commercial IrO, catalysts, pure
RuO, and Co;0, catalysts. Moreover, the RuCoO, nanofoam
possessed fast OER kinetics with a low Tafel slope of 54 mV
dec™ (inset in Figure 3d). The RuCoO, catalyst also exhibited
superior OER stability than IrO, with a small shift of only 6
mV at 10 mA cm ™2 after 10 000 cycling tests and an increase in
overpotential of just 43 mV after chronopotentiometry tests for
10 h (Figure 3e,f, Figure S11). The maintained structure after
CV tests confirms the excellent durability of RuCoO, for OER
(Figure S12). The potential difference (AE) (AE = E;o —
E,),) of the OER and ORR was a general index to evaluate the
bifunctionality of oxygen electrode catalysts. The RuCoO,
electrocatalyst showed a small AE of 0.65 V (Figure S13),
which was smaller than those of commercial Pt/C + IrO,, pure
RuO, and Co;0, electrocatalysts, and outperformed nearly all
of the advanced bifunctional oxygen catalysts'"**73>%/ =%
(Figure 3g, Table S2).

The origin of the excellent ORR and OER performance were
further discussed as below. The ORR performance of RuCoO,
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electrocatalyst may be mainly contributed by Co;0,, since the
pure RuO, exhibited low ORR activity.”” Co;0, has been
investigated as an ORR electrocatalyst for a long time, """
while the E,/, can hardly reach 0.85 V due to the weak
adsorption of Co sites toward oxygenated intermediates. It has
been proven by XPS that the peaks of Co 2p in RuCoO,
showed a positive shift toward the pure Co;0,, indicating the
increased concentration of low-stated Co for a reduced valence
state. Recent research studies showed that low-valence metal
cations in the metal oxides possessed higher surface reactivity
due to the unpaired d-electrons, which enhanced the oxygen
adsorption due to the increased energy of E4 (coupling of O 2p
to the highest occupied d-states).***” Therefore, the RuCoO,
catalyst exhibited enhanced ORR performance compared with
the pure Co;0, The OER performance of the RuCoO,
electrocatalyst can be contributed by RuO, and Co;0,
simultaneously. These two components both exhibit excellent
OER performance, and the pure RuO, exhibits a smaller onset
potential than Co;0,, while the Co;0, shows a faster OER
reaction kinetics than the RuO, due to the lower Tafel slope.
Therefore, the RuCoO, electrocatalyst can integrate the
advantages of both smaller onset potential of RuO, and fast

https://doi.org/10.1021/acs.nanolett.1c03407
Nano Lett. 2021, 21, 9633—-9641


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03407/suppl_file/nl1c03407_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03407/suppl_file/nl1c03407_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03407/suppl_file/nl1c03407_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03407/suppl_file/nl1c03407_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03407/suppl_file/nl1c03407_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03407?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03407?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03407?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03407?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a =2 = b - — RuCoO, c, — RuCoOy
Charge scharge = — Pt/CHIrO, = —Pt/C+IrO,
N N
s 15 G 1
> >
o0, = >
N i__Charge > [ J e 1 o
= OER, _ ] 4
m 0o =) 00 .S 8
@ OH Q 3 -1
2 ® > 05 >
2Ry e co 2
0 1200 2400 3600 0 200 400 600 800 1000
Time (s) Specific capacity (mAh g)
d e ~ f
25 Charging - —RuCo0, 160 mW cm? £ ——RuCoO,
Ezo / 515 —PUCHO, -7 150; S1s ——PtIC+Ir0,
5 ] : ph 5mA cm?
g — RuCo0, 4 _M7mw ES 10 gt
S5 —pycHro, | 210 10022 4
E 3 x
210 g s 8
S = - =
° 0.5 50 = Q5
> 05 Discharging > g > 0.
/ o
0.0 0.0+ 0o &
0 100 200 300 0 100 200 300 0 1000 2000 3000 4000 5000 6000
J (A cm?) J (mA cm?) Time (s)
g 49 ——RuCo0, (10 mA cm?) — Pt/IC+IrO, (10 mA cm?) h 4 RuCo0, (50 mA cm?) — Pt/C+IrO, (50 mA cm™)
—5 3] RuCo0, (30 mA cm?) — Pt/C+IrO, (30 mA cm?) ;‘E 3] —RuCoO, (100 mA cm?)— PUC+IrO, (100 mA cm?)
g2 g2
2 2
o 1 o 1
=) o
S 0 S 0
° ©
> >
K -1
0 2000 4000 6000 8000 10000 0 500 1000 1500 2000

Cycle number

Cycle number
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OER reaction kinetics of Co;0,, giving rise to boosted OER
performance.

The superior bifunctional activities and durability of the
RuCoO, electrocatalyst motivated us to investigate its practical
properties in rechargeable Zn—air batteries (Figure 4a, Figure
S14). The RuCoO,-based battery showed a large open-circuit
voltage of 1.54 V (Figure 4b), a high specific capacity of 811.2
mAh g, (Figure 4c), which exceeded the Pt/C + IrO, based
batteries (1.47 V, 754.7 mAh g,,7'). The RuCoO,-based
battery exhibited a smaller discharge—charge overpotential
than that of the Pt/C + IrO, cathode at various current
densities (Figure 4d). Besides, the RuCoO,-based battery also
possessed a higher peak power density of 160 mW cm™2,
clearly outperforming the Pt/C + IrO, cathode of 117 mW
cm™? (Figure 4e). Figure 4f shows that the rate performance of
RuCoO,-based battery is superior to that of Pt/C + IrO, based
battery with higher discharging voltages especially at large
current densities. The long-term durability of the RuCoO,-
based battery was assessed by continuous galvanostatic
discharging/charging cycling tests with S min discharging
and S min charging. The long-term durability tests showed that
the RuCoO,-based battery could afford an ultralong lifespan of
11000 cycles (corresponding to 1833.3 h) at 10 mA cm™
without any obvious increase of voltage gaps (Figure 4g), while
the Pt/C + IrO, based battery showed a significant increase of
voltage gaps after only 600 cycles (100 h). Such outstanding
stability exceeds nearly all of the reported cathode electro-
catalysts (Table S2), suggesting that RuCoO, is highly
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promising to accomplish high-performance rechargeable Zn—
air batteries. Impressively, when the cycling current densities
were further increased to 30, 50, and 100 mA cm™? the
RuCoO,-based batteries could still operate for 3800 cycles
(633.3 h), 2100 cycles (350 h), and 960 cycles (160 h),
respectively, without obvious decay in performance (Figure
4gh). As far as we know, operating at an ultrahigh current
density of 100 mA cm™> for a long time has never been
reported for Zn—air batteries, and even cycling at 30 and 50
mA cm™> was also rarely reported (Table S2), further
demonstrating its outstanding durability in large current
density application.

Finally, the RuCoO, electrocatalyst also exhibits excellent
HER performance with an overpotential of only 37 and 112
mV to achieve 10 and 100 mA cm™?, which is comparable to
the commercial Pt/C catalyst of 23 and 141 mV and better
than pure RuO, and Co;0, catalysts (Figure Sa). The
corresponding small Tafel slope (53.2 mV dec™") also indicates
the fast HER reaction kinetics for RuCoO,, (inset in Figure 5a).
The long-term ADT and chronopotentiometry tests confirm
the excellent HER stability of the RuCoO, catalyst with a
negligible overpotential shift of only 1 mV at 10 mA cm™? after
10 000 cycling tests and just 11 mV overpotential increase after
chronopotentiometry tests for 10 h (Figure Sb,c, Figure S15).
Since the metallic oxides exhibit phase transition under the
negative potential, the actual active sites for HER were further
explored. Recent studies indicate that the surface of RuO, can
be reduced to metallic Ru under the HER potential, which
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Figure S. HER and overall water splitting performances: (a) LSV curves and corresponding Tafel plots of HER for RuCoO,, RuO,, Co;0,, and Pt/
C obtained at 1600 rpm; (b) LSV curves of RuCoO, and Pt/C before and after various potential cycles; (c) HER potential of E;;o and Ej;q, for
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after 30 000 cycles; (h) chronopotentiometry test of RuCoO,, for the water splitting device.

serves as the active sites for the HER,”* while for the RuCoO,
catalyst, Co(OH), was detected after HER tests (Figures S16
and S17),” which can accelerate the kinetics of water
dissociation for enhanced HER performance.**

Considering the excellent HER and OER performance of
RuCoO,, we assembled a two-electrode electrolyzer using
RuCoO, as both anode and cathode for actual application
(Figure 5d). The RuCoO, electrode needed a low potential of
only 1.54 V to drive 10 mA cm™2, which was lower than the
electrode using commercial Pt/C and IrO, (Figure Se,f). The
RuCoO, electrode also showed excellent stability as evidenced
by negligible potential shift of only $ mV at 10 mA cm™ after
30000 cycling tests (Figure Sg). In addition, the RuCoO,
electrode also maintained a constant potential when operating
at 100 mA cm™? for 100 h (Figure Sh). Such performances
surpass most of the HER/OER bifunctional electrocatalysts
(Table S3), indicating its promising application in water
splitting.

In addition, as a trifunctional electrocatalyst, RuCoO, also
shows superiority among the reported catalysts with low
overpotential for ORR, OER, and HER (Table S4), which can
achieve the harsh target of E, /, larger than 0.85 V for ORR, the
overpotential at 10 mA cm™> smaller than 300/50 mV for
OER/HER at the same time. Combined with the outstanding
behavior in long-term stability, highly efficient and durable
devices including zinc—air batteries and water splitting
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electrolyzer were constructed, which show superiority
especially at ultrahigh current density. Such excellent perform-
ance can be explained by the rational material and structural
design based on the unique double-phase coupling strategy,
which not only induces sufficient electronic structure
modulation for enhanced catalytic activity but also endows
the RuCoO, catalyst with excellent material and structural
stability.

In summary, a facile one-pot glucose-blowing approach was
developed to synthesize a RuCoO, nanofoam, which exhibited
significantly enhanced trifunctional performances. The AE was
only 0.65 V and the overpotential for HER was 37 mV (10 mA
cm™?), which exceeded most of the state-of-the-art trifunc-
tional catalysts. The corresponding Zn—air batteries exhibited
a large power density of 160 mW cm™ and could cycle for
11 000/3800/2100/960 cycles at 10/30/50/100 mA cm™2,
The water splitting electrolyzer only needs 1.54 V to drive 10
mA cm™ and could work at 100 mA cm™ for 100 h without
obvious increase of overpotential. Such excellent performance
can be explained by the rational integration of ORR/OER/
HER active sites into the RuCoO,, catalyst and optimization of
electronic structure by utilization of the coupling effect with
synergistic function between the RuO, and Co;0, nanocryst-
als. This work opens a new way toward the design of advanced
trifunctional electrocatalyst with superior performance for the
application in clean and sustainable energy technologies.
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