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Co4N/Co-NC was synthesized through pyrolysis of ZIF-67 and
modified with Ru nanoparticles to form Ru-CosN/Co-NC. The
resulting Ru-CosN/Co-NC is used as a cathode for a Li—O, battery,
which shows good electrochemical performances.

With the rapid consumption of fossil fuels, the pursuit of green
energy storage systems has become urgent for modern society."
Lithium (Li)-ion batteries, which is considered as the state-of-
the-art energy storage component, cannot meet the development
demand of the next-generation electric vehicles due to their
limited theoretical energy density.> Hence, Li-O, batteries have
attracted worldwide attention due to their super-high energy.’
However, there are still several critical challenges before applica-
tions of Li-O, batteries.* The major problem for Li-O, batteries is
derived from the sluggish oxygen reduction/evolution reaction
(ORR/OER) kinetics and insulating/insoluble Li,O, on the cathode,
which lead to a huge overpotential and inferior cycle life.> Hence,
designing effective catalysts with superior electronic conductivity
and adequate porous structure is crucial for Li-O, batteries.
Carbon materials have been widely studied as catalysts for
Li-0, batteries due to their light mass and abundant pores.°
However, carbon catalysts usually have poor OER activities and
face serious side reactions.” Metal-based materials have been
considered as suitable alternative cathodes to carbon in Li-O,
batteries because of their relatively high catalytic activity/stabi-
lity.® However, the metal-based active sites are easily agglo-
merated during cycling. Metal-organic frameworks (MOFs)
have been investigated as effective catalysts since their stable
framework and molecular coordination can suppress agglo-
meration of active sites.’”” Owing to the poor conductivity of
these MOFs, they must be mixed with carbon materials which
cause serious side reactions in Li-O, batteries.”* MOFs-derived
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materials recently have aroused a great deal of interest since
they not only can preserve the main advantages of the original
MOFs, but also show enhanced electronic conductivity.?
However, the exposed carbon species on the MOF-derived
matrices can partially react with electrolyte and even be oxi-
dized in Li-O, batteries. On the other hand, it is well known
that ruthenium (Ru)-based materials can restrain side reactions
induced by carbon species in Li-O, batteries."® Hence, Ru-based
nanocrystal coated MOFs-derived materials will be ideal cathode
catalysts for Li-O, batteries. Up to now, there is almost no
investigation about this topic.

Herein, we designed Co,N/Co nanoparticles embedded into
porous N-doped carbon nanocubes (CosN/Co-NC) through
pyrolysis of zeolitic-imidazole frameworks (ZIFs), and loaded
Ru particles on the Co,N/Co-NC matrix to form Ru-coated
Co,N/Co-NC (Ru-Co,N/Co-NC). The porous carbon framework
in Ru-Co,4N/Co-NC can facilitate the diffusion of electrons/ions
and O, and inhibit the agglomeration of Co-based active sites.
In addition, the uniformly distributed Co,N/Co nanoparticles
and high surface N content can effectively improve the catalytic
activities towards both OER/ORR. Moreover, the Ru-coating layer
can obviously alleviate side reactions. Hence, the Ru-Co4N/Co-NC
based Li-O, cell shows good performances.

As illustrated in Fig. 1a, cubic ZIF-67 was synthesized
through the coordination reaction between cobalt nitrate and
2-methylimidazole and then carbonized to form Co,N/Co nano-
particles encapsulated into N-doped porous carbon nanocubes
(Co4N/Co-NC). After treatment with RuCl;, Ru-coated Co,N/
Co-NC (Ru-Co4N/Co-NC) is finally obtained (see Experimental
section for details, ESItT). Field emission scanning and trans-
mission electron microscopy (SEM/TEM) images of Ru-Co,N/
Co-NC were carried out. Fig. 1b and ¢ show that the morphology
of Ru-Co,N/Co-NC is the typical nanocube structure, which is in
agreement with those of ZIF-67 and Co,N/Co-NC (Fig. S1 and
S2, ESIt). This phenomenon demonstrates that Ru-coating and
calcination do not disrupt the basic structure of ZIF-67. Fig. 1c
indicates that there are several Co-based nanoparticles with
uniform particle size of ~30 nm embedded in the carbon
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Fig.1 (a) Schematic illustration of the synthetic process, (b) SEM and
(c)-(g) TEM images of Ru-Co4N/Co-NC; (h) TEM image of Ru-CosN/
Co-NC and the corresponding EDX mapping images.

framework. In addition, it can be further found from enlarged
TEM images in Fig. 1d-g that there are three different kinds
of lattice distances (d): d; = 0.20 nm, d, = 0.23 nm and
d; = 0.33 nm, which are assigned to the (111) layer of metallic
Co, (100) plane of metallic Ru and (002) layer of graphitic
carbon, respectively. Moreover, energy-dispersive X-ray (EDX)
mapping investigation of Ru-Co,N/Co-NC was also carried out
(Fig. 1h). As shown in Fig. 1h, N, C, Co and Ru elements were
evenly distributed in the framework, further indicating the
successful introduction of Ru species in Ru-Co,N/Co-NC.
X-Ray diffraction (XRD) patterns of Ru-CosN/Co-NC and its
precursor were investigated. The XRD pattern of the initial
precursor is almost identical to the standard diffraction peak
pattern of ZIF-67 (Fig. S3, ESIf) indicating the successful
preparation of ZIF-67. Fig. 2a shows that Co,N/Co-NC has main
peaks at around 44.2 and 51.6°, which are assigned to Co and
Co,N species.'™'* In the XRD pattern of Ru-CosN/Co-NC, the
peaks attributed to Co and Co,N phases show an obvious
decrease and new peaks at around 38.4, 44.0, 58.3, and 69.4°
ascribed to metallic Ru are formed.'?” These results suggest
that Ru nanoparticles are uniformly coated on the surface of
Ru-Co,N/Co-NC. Raman spectra of both CosN/Co-NC and
Ru-Co,N/Co-NC present typical G- and D-bands (Fig. S4, ESIT),
confirming the existence of graphitized carbon after calcina-
tion. To further analyze the composition of Co,N/Co-NC and
Ru-Co,N/Co-NC, X-ray photoelectron spectroscopy (XPS) was
also carried out. Ru, Co, N, O and C elements are present in
Ru-Co,N/Co-NC, but only Co, N, O and C elements occur in Co,N/
Co-NC (Fig. 2b), further indicating the successful introduction of
Ru in Ru-CosN/Co-NC. In the high-resolution Co2p XPS spectra
of Ru-Co,N/Co-NC (Fig. 2c), there are three assumed types of
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Fig. 2 XRD patterns (a) and full XPS spectra (b) of Ru-Co4N/Co-NC and
Co4N/Co-NC; high-resolution XPS spectra: (c) Co2pz,» and (d) Cls
and Ru3d; (e) N, adsorption/desorption isotherms and (f) pore-size
distribution of Ru-Co4N/Co-NC.

Co species: metallic Co (~778.1 €V), Co*" (~780.7 €V), Co-N
(~782.6 €V) and satellite (~786.5 eV), respectively.'> Moreover, the
surface content of Co-N, which enhances OER activity, is high in
Ru-Co,N/Co-NC. The high-resolution C1s/Ru3d XPS spectra
shown in Fig. 2d indicate that there are three sub-peaks in
Ru-Co,N/Co-NC: C-C (284.6 eV), C-N (285.5 eV) and Ru3ds,
(280.9 eV), respectively.'"*>? As shown in Fig. 2e, N, adsorption/
desorption plots of Ru-Co,N/Co-NC shows an obvious increase
below a relative pressure of 0.05 and a pronounced hysteresis at
the pressure range of 0.4-0.9, suggesting the co-existence of
micro/mesopores in Ru-Co,N/Co-NC. Furthermore, the pore-
size distribution data show that micropores (~1.3 nm) and
mesopores (~2.5 nm) are the main pores in Ru-Co,N/Co-NC
(Fig. 2f), which is different from that of the pristine Co,N/Co-
NC (Fig. S5, ESIT). This result indicates that the Ru coating layer
can regulate the porous nature of Co/Co,N-NC to some extent.
Moreover, the Brunauer-Emmett-Teller (BET) surface areas
of Co4N/Co-NC and Ru-Co4N/Co-NC are 338 and 142 m”> g™/,
respectively, suggesting that the Ru-coating layer slightly
decreases the surface area of the pristine Co,N/Co-NC.

Fig. 3a shows voltage curves of Ru-Co,N/Co-NC, Co,N/Co-NC
and KB based Li-O, batteries at 100 mA g~ between 2.0 and
4.3 V, respectively. As shown in Fig. 3a, the discharge capacities
of Ru-Co,N/Co-NC and Co,N/Co-NC electrodes can reach
14449 and 7676 mA h g !, while KB cathode can only exhibit
4193 mA h g ", Fig. 3b shows that the Ru-Co4N/Co-NC cathode
still displays higher discharge capacities than Co,N/Co-NC
and KB electrodes even at higher current densities of 200 and
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Fig. 3 (a) Voltage profiles at 100 mA g~ between 2.0 and 43 V,
(b) discharge capacities at different densities, (c) discharge/charge curves
under the first cycle and (d)-(f) cycle performances at 500 mA g~ with
limited capacity of 1000 mA h g~* for Ru-Co4N/Co-NC, CosN/Co-NC and
KB electrodes, respectively.

500 mA g~', demonstrating the superior rate performance of
the Ru-Co,N/Co-NC cathode. Voltage profiles of Ru-Co,N/
Co-NC, CouN/Co-NC and KB cathodes were also studied at
500 mA g~ ' with a limited capacity of 1000 mA h g™* (Fig. 3c).
It can be observed from Fig. 3c that the overpotential of the
Ru-Co,N/Co-NC electrode is obviously lower than those of Co,N/
Co-NC and KB cathodes, confirming that synergy of the Ru coated
layer and Co-based nanoparticles can reduce the decomposition
voltage of discharge products. Cycle performances of Ru-Co,N/
Co-NC, Co,N/Co-NC and KB cathodes were also investigated
under the restricted capacity measurements (Fig. 3d-f). The
Ru-Co,N/Co-NC cathode can be stably operated over 170 cycles
(Fig. 3d), which is comparable to most recently reported state-of-
the-art cathode catalysts (Table S1, ESIt). In addition, it should be
noted that the Co,N/Co-NC cathode can also steadily run for
80 cycles, but shows an obvious voltage drop below 2.0 V after
83 cycles (Fig. 3e). Moreover, Fig. 3f shows that the voltages of the
KB cathode at the end of discharge rapidly decline to <2.0 V after
46 cycles. Moreover, Fig. S6 (ESIT) shows that the electrochemical
performances of the Ru-KB cathode (preparation of Ru-KB
cathode is given in ESIf) are also inferior compared with the
Ru-Co,N/Co-NC electrode, which further demonstrates that the
unique combination of the Ru coating layer and Co-based NC
framework can enhance the performance of Li-O, batteries. The
superior performance of the Ru-CosN/Co-NC cathode can be
ascribed to the uniform Ru coating layer, highly distributed
Co-based nanoparticles, plentiful pores and N-doped carbon
framework in Ru-Co,N/Co-NC.
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To clarify the architecture effect of Ru-Co,N/Co-NC on the
performance of Li-O, batteries, the surface morphologies of
Ru-Co,N/Co-NC electrodes at different discharge/charge stages
were investigated by SEM (Fig. S7, ESIT). There are many cubic
Ru-Co,N/Co-NCs in the pristine cathode. After discharge, many
Li,O, particles with a size of ~50 nm are coated around
Ru-Co,N/Co-NC (Fig. S7, ESIT). After recharging, such particle-
sized products completely vanish and cubic Ru-Co,N/Co-NCs
re-emerge, indicating the electrochemical stability of Ru-Co,N/
Co-NC. To further understand the composition of products on
Ru-Co,N/Co-NC cathodes over cycling, ex situ XRD and Fourier
transform-infrared spectroscopy (FT-IR) measurements were
also conducted (Fig. 4a and b). Compared with the XRD pattern
of the initial Ru-Co,N/Co-NC cathode, several diffraction peaks
indexed to Li,O, are generated on the discharged Ru-Co,N/
Co-NC electrode. At the end of recharge, these characteristic
peaks related to Li,O, have disappeared again on the XRD
pattern of the Ru-Co,N/Co-NC cathode (Fig. 4a). In addition,
FT-IR spectra also indicate that Li,O, is formed during the
discharge process and then decomposed after recharging
(Fig. 4b). These results further confirm the reversibility of
the Ru-Co,N/Co-NC electrode. However, it should be noted that
there is a small amount of amorphous side products (e.g
Li,CO;) formed on the discharged Ru-Co,N/Co-NC cathode.
In order to further reveal reactions on the Ru-CosN/Co-NC
cathode, in situ differential electrochemical mass spectrometry
(DEMS) was also conducted to analyze gas consumption/
evolution over discharging and recharging processes (Fig. S8,
ESIT). For comparison, KB cathode was also tested by in situ
DEMS under the same conditions (Fig. S9, ESIt). It can be
found from Fig. 4c and Fig. S9a (ESIf) that O, is consumed
during discharge at both Ru-Co,N/Co-NC and KB cathodes.
On recharging, the charge voltage of the Ru-Co,N/Co-NC electrode
is smaller compared with the KB cathode, further suggesting
superior OER catalytic activity of Ru-Co,N/Co-NC in Li-O, cells.
Although both O, and CO, are released at Ru-Co,N/Co-NC and KB
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Fig. 4 (a) XRD patterns and (b) IR spectra of Ru-Co4N/Co-NC at different
states. Gas evolution and corresponding voltage curves of the Ru-Co4N/
Co-NC cathode at 0.5 mA with limited capacity of 1.0 mA h; (c) discharging
and (d) charging.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9cc04720d

Published on 24 ervence 2019. Downloaded by Fail Open on 23.07.2025 10:02:14.

Communication

cathodes during charging (Fig. 4d and Fig. S9b, ESIt), the quantity
of evolved CO, for the Ru-Co,N/Co-NC electrode is obviously lower
than that for the KB cathode. These above results further demon-
strate that Ru-Co,N/Co-NC can effectively reduce side reactions
and improve the reversibility of Li-O, batteries.

In summary, Co,N/Co-NC was synthesized through pyrolysis
of ZIF-67 and further coated with Ru nanoparticles to form
Ru-Co,N/Co-NC. The Ru coating layer coupled with uniform
Co,N/Co nanoparticles can effectively promote decomposition
of discharge products. N-doped porous carbon matrix provides
enough channels to transfer O,/ion for reactions in Li-O,
batteries. Hence, Ru-Co,N/Co-NC based Li-O, battery shows
super-high capacity, low charge overpotential and long cycling
life. A series of ex situ SEM, FT-IR, PXRD and in situ DEMS
investigations were conducted to confirm that Ru-Co,N/Co-NC
is stable and enhances the reversibility of Li-O, cells. However,
slight electrolyte decomposition still exists in Ru-Co,N/Co-NC
based Li-O, batteries. Hence, developing highly active carbon-
free cathodes coupled with stable electrolytes should be the
next logical step for Li-O, batteries.
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