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Abstract: Rational design of highly active and durable
electrocatalysts for oxygen reactions is critical for rechargeable
metal—air batteries. Herein, we report the design and develop-
ment of composite electrocatalysts based on transition metal
oxide nanocrystals embedded in a nitrogen-doped, partially
graphitized carbon framework. Benefiting from the unique
pomegranate-like architecture, the composite catalysts possess
abundant active sites, strong synergetic coupling, enhanced
electron transfer, and high efficiencies in the oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER). The
Co;0 ;based composite electrocatalyst exhibited a high half-
wave potential of 0.842 V for ORR, and a low overpotential of
only 450 mV at the current density of 10 mA cm ™2 for OER. A
single-cell zinc—air battery was also fabricated with superior
durability, holding great promise in the practical implementa-
tion of rechargeable metal—air batteries.

The fast depletion of fossil fuels and severe deterioration of
ecology have stimulated extensive research on the utilization
and storage of clean and sustainable energy.'! Among various
energy storage technologies, rechargeable metal-air batteries
possess the highest energy density, making them excellent
candidates for next generation electrical vehicles (EVs) and
hybrid electrical vehicles (HEVs).”) In metal-air batteries,
a metal anode is coupled with an air-breathing cathode that
utilizes oxygen from the atmosphere as the reactant for the
electrochemical reactions.”! Discharging and charging pro-
cesses occur driven by the electrocatalytic oxygen reduction
reaction (ORR) and oxygen evolution reduction (OER).[
The major challenge associated with the commercialization of
metal-air batteries resides in the sluggish kinetics of the ORR
and OER resulting in large overpotentials.”! Therefore,
developing efficient electrocatalysts with high catalytic activ-
ities is of great importance for high performance metal-air
batteries.!

Precious metal-based catalysts such as platinum (Pt),[!
palladium (Pd),” iridium (Ir),”) and alloys'” have been
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intensively studied showing superb catalytic properties and
have been widely accepted as the most active electrocatalysts.
Unfortunately, the scarcity and electrochemical instability of
these catalysts have prevented their widespread use owing to
extremely high costs and unsatisfactory durability.'' Non-
precious transition metals (such as Fe, Co, Ni, Mn)!"? and
perovskite-based™®  catalysts have been extensively
explored."! However, they suffer from inefficient catalytic
activity owing to self-accumulation and intrinsically poor
electrical conductivity. To address these challenges, nano-
structured materials with various morphologies (nanoparti-
cles, nanowires, nanosheets, nanotubes) have been designed
for effective exposure of catalytic planes and enhanced
diffusion of reactive species' while conductive carbon
materials (carbon nanotubes (CNTs)!"! and graphenel'”) are
often introduced into catalysts to increase the conductivity
and structural stability.'"®! For example, the Co;O, nano-
crystal/reduced graphene oxide bi-functional catalyst exhibits
unusual catalytic activity attributed to the synergetic chemical
coupling effects.””) Despite numerous studies, rational design
strategy and efficient development of desired high-perfor-
mance electrocatalysts is yet limited.””! An efficient electro-
catalyst is expected to: i) exhibit high catalytic activity with
a large number of active sites for ORR and OER processes;
ii) possess sufficient mass transfer pathways for fast electrode
kinetics; and iii) be chemically stable with robust material
and/or electrode architecture for high durability.?!!

Herein, we demonstrate the development of pomegran-
ate-like electrocatalysts based on transition metal oxide
nanocrystals embedded in a nitrogen-doped, partially graphi-
tized carbon framework with excellent catalytic activity for
ORR and OER and outstanding durability. Nitrogen-doping
has been reported to remarkably accelerate the OER process
by participating in the electrocatalytic reaction.’” To dem-
onstrate the design concept, cobalt oxide (Co;0,) was chosen
as a model material owing to its abundance and theoretically
high electrocatalytic activity.™ As illustrated in Scheme 1,
the Co;O, nanocrystals embedded nitrogen-doped, partially
graphitized carbon framework (Co;O,/NPGC) with unique
pomegranate-like composite architecture provides several
major advantages: i) low dimension of highly active Co;0,
nanocrystals seeds possess active sites for electrochemical
reactions; ii) the pomegranate-like structure efficiently pre-
vents the metal oxide from self-accumulation and provide the
mass transfer pathways, which further maintains the catalytic
activity; iii) graphitized carbon shell and framework is not
only highly conductive, which significantly increases electrical
conductivity (Supporting Information, Figure S1), but also
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Scheme 1. lllustration of the bifunctional electrocatalyst of Co;O4 nano-
crystals embedded in a nitrogen-doped partially graphitized carbon
framework with unique pomegranate-like composite architecture.

chemically stable and highly robust, which enhances the
durability of the catalyst.

The morphology of the Co;O0,/NPGC was characterized
by scanning electron microscopy (SEM). Figure 1 A shows
a representative SEM image of as-synthesized nanocompo-
sites that possess spherical morphology with smooth surface
and uniform size. High-magnification SEM images (Fig-
ure 1B) clearly displays the spheres with an average diameter
of around 300 nm. The structure of the Co;O,/NPGC nano-
composites was revealed by transmission electron microscopy
(TEM). Figure 1C shows a representative TEM image of the
nanocomposites where three spheres can be observed. A

Figure 1. A) Low- and B) High-magnification SEM images of as-synthe-
sized Co;0,/NPGC. C) TEM image of three Co;O,/NPGC composite
spheres. D) HRTEM image of partially graphitized carbon on the edge
of a composite sphere. E) HRTEM image of partially graphitized
carbon within a composite sphere. F) HRTEM image of a single Co;0,
nanocrystal embedded within Co;O,/NPGC. G) The corresponding FFT
diffraction pattern of the single Co;O, nanocrystal. H) HAADF-STEM
image of the Co;0,/NPGC, and I) the corresponding element mapping
spectra on Co, O, C, and N.
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pomegranate-like composite architecture was found with
clusters of seeds encapsulated within the carbon framework.
High-resolution TEM (HRTEM) images revealed that the
carbon framework is highly graphitized owing to the presence
of cobalt. The graphitization occurs not only on the surface
(Figure 1D), but also within the whole composite spheres
(Figure 1E), forming highly conductive carbon networks. It is
worth mentioning that the carbon framework is still porous,
which provides sufficient pathways to facilitate mass transfer.
The encapsulated seeds, with an average size of ~ 10 nm, were
highly crystalline and could be indexed to cubic Co;O, where
the (220) plane is exposed (Figure 1F and G).” These
nanocrystals have intimate contact with the highly conductive
graphitized carbon framework, which significantly improves
the conductivity of the composite electrochemical catalyst.
The pomegranate-like structure was further revealed by high-
angle annular dark field (HAADF) scanning TEM (STEM)
image (Figure 1H), where the nanocrystals seeds were
assembled and encapsulated within the carbon framework.
The corresponding energy-dispersive X-ray spectroscopy
(EDS) mapping (Figure 1I) confirmed the presence of
elements Co, O, C, and N. The homogeneous dispersion of
C and N indicated the successful N-doping, while the
uniformly distribution of Co and O confirmed the formation
of cobalt oxides.

Nitrogen adsorption/desorption analysis was used to
examine the pore structure of the Co;O,/NPGC. As shown
in Figure 2 A, a type-IV isotherm is obtained, suggesting the
coexistence of mircropores and mesopores.””! The pore size
distribution (Figure 2 A, inset) confirms the hierarchically
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Figure 2. A) N, adsorption/desorption isotherms and pore size distri-
bution, B) TGA profile, and C) Raman spectrum of the Co;0,/NPGC.
D) Core-level scan XPS spectrum of element N in the nanocomposites.
E) XRD pattern of the Co;0,/NPGC. F) Core-level scan XPS spectrum
of element Co in the nanocomposites.
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porous structure that is mainly originated from the assembly (A= T—gomre0 (B)~ o
of Co;0,4 nanocrystals. The nanocomposites possess a high §: "g°3°/P‘iCIC A E ;
Brunauer—-Emmett-Teller (BET) surface area of 145 m?g" §_3 Nonoparties’ " * E;s
which provides high density of active sites for redox reactions, g 4 g ‘5‘
and a Barrett-Joyner—Halenda (BJH) pore volume of = s
0.24 cm*g™" which favors the mass transfer. According to 5 57
the thermogravimetric analysis (Figure 2B), the Co;0, con- W 0w Y 05 08 10
Potential ( V vs. RHE) Potential ( V vs. RHE)
tent in Co;O,/NPGC was calculated to be 79.6 %, while the (€) . (D)~
carbon content was 20.4%. The carbon framework was o / E::
clearly highly graphitized (Figure 2C), with an Ip/I; ratio of B £,
1.27. To further determine the chemical composition of the % om / g 6] — cojo/nPGC
. = = -045V a -- Co;0,/PGC
nanocomposites, X-ray photoelectron spectroscopy (XPS) 50 ~050v| E*1_ commemaicoo, /,
analysis was performed (Figure S2). The presence of the e g4 'g': Nanoparlses 27"
element N indicated the successful incorporation of N into the M5k om o oz 0w 036 13 e 15 15 17 1
e . . . . w2(s"2 rad1?2) Potential (V vs. RHE)
graphitic matrix with a N-doping content of 2.94%. Fig- (E)~o (F)~
ure 2D shows the core-level scan spectrum of N 1s that can be £, _,C,;Jco ;’:’:fsf £ :: - Sitiree
interpreted into three characteristic peaks located at 398.88, <§ <5w :/”ZC::::;
400.81, and 404.69 eV, corresponding to three main nitrogen H g
species (pyridinic, quaternary, and nitrogen oxides)?! with g | .
the content of 46.18, 39.31, and 14.51 %, respectively. Note g £
that both pyridinic and quaternary N-dopants possess the ° VY Yy o ° s 7 )
electron-accepting ability which creates net positive charges Potential (V vs. RHE) Potential (V vs. RHE)
on adjacent carbon atoms to facilitate oxygen adsorption for  Figure 3. A) Comparison of ORR polarization curves of Co;0,/NPGC,
ORR with low overpotential.””) The X-ray diffraction pattern ~ €0:04/PGC, a‘nd ‘commercial Co;0, nanoparticlles electroca‘talysts.
of the nanocomposites (Figure 2E) further confirmed the l(gzo(gs: ;:(I)gr'rze;:';mc;“évfs E)fti%co;/opc/ﬁ;tctélffg;eglxtzt:iZE:Z?eds
forma.tlon' of cubic CO,3O4 (JCPDS No. 42-1467)'[.28] The crystal OER polarizatif)n curves opro3O4/N|3:’G4C, Co;0,/PGC, arF:d commercial
domain size was estimated to be 9.68 nm using Sherrer’s Co;0, nanoparticles electrocatalysts. Comparison of E) ORR polariza-
equation, which is consistent with the HRTEM observations.  tion curves of Co;0,/NPGC and Pt/C catalysts at 900 rpm, and F) OER
Figure 2F depicts the core-level scan spectrum of Co 2p,  polarization curves of Co;0,/NPGC, Ir/C, and Pt/C catalysts.
which exhibits a doublet at 795.87 and 780.75 eV, confirming
the presence of Co with mixed valence. The Co 2 p5, spectrum
(Figure 2F, inset) can be deconvoluted into several peaks, of  non-uniform electron density distribution on adjacent carbon
which the peaks with binding energies of 781.21 and atoms and facilitate O, adsorption and dissociation, thus
779.99 eV can be attributed to nitrogen- and oxygen-coordi-  functioning as the efficient active site of ORR. To further
nated Co, respectively, implying the formation of Co—N and  investigate the ORR kinetics of the Co;O0,/NPGC electro-
Co—O structures that exhibit considerable catalytic activity.”!  catalyst, polarization curves were obtained at various rotation
The Co;0,/NPGC nanocomposites possess unique pom-  speeds ranging from 400 to 2500 rpm. As shown in Figure 3B,
egranate-like architecture for improved -catalytic perfor- the Co;0,/NPGC exhibited a well-defined platform of
mance. The electrocatalytic activity of the Co;O,/NPGC for  diffusion-limited currents at all rotational speeds. More
ORR was first investigated by linear sweep voltammetry  importantly, the near parallelism of the fitted lines suggests
(LSV) in O,-saturated 0.1m KOH electrolyte using a three-  first-order reaction kinetics toward the concentration of
electrode system. Commercial Co;O4 nanoparticles, with an  dissolved oxygen. Based on the Koutecky-Levich (K-L)
average size of 50 nm, and the nanocomposite without N-  equation where the corresponding K-L curves were plotted
doping (Co;0,/PGC) were also measured for comparison. by the inverse current density (/') versus the inverse of the
The polarization curves of different catalysts at a scan rate of ~ square root of the rotation speed (w'?) at various electrode
10 mVs™ and a rotation speed of 1600 rpm are shown in  potentials (—0.45, —0.50, —0.55, and —0.60 V vs. SCE;
Figure 3A. The Co;0,/PGC showed an onset potential of  Figure 3C), the number of electrons (n) transferred during
0.93 V (vs. reversible hydrogen electrode, RHE) and diffu- ORR is estimated to be ~4.0. The linearity of the K-L plot
sion-limited current density of —4.45mAcm 2, which is  and the n value indicate fast kinetics with a predominant four-
similar to the commercial Co;0O, nanoparticles (0.93V vs.  electron reduction reaction mechanism throughout the entire
RHE and —4.55 mA cm 2). By comparison, the Co,O,/NPGC  potential range inspected. As mentioned above, the graphi-
exhibited a pronounced improvement in ORR activity, with  tization occurs not only on the surface, but also within the
its more positive onset potential of 0.97 V and significantly =~ whole nanocomposites during synthesis, which leads to
larger diffusion-limited current density of —5.84 mAcm 2.  a highly conductive carbon framework contributing the fast
Additionally, the more positive half-wave potential of Co;O,/ ORR process.
NPGC (E;;;=0.842 V) compared with that of the commercial To assess the bifunctionality of the Co;O0,/NPGC nano-
Co;0, nanoparticles (0.68 V) and the Co;0,/PGC (0.69 V)  composites catalyst, the catalytic activity for OER was also
suggests a synergistic ORR activity of Co;0, and N-doped investigated. Figure 3D compares the LSV behavior of as-
GC in the nanocomposite. Note that quaternary N can induce  prepared Co;0,/NPGC, Co;0,/PGC, and commercial Co;0,
Angew. Chem. 2016, 128, 50615066 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 5063
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nanoparticles catalysts in the voltage range from 0 to 0.8 V
(vs. RHE) at a scan rate of 10 mVs ™' and a rotation speed of
900 rpm in N,-saturated 0.1m KOH. As expected, the Co;0,/
NPGC showed the lowest overpotential of only 450 mV at the
current density of 10 mA cm™2 compared to the overpoten-
tials of Co;0,/PGC (495mV) and commercial Co;0,
(>600mV). We believed that with the help of nitrogen
doping, more Co;0, active sites could be exposed and
participate in the reaction. The synergistic combination of
Co0;0, NCs and nitrogen-doped partially graphitized carbon
can significantly improve the catalytic activity of this material.
The ORR and OER activities of these three materials are
summarized in Table S1.

Remarkably, Co;0,/NPGC shows outstanding catalytic
performance even compared to those precious metal cata-
lysts. As shown in Figure 3E, Co;0,/NPGC exhibits a 24 mV
higher half-wave potential than the Pt/C catalyst, which is
considered as the best electrocatalyst for ORR at a rotation
speed of 900 rpm. For the OER process, although Ir/C, one of
the best OER electrocatalysts, possesses a slightly more
negative onset potential, the Co;O,/NPGC exhibits a steeper
polarization curve, indicating that the unique pomegranate-
like architecture along with the synergistic coupling signifi-
cantly improves the reaction kinetics.

To better understand this extraordinary catalytic property,
we correlated the performance with the architecture of the
nanocomposites where the (220) or (110) planes of Co;0,
nanocrystals were preferably exposed (Figure S3) by calcu-
lating the free energies based on density functional theory
(Figure S4). Figure 4 compares how the free energy changes
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Figure 4. Standard free energy diagrams for OER obtained at zero
potential (U=0), equilibrium potential for OER (U=1.23 V), and at
the potential for which all steps proceed downward at pH 14 and
T=298 K.

at the (110) (Figure 4A) and (111) (Figure 4B) planes of
cubic Co;0, nanocrystals in each step during the OER
process at zero electrode potential (2 =0V vs. RHE) and
reversible potential for each intermediate reaction. At the
equilibrium potential (U=1.23 V), on Co;0, (110) surface,
OH* and O* formation is energetically downhill (exother-
mic), whereas all of the other steps are uphill (endothermic).
On the Co;0, (111) surface, OH* and O, formation is
energetically downbhill, whereas all of the other steps are
uphill at U=1.23 V. By applying an overpotential U > 123V,
all of the free energy steps of OER intermediates become
relatively more negative at potentials 2.37 and 3.60 V (vs.
RHE) for (110) and (111) planes, respectively. Significantly
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lower overpotentials are obtained from the Co;0, (110)
surface compared to the Co;O, (111) surface, clearly indicat-
ing that Co;0, (110) has superior OER activity.

To explore the feasibility of the pomegranate-structured
electrocatalyst for future practical applications, a single-cell
practical zinc-air battery was assembled using the Co;O,/
NPGC nanocomposites as the active air electrode material
and oxygen in atmospheric air as the main source of fuel
(Figure 5 A). Figure 5B shows the galvanodynamic behaviors
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Figure 5. A) Configuration of the single-cell zinc—air battery. B) Galva-
nodynamic charge—discharge profile of the rechargeable zinc-air
battery with Co;0,/NPGC nanocomposites electrocatalyst. Galvano-
static charge—discharge cycling performance of rechargeable zinc—air
batteries with C) commercial Ir/C, D) commercial Pt/C, and E) Co;O,/
NPGC nanocomposites electrocatalysts, respectively.

of the Co;0,/NPGC nanocomposite electrocatalyst during
battery charge and discharge processes. The zinc-air battery
using Co;0,/NPGC composite electrocatalyst exhibited com-
parable discharge performance to Pt/C catalyst at relatively
lower current densities, and significantly outperformed the
zinc—air battery using Pt/C catalyst at relatively higher current
densities, which is consistent with the performance compar-
ison in half-cells (Figure S5). The excellent single-cell zinc—air
battery performance clearly shows its cost competitiveness
over precious-metal-based commercial catalysts. Moreover,
compared to the durability of commercial Ir/C (Figure 5C)
and Pt/C (Figure 5D), the Co;O,/NPGC electrocatalyst
exhibits significantly improved durability (Figure SE) with
virtually no voltage fading for both the discharge and charge
process even more than 80h of continuous operation.
Interestingly, the discharge overpotential is progressively

Angew. Chem. 2016, 128, 50615066
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improved as the cycling proceeds, which may be attributed to
the unique composite architecture where the catalyst is
gradually activated. In contrast, both the state-of-the-art Ir/
C and Pt/C catalysts provide inferior cycle stability with
operation time of less than 45h (Figure 5C) and 30h
(Figure 5D), respectively, resulting in a significant discharge
and charge performance losses. The superior performance of
the Co;0,/NPGC electrocatalyst is mainly attributed to the
unique composite architecture. On the one hand, the partially
graphitized carbon frame not only is robust enough for
repeated cycling, but also provides sufficient protection for
highly active Co;0, nanocrystals. On the other hand, the N
dopants coupling with Co;O, nanocrystals efficiently enhance
the integrity of the composite spheres, enabling a long cycling
stability.

In summary, a pomegranate-like electrocatalyst has been
successfully designed and characterized based on transition
metal oxide nanocrystals embedded in a nitrogen-doped,
partially graphitized carbon framework. The electrocatalysts
using Co;0, nanocrystals exhibit excellent catalytic activity
for ORR and OER, and outstanding durability owing to the
unique pomegranate composite architecture, where low-
dimension nanocrystal seeds possess highly active sites for
electrochemical reactions, and the graphitized carbon shell
and framework significantly increases the electrical conduc-
tivity and structural stability. Moreover, the pomegranate-like
structure efficiently prevents the metal oxide from self-
accumulation and provides the mass transfer pathways, which
further maintains the catalytic activity. The excellent single-
cell zinc-air battery performance is achieved with superior
durability, holding great promise in the practical implemen-
tation of rechargeable metal-air batteries.
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