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Abstract

Rational construction of carbon-based materials with high-efficiency bi-
functionality and low cost as the substitute of precious metal catalyst shows a
highly practical value for rechargeable Zn-air batteries (ZABs) yet it still re-
mains challenging. Herein, this study employs a simple mixing-calcination
strategy to fabricate a high-performance bifunctional composite catalyst
composed of N-doped graphitic carbon encapsulating Co nanoparticles
(Co@NrC). Benefiting from the core-shell architectural and compositional
advantages of favorable electronic configuration, more exposed active sites,
sufficient electric conductivity, rich defects, and excellent charge transport, the
optimal Co@NrC hybrid (Co@NrC-0.3) presents outstanding catalytic activity
and stability toward oxygen-related electrochemical reactions (oxygen reduc-
tion and evolution reactions, i.e., ORR and OER), with a low potential gap of
0.766 V. Besides, the rechargeable liquid ZAB assembled with this hybrid
electrocatalyst delivers a high peak power density of 168 mW cm™2, a small
initial discharge-charge potential gap of 0.45V at 10 mA cm™2, and a good rate
performance. Furthermore, a relatively large power density of 108 mW cm™2 is
also obtained with the Co@NrC-0.3-based flexible solid-state ZAB, which can
well power LED lights. Such work offers insights in developing excellent
bifunctional electrocatalysts for both OER and ORR and highlights their po-
tential applications in metal-air batteries and other energy-conversion/storage
devices.

KEYWORDS
Co nanoparticles, core-shell nanostructure, N-doped graphitic carbon,
oxygen electrocatalysis, Zn-air battery

Jie Yu and Yawen Dai equally contributed to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2022 The Authors. Carbon Energy published by Wenzhou University and John Wiley & Sons Australia, Ltd.

576 wileyonlinelibrary.com/journal/cey2 Carbon Energy. 2022;4:576-585.


mailto:meng.ni@polyu.edu.hk
mailto:shaozp@njtech.edu.cn
https://onlinelibrary.wiley.com/journal/26379368
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcey2.171&domain=pdf&date_stamp=2022-03-21

YU ET AL.

577

1 | INTRODUCTION

The limited resources of traditional fossil fuels on Earth
and the severe environmental issues from their over-
consumption have prompted considerable research ac-
tivities on various clean and sustainable energy storage
and conversion systems.'* Previously, lithium-ion bat-
teries were considered as the advanced electrochemical
energy storage device, however, due to the scarcity of
lithium resources, the safety concern about the organic
liquid electrolyte, and the limited energy density, which
may not be suitable for larger-scale use in the future.’
One better choice is rechargeable zinc-air batteries
(ZABs), which use metallic zinc as anode and oxygen
from the air as the cathodic reactant and have received
intensive attention recently. The advantageous features
of ZABs for electrochemical energy storage include high
theoretical energy density (1218 Whkg™'), an abun-
dance of raw materials (Zn), low cost (more than 6-fold
lower price for Zn than for Li), and high safety (with an
aqueous alkaline solution as the electrolyte).” ® Never-
theless, in such devices, the main challenge for ZABs
relies on the development of air electrode catalysts with
superior bifunctionality, that is, high activity for both
oxygen reduction and evolution reactions (ORR and
OER), which determines the round-trip efficiency. By
far, the best-performing ORR electrocatalysts still
mainly focus on Pt-based materials, and Ru- and Ir-
based nanomaterials are perceived as the benchmark
catalysts toward OER.” ” However, for these noble ma-
terials, not only the high price and scarcity become the
short-slab of their widespread commercialization, but
also their poor stability and insufficient catalytic bi-
functionality are the highly significant concerns.'*"!
Therefore, high-efficiency and robust noble-metal-free
bifunctional oxygen electrocatalysts are urgently re-
quired to satisfy the needs of the rechargeable ZABs.
Metal-free carbon materials show some outstanding
properties, such as the low cost, earth abundance, su-
perior conductivity, controllable surface chemistry,
modified electronic structure, and so forth, which have
provoked substantial attention in the electrocatalysis
field, especially ORR.'”' Wei et al.'” developed
nitrogen-doped carbon nanosheets with size-defined
mesopores by different SiO, templates as highly effi-
cient metal-free catalyst for the ORR. When operating in
alkaline media, the largest pore size of about 22nm
exhibits the highest ORR performance and the onset
potential is only —0.01V versus Ag/AgCl, which was
attributed to the enhanced contact between electrolyte
and reactants.'” Sun et al."® demonstrated that a hybrid
of an ultrathin N-doped holey carbon layer (HCL) and a
graphene sheet overcome the drawbacks of holey
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graphene approaches and exhibit an impressive ORR
activity with the onset potential of 1.0 V versus RHE.
Previously, our group also fabricated three-dimensional
hierarchical porous graphite carbon with rich defects as
super ORR catalyst, which became the best one among
all reported metal-free ORR catalysts so far. Although
this common metal-free carbon delivered excellent ORR
activity, its OER behavior was far from satisfied."” Only
a few reports on carbon materials as super OER elec-
trocatalysts were given.'® "

Heteroatom N introduction is regarded as a powerful
strategy to ameliorate the catalytic activity of these
carbon-based electrocatalysts.”"*> The N dopants can
well break the electroneutrality of the nearby carbon
atoms, thus induce asymmetry of the charge distribution,
bring about defects in neighboring sites, and thereby
create  positively charged sites in favor of
O-related intermediates adsorption and reaction.”””*
Nevertheless, as compared to the ORR, the space to en-
hance the OER activity is still rather limited. As a suc-
cessful strategy, Deng et al.”” reported a unique core-shell
nanostructure in which transition-metal nanoparticles
were encapsulated in a carbon layer, which displayed
remarkable OER performance. In such a structure, the
presence of metal nanoparticles can promote electron
transfer from the inner metal core to the outer carbon
layer, and thus the carbon shell became highly active
with the accelerated O, adsorption and dissociation
abilities; consequently, both OER and ORR behavior
were well initiated.?® In addition, the inner metal core
was efficiently protected by the stable carbon shells from
the harsh reaction condition.”® More importantly, the
enhanced catalytic properties related to the transferred
charge are tightly associated with the corresponding
metal proportion in the hybrids. Considering these
points, in this study, we prepared a bifunctional catalytic
material with a core-shell nanostructure consisting of Co
nanoparticles encased by N-rich and graphitic carbon
framework, through a simple and scalable one-step an-
nealing route (Co@NrC). We probed the effect of Co
amount on carbon structural properties and the resulting
catalytic behavior. The optimal Co@NrC (Co@NrC-0.3)
delivered remarkable electrocatalytic activities for ORR
and OER under alkaline conditions, which only needed
the potential gap (AE) of 0.766 V, as well as good dur-
ability. This result could totally be comparable with that
of the commercial Pt/C and RuO, benchmarks. When
served as the cathode electrocatalysts in practical re-
chargeable aqueous and all solid-state ZABs, the large
peak power density, small charge-discharge polarization
potential difference, and prolonged cycling lifespan were
also offered for the Co@NrC-0.3 sample, showing a great
potential of practical application.
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2 | RESULTS AND DISCUSSIONS

The general fabrication procedure of the Co@NrC samples
is illustrated in Scheme 1, which briefly was based on a
facile premixing process with subsequently programmed
carbonation (the details can be seen from the Supporting
Information experimental section). The products prepared
with different amounts of cobalt nitrate were denoted as
Co@NrC-x (x=0.15, 0.3, 0.45, or 0.6). According to the
scanning electron microscopy (SEM) results, all as-
prepared Co@NrC materials embraced a micron-sized in-
terconnected flake-like morphology, and with an increase
in the Co content, some CNTs appeared (Figures 1A and
S1). The transmission electron microscopy (TEM) image of
Co@NrC-0.3 reveals that many small metal nanoparticles
with a mean diameter of ~16.1 nm were uniformly sup-
ported on the carbon framework and more importantly
these particles were well capped by thin graphitic carbon
layers (Figures 1B,D and S2). From the high-resolution
(HR)-TEM images in Figure 1C,E,F, it was found that the
outer carbon layers of marginal particles were not uniform,
and almost all were less than 10 layers. Specifically, the
majority of the carbon shells are one to seven layers thick.
Such thin graphitic carbon layers are favorable for electron
transport from the metal core to the carbon coat, so as to
effectively enhance the catalytic behavior on the carbon
shell.”” Additionally, Figure 1G clearly shows that the lat-
tice distance of the covered metal particle is 0.205nm,
which well corresponds to the (111) plane of the cubic
metallic Co. Another distinct lattice fringe space of 0.35 nm
in the carbon shell indicates the highly graphitic nature of
the obtained material. The energy-dispersive X-ray (EDX)
elemental mapping images are presented in Figure 1H,
which verifies the uniform dispersion of Co, C, and N
elements.

Figure 2A shows the corresponding X-ray diffrac-
tion (XRD) patterns of all obtained samples, which can
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further identify their composition. Similar diffraction
features were detected in all samples. There are three
obvious peaks at 44.03°, 51.30°, and 75.66°, exactly
matching with the (111), (002), and (022) planes of
cubic Co phases, respectively. As the amount of the Co
raw materials increased, the diffraction peaks assigned
to cubic Co became gradually stronger, revealing the
existence of a larger proportion of metal Co. Besides, a
remaining broad peak centered at ~26° can be indexed
to C (002), which testifies the formation of graphene-
like carbon. Such a result is in good agreement with
the HRTEM observations. The accurate contents of Co
metal in four Co@NrC hybrids are 13.07, 25.50, 37.15,
and 48.09 wt%, respectively, based on inductively
coupled plasma mass spectrometry (ICP-MS). In Ra-
man spectra (Figure 2B), two typical peaks located at
1350 and 1583 cm™! are observed, which represent the
D and G bands, respectively. The graphitization degree
on carbon materials is indicated by the G band while
the strength of the D band suggests the structural
defects in the carbon lattice.”® By increasing
the Co concentration of Co@NrC, the intensity ratio
I/I; decreased (Co@NrC-0.15: 1.01; Co@NrC-0.3:
0.99; Co@NrC-0.45: 0.93; Co@NrC-0.6: 0.91.)
(Figure 2B), which implies that the incorporation of
more metallic Co can reinforce the crystallinity of the
carbon and reduce the quantity of the lattice defects.
High graphitization degree is highly essential to good
electrical conductivity while rich defect sites attribute
to more active centers associated with oxygen elec-
trocatalysis. Thereupon, to balance them, a moderate
Ip/I value is required for the electrocatalytic process.
The N, adsorption-desorption experiments of all
samples were conducted out to disclose pore structure
features and the surface area (SA). As can be seen from
Figures 2C and S3, all Co@NrC hybrids have a typical
type-IV isotherm with a hysteresis loop, indicating
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SCHEME 1 The schematic synthesis of the as-prepared Co@NrC samples
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FIGURE 1 (A)SEM, (B) TEM, and (C-G) high-resolution TEM images of the Co@NrC-0.3 sample (L represents layers). (H) High-angle
annular dark-field scanning transmission electron microscopy and the corresponding element mapping images of Co@NrC-0.3. SEM,

scanning electron microscopy; TEM, transmission electron microscopy

similar mesoporous properties. Among the Co@NrC
composites, Co@NrC-0.3 presented the largest specific
SA of 273.6 m* g™, This large SA can be helpful to the
electrocatalytic process in view of the availability of
more catalytic active centers.

X-ray photoelectron spectroscopy (XPS) measure-
ments were offered as a superb platform to observe
the composition and valance state information of the
Co@NrC samples. On basis of the full survey spectra
(Figure S4), Co, N, and C elements were coexistent.
Table S1 reveals that the nitrogen content determined by
XPS declined with augmentation of the Co amount
for the Co@NrC samples. The nitrogen concentration in
Co@NrC-0.3 was 7.93 atom%. The high-resolution N 1s

spectra in Figure 2D could be deconvoluted into five
nitrogen species, that is, pyridinic N (398.4 eV), metal-N
(399.3 eV), pyrrolic N (400.6 eV), graphitic N (401.9 eV),
and oxidized N (404.8¢eV), disclosing the successful
doping of N.” Figures 2E and S5 depict the comparison
of different N species in Co@NrC hybrids. The relative
atom percentages of pyridinic N, metal-N, pyrrolic N,
graphitic N, and oxidized N for Co@NrC-0.3 were cal-
culated to be 33.10%, 21.71%, 21.62%, 15.20%, and 8.31%,
respectively. As expected, the pyridinic N and metal-N
ratios in Co@NrC-0.3 were larger than the results in
other Co@NrC samples, which were deemed to play a
vitally significant role in oxygen electrocatalysis,
as reported in a previous study.’”’' The deconvoluted
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FIGURE 2 (A) XRD diffraction patterns and (B) Raman spectra of all Co@NrC samples. (C) N, adsorption/desorption isotherms and
(D) high-resolution N 1s XPS spectrum of Co@NrC-0.3. (E) Relevant contents of various N species for all Co@NrC samples. (F) High-
resolution Co 2p XPS spectrum of Co@NrC-0.3. XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy

high-resolution C 1s spectra with four peaks of the C=C,
C-N, C=N, and O=C-0O bonds further substantiate the
presence of the N dopants (Figure S6).”” Besides, in the
high-resolution Co 2p spectrum (Figure 2F and S7), two
different chemical species of Co (0) and Co (II) were
obtained. The Co (II) species was mainly due to the
oxidation of Co metal.””

On basis of these abovementioned positive results,
the ORR electrocatalytic behavior of all prepared
Co@NrC hybrids and the commercial Pt/C were first
evaluated in O,-saturated 0.1 M KOH. All potentials were
calibrated to a reversible hydrogen electrode (RHE). As
described in Figure 3A, a clear ORR cathodic peak was
observed in the cyclic voltammetry (CV) curve under the
O,-saturated KOH condition instead of N, atmosphere,
demonstrating the electrocatalytic oxygen reduction
ability of the Co@NrC-0.3 sample. Figure 3B presents the
typical linear sweep voltammetry (LSV) curves of all
materials. It is apparent that Co@NrC-0.3 had the higher
onset and half-wave potentials (Egpge; =0.97V; Eq/p =
0.85V) than other Co@NrC catalysts (Co@NrC-0.15:
Eonset =097V; Ey,=0.85V; Co@NrC-0.45: Ejpset=
092V; E;;,=081V; Co@NrC-0.6: E;ne:=091V;
Ei,,=0.81V), which was also comparable to the
results of the benchmark Pt/C (Egpset=0.99V,
E1/,=0.85V). In addition, a large limiting current den-
sity of Co@NrC-0.3 further confirms the outstanding
electrocatalytic activity. The Tafel slope plot of Co@NrC-
0.3 in Figure 3C displays a value of 81 mV dec™*. This

value is not the lowest one among the results of
Co@NTrC, but it was also very close to that of Pt/C,
suggesting a Pt-like ORR kinetic. As indicated by the
Koutecky-Levich (K-L) data (Figure 3D), the electron
transfer number for Co@NrC-0.3 was calculated to be
about 3.8, representing a predominant four-electron
process toward ORR. In addition to the ORR perfor-
mance, the catalytic properties of these Co@NrC cata-
lysts and commercial RuO, for OER were also
investigated in 0.1 M KOH media. A small overpotential
of 386 mV was needed to deliver the 10 mA cm ™ current
density for the Co@NrC-0.3 sample, which is obviously
better than other Co@NrC materials and commercial
RuO, (Co@NrC-0.15: 466 mV; Co@NrC-0.45: 406 mV;
Co@NrC-0.6: 407 mV; RuO,: 440 mV) (Figure 3E). Be-
sides, this Co@NrC-0.3 catalyst also offered a relatively
small Tafel slope among all tested samples, which was
91 mVdec™ (Figure 3F). This result signifies a good
kinetic process of Co@NrC-0.3 for OER. The long-term
durability is also critical for the commercialization of an
electrocatalyst. The upper one in Figure 3G exhibits the
ORR chronoamperometric response (i—t) of the optimal
Co@NrC-0.3 and Pt/C samples at a fixed potential of
0.6 V. Obviously, the Co@NrC-0.3 hybrid manifested
outstanding stability with a very minor loss (2%) of
the initial current after a 12-h continuous operation, while
an 18% loss was incurred for the benchmarked Pt/C.
The large attenuation in Pt/C might be originated from the
partial aggregation and detachment of Pt nanoparticles.”
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FIGURE 3 (A) The ORR CV curves of Co@NrC-0.3 in O,- and N,-saturated KOH solution. (B) LSV polarization curves and (C) the

corresponding Tafel plots for ORR of all Co@NrC samples and Pt/C in 0.1 M KOH. (D) LSV curves at different rotation speeds and K-L plots
of Co@NrC-0.3. (E) LSV polarization curves and (F) the corresponding Tafel plots for OER of all Co@NrC samples and RuO, in 0.1 M KOH.
(G) ORR chronoamperometric response of the Co@NrC-0.3 and Pt/C samples at a fixed potential of 0.6 V and the OER chronopotentiometry
testing of the Co@NrC-0.3 and RuO, samples at the current density of 2 mA cm™2. (H) The potential gap (AE) between E;=10mA cm~2and
E;), of all Co@NrC samples and the Pt/C-RuO, couple. (I) The comparison of AE for our prepared Co@NrC-0.3 with reported Co-based
bifunctional electrocatalysts. CV, cyclic voltammetry; K-L, Koutecky-Levich data; LSV, linear sweep voltammetry; OER, oxygen reduction

reaction; ORR, oxygen evolution reaction

The OER durability of Co@NrC-0.3 and RuO, was also
compared by conducting the chronopotentiometry
testing at a current density of 2mA cm ™2 for 6h (the
below one in Figure 3G). The Co@NrC-0.3 catalyst
clearly delivered a lower potential decay than that of
RuO,, suggesting a more stable feature of Co@NrC-0.3
during OER. In total, the above electrochemical results
well reveal the excellent activity and stability of
Co@NrC-0.3 as a bifunctional electrocatalyst for OER
and ORR. As displayed in Figure 3H, the extraordinary
bifunctionality of this Co@NrC-0.3 material for oxygen
electrocatalytic reactions could be further assessed by
calculating the AE value (the gap between the ORR half-
wave potential [E;,;] and OER potential at a current
density of 10 mA cm™” [E; = 10 mA cm™*]). The smallest
AE value in the Co@NrC-0.3 catalyst (AE = 0.766 V) was

found among the comparative samples and noble metal
materials. More importantly, such a result surpassed
most of the reported Co-based bifunctional electro-
catalysts (Figure 31 and Table S2).

Combining the aforementioned physical characteriza-
tion and electrochemical data with the previous study, we
also carried out some following control experiments and
then systematically analyzed the origins of the extra-
ordinary bifunctionality of the Co@NrC-0.3 catalyst. For
sake of gaining deep insights into the effect of the encased
Co, metal-free carbon with abundant N dopants (named as
NrC) was further synthesized in absence of Co precursors.
The NrC still showed a flake-like morphology
(Figure S8) and had a high total N content and pyridinic N
ratio according to XPS results (Table S1 and Figure S9).
More significantly, its SA was also very large,
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approximately 292.3m”*g™' (Figure S10). However, the
ORR activity of NrC was obviously inferior to these of all
Co@NrC catalysts (Figure S11). And as expected, a neg-
ligible OER activity was observed for NrC (Figure S11).
Such findings well highlighted the importance of the im-
plantation of cobalt in carbon materials for catalyzing the
OER and ORR. Besides, it should be noted that Co single
atoms are also likely embedded in the NrC scaffold, con-
sidering the synthesis method, which has been known to
deliver active electrocatalytic activity toward OER and
ORR in several previous studies.” *® To further determine
the contribution from these single atoms on the OER and
ORR performance, we subjected the Co@NrC-0.3 sample
to etching for removing the metal-carbon core-shell
structure; the resulting sample of which was named as
s-Co@NrC. This is evident in the XRD patterns and
HR-TEM images that show the absence of most Co na-
noparticles (Figure S12A-C). According to the electro-
chemical measurement, s-Co@NrC indeed offered certain
OER and ORR activities, which but was still largely in-
ferior to the original Co@NrC-0.3 sample (Figure S12D,E).
This suggests that the high performances of Co@NrC-0.3
mainly originated from the metal-carbon -core-shell
structure, instead of Co single atoms. Previous research
works have demonstrated that the electrons from the
metal core can be efficiently transferred to the thin carbon
shell in the core-shell-structured metal-carbon composites
owing to their intimate contact, and as such, this carbon
layer became more active toward the O, adsorption and
dissociation and eventually promoted the OER and ORR
processes.”” Specifically, as elucidated by XPS, there was a
prominent energy shifting triggered by the strong electron
interactions between some implanted metal atoms and
pyrrolic N species of the carbon skeleton, which brought
about the appearance of the metal-N bond. Meanwhile,
the abundant N-related functional groups (especially pyr-
idinic N and metal-N) in carbon materials feature with the
strong electron-withdrawing capability, which could in-
duce more charge on the nearby C atoms and thereby
bestow them as active sites toward oxygen -electro-
catalysis.”**” Among the various Co@NrC materials with
different Co content, Co@NrC-0.3 held the best
metal-carbon core-shell structure for ORR and OER due
to the largest specific area, optimal carbon structure (suf-
ficient conductivity and a certain amount of defect sites),
and high pyridinic N and metal-N ratios. Besides, a larger
electrochemical active surface area (ECSA) was found in
the Co@NrC-0.3 material in comparison with other
Co@NrC samples (Figure S13), which reveals a better
exposure and improved utilization of active sites. As to the
morphological structure-activity relationship, it was be-
lieved that the highly interconnected porous graphitic
carbon framework with a large specific SA for Co@NrC-

0.3 was favorable to excellent charge (ions and electrons)
transport in the electrocatalysis process, which helped to
catalyze ORR and OER. Simultaneously, the continuous
carbon layer prevented the inner metal from the undesired
detachment and agglomeration, so as to ensure robust
structural stability under long-life operation conditions. To
further elucidate this relationship, the Co@NrC-0.3 cata-
lyst was ball-milled for 3h to destroy the interconnected
porous structure with a large SA and Co@NrC-0.3-d was
attained. The Co@NrC-0.3-d presented a relatively low SA
when compared to that of Co@NrC-0.3 (Figure S14). As
expected, this contrast sample (Co@NrC-0.3-d) exhibited
unsatisfied ORR and OER activities relative to Co@NrC-
0.3 (Figure S15).

The splendid bifunctionality toward OER and ORR in
the alkaline electrolyte endowed the Co@NrC-0.3 material
with a promising application potential as a cathode catalyst
in a homemade ZAB. Consequently, the aqueous ZAB was
assembled with Zn foil as the anodic electrode, the carbon
paper supported Co@NrC-0.3 as the air electrode, and the
6 M KOH+0.2M Zn(Ac), solution as the electrolyte, as
illustrated in Figure S16. For comparison, the benchmark
Pt/C-RuO, couple was tested in another battery. The
Co@NrC-0.3-based ZAB offered a larger open-circuit vol-
tage (OCV) of 147V than that of the Pt/C + RuO,-based
ZAB (1.44V) (Figure 4A). The polarization curves in
Figure 4B manifest that the higher discharge voltages of
1.32, 1.19, and 1.05V at the current densities of 10, 50, and
100 mA cm™2 were attained in Co@NrC-0.3-based ZAB in
comparison with the battery with the Pt/C-RuO, catalyst
(its discharge voltages were 1.28, 1.13, and 0.98V at the
current densities of 10, 50, and 100 mA cm™2). Moreover,
the peak power density of this Co@NrC-0.3-based
battery was as high as 168 mW cm ™2 (Figure 4C), which
clearly outperformed that of the Pt/C 4+ RuO,-based battery
(151 mW cm™2) and also was competitive to many recently
reported results (Table S3). As shown in Figure 4C,
A small discharge-charge potential gap of 045V at
10 mA cm™ for the battery with the Co@NrC-0.3 catalyst
indicates efficient reversibility of this rechargeable ZAB.
Such a small potential gap at the initial stage could be
derived from the Co oxidation.””*® Figure 4D presents
discharge rate performance curves of Co@NrC-0.3 at var-
ious current densities from 1 to 50 mA cm ™2 The discharge
potential decreased with the increase of the current density,
and the potential could well recover with inconspicuous
fading when the current density was restored to the original
state. Such finding signifies that Co@NrC-0.3 had a good
rate performance and superior reversibility. The long-term
cyclability of the assembled Co@NrC-0.3-based ZAB was
further investigated at 2 mA cm ™2 (Figure 4E). Notably, in
the initial cycle, the battery with Co@NrC-0.3 showed a
small initial charge-discharge overpotential. However, after
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polarization curves and the corresponding power density, (C) discharge-

charge polarization curves, and (D) discharge rate performance curves at various current densities of the fabricated aqueous ZABs with

Co@NrC-0.3 or Pt/C + RuO,. (E) The long-term discharge-charge cyclability curve of the Co@NrC-0.3-based ZAB at a current density of

2 mA cm™. ZAB, zinc-air battery
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FIGURE 5 (A) Schematic illustration displaying the flexible all-solid-state ZAB. (B) The discharge polarization curve and the
corresponding power density, and (C) the long-term discharge-charge cycle stability at a current density of 1 mA cm™? of the Co@NrC-0.3-
based ZAB. (D) LED lights powered by two flexible solid-state ZABs under normal and bending conditions. ZAB, zinc-air battery; LED, light

emitting diode

40 h (about 120 cycles), some performance losses, such as
the increased voltage gap, were found. The relatively in-
sufficient stability for Co@NrC-0.3 might be originated
from the initial Co oxidation contribution and subsequent
carbon oxidation corrosion during the OER process.””**

Given the booming demand for flexible electronic
devices, the Co@NrC-0.3 was further applied into the
flexible all-solid-state ZAB for expanding its practical
application. In this solid-state battery, supple zinc
foil was used as the anode, the alkaline gel polymer gel
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(KOH + polyacrylic acid) was employed as the solid
electrolyte, and the carbon cloth coated with Co@NrC-
0.3 was used as the cathode (Figure 5A). The con-
structed Co@NrC-0.3-based  solid-state  battery
delivered a high OCV of 1.40V (Figure S17). The peak
power density of this ZAB with Co@NrC-0.3
was determined to be 108 mW cm™> at 174 mA cm ™2
(Figure 5B), which surpassed most of the previous
solid-state ZABs (Table S4). As depicted in Figure 5C,
the galvanostatic discharge-charge cycle measurement
at 1mA cm™? showed a continuous and steady 15h
operation, disclosing the relatively good stability of
the Co@NrC-0.3-based solid-state battery. As a de-
monstration, some LED (light emitting diode) lights
composing the words of "POLYU" were powered by two
Co@NrC-0.3-based solid-state ZABs connected in series
(Figure 5D). More impressively, these ZABs under bend-
ing conditions also can successfully light these LEDs
(Figure 5D), which suggests excellent flexibility.

3 | CONCLUSION

In summary, a composite of Co nanoparticles embedded
in N-rich graphitic carbon layers was successfully fabri-
cated by a facile mixing-calcination method. The result-
ing Co@NrC-0.3 catalyst with optimal Co concentration
not only demonstrated excellent OER and HER catalytic
activity in alkaline electrolyte with the AE of 0.766 V but
also exhibited prominent long-life stability. These out-
standing catalytic properties could be attributed to the
unique core-shell structure with the good optimization
of oxygen adsorption/dissociation ability. More en-
couragingly, when applied to the rechargeable liquid
ZAB, the battery with Co@NrC-0.3 displayed a high
maximum power density of 168 mW cm ™2, a small initial
discharge—charge potential gap of 0.45V at 10 mA cm™2,
and superior rate performance. Moreover, a prominent
potential application in this flexible all-solid-state ZAB
was attained for this catalyst. These results indicate an
effective strategy to rationally develop and construct the
high-activity and low-cost bifunctional electrocatalysts
for the promising ZAB devices.
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