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a b s t r a c t

The poor stability of non-noble metal catalysts in oxygen reduction reaction (ORR) is a main bottleneck
that limits their big-scale application in metal-air batteries. Herein, we construct a chainmail catalyst
(Co-NC-AD) with outstanding stability, via the competitive complexation and post absorption strategy,
consisting of highly graphitic layers wrapped uniform-size Co nanoparticles (Co-NPs). Experiments com-
bined with density functional theory (DFT) calculations jointly confirmed that the electron transfer
occurred from the inner Co-NPs to the external graphitic layers. It facilitated the adsorption process of
oxygen molecules and the hybridization of the O-2p and C-1p orbitals, which accelerated the ORR reac-
tion kinetics. Consequently, our prepared Co-NC-AD shows excellent ORR activity, offered with a more
positive initial potential (Eonset = 0.95 V) and half-wave potential (E1/2 = 0.86 V). The remarkable stability
and resistance of methanol poisoning are merited from the protection effect of stable graphitic layers. In
addition, the high electrochemical performance of Co-NC-AD-based zinc-air battery demonstrates their
potential for practical applications. Therefore, our work provides new ideas for the design of nano-
confined catalysts with high stability and activity.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

As an important cathode reaction of metal-air batteries and fuel
cells, oxygen reduction reaction (ORR) often requires the introduc-
tion of electrocatalysts to accelerate the reaction efficiency due to
its intrinsic low reaction kinetics. Noble metal catalysts repre-
sented by Pt-based metals are widely commercialized due to their
superior ORR activities [1–6], however, suffering from low earth
abundance and unsatisfying endurance blocking for their large-
scale application. Therefore, it is urgent to develop some candi-
dates with low cost and high activity [7–10]. Carbon materials
are promising catalytic materials due to the advantages of high
conductivity, abundant sources, excellent controllability and sta-
bility, suffering from the poor intrinsic catalytic activity of carbon
materials. Thus, doping atoms with a variety of electronegativity
and radii enable modifying the surface charge distribution and spin
density [11,12]. Nitrogen is the most common doping element due
to its similar atomic structure and strong covalent bond to carbon
[13–16]. Although the catalytic activity of nitrogen-doped carbon
(NC) has been improved in comparison with carbon, a satisfactory
catalytic activity remains to be achieved [17–20].

Transition metal-based catalysts hold unfilled 3d-orbitals for
higher ORR activity [21–25]. However, active centers usually suffer
from a relatively low work function, thereof strong reactivity and
susceptibility to phase change in oxidizing or corrosive environ-
ments. So, poor stability and easy toxicity cannot be bypassed
[26–28]. Recently, Deng and Bao group has proposed the concept
of ‘‘chainmail catalyst”, in which metal cores are wrapped with
stable graphitic layers to avoid a direct contact with those harsh
reaction environments, effectively enhancing the long-term cycla-
reserved.
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bility [29–32]. Studies have manifested that the different work
functions exist between metal nanoparticles (M-NPs) and their
outer graphite layers. They manipulate the internal M-NPs cores
to transfer electrons to the outer surface of the graphite layers,
thereby effectively controlling the charge distribution and spin
density on the carbon surface [33–35]. The graphitic layers provide
a large amount of active sites, and the moderate adsorption
strength between the active sites and intermediate species is con-
ducive to the improvement of catalytic activity [36–38]. Despite
these advances, the ‘‘chainmail catalyst” still confronts some chal-
lenges: how to maximize its catalytic activity by simultaneously
guaranteeing its high stability [30]. In addition, expensive nano-
material precursors and complex synthesis conditions have also
brought challenges to the practical application of ‘‘chainmail cata-
lyst”. The strategy of preparing carbon-based chainmail catalysts
from biomass materials can effectively alleviate these difficulties
[39,40]. As a low-cost biomass material, chitosan has a good
chelating capability to metal ions due to its abundance of amino
and carboxyl groups. The abundant carbon and nitrogen contents
make it a suitable precursor for the preparation of carbon-based
chainmail catalysts.

In this paper, we used the cheap biomass material-chitosan
through secondary pyrolysis and post-adsorption to synthesize a
‘‘chainmail catalyst” with high stability and high catalytic activity.
The optimized Co-NC-AD (AD presents post adsorption process)
showed excellent ORR activity (E1/2 = 0.86 V, Eonset = 0.95 V) com-
parable to the commercial Pt/C (E1/2 = 0.84 V, Eonset = 0.95 V) and
most non-noble metal catalysts in 0.1 M KOH solution, as well as
good stability and methanol resistance. Combined with density
functional theory (DFT) calculation and spectrum analysis, the
excellent ORR activity is mainly derived from that the electron
transfer between the inner Co-NPs and the outer graphitic layers,
as it leads to the changes in the electron distribution of the graphi-
tic layers, which is conducive to the adsorption between oxygen
molecules and active sites. The graphitic layers improved the cata-
lyst stability by avoiding a direct contact between the inner metal
core and highly corrosive environment. The zinc-air battery with
Co-NC-AD showed high power density (194 mW cm�1) and specific
capacity (808 mAh gZn�1) merited from excellent ORR activity. Our
work has positive significance for simple synthesis and perfor-
mance improvement of ‘‘chainmail catalysts”.
2. Experimental

2.1. Synthesis process

2.1.1. Synthesis of NC
Acetic acid (0.6 mL) and chitosan (0.6 g) were dissolved in

20 mL deionized water. The mixture was freeze-dried and trans-
ferred to a porcelain boat. The samples were heated in a tube fur-
nace at 5 �C min�1 and kept 900 �C for 2 h to obtain NCs.

2.1.2. Synthesis of Co/NC
Acetic acid (0.6 mL), chitosan (0.6 g), and cobalt acetate tetrahy-

drate (199.2 mg) were dissolved in 20 mL deionized water. The
mixture was freeze-dried and transferred to a porcelain boat. The
samples were heated in a tube furnace at 5 �C min�1 and kept
900 �C for 2 h to obtain Co/NC.

2.1.3. Synthesis of Co-NC
Acetic acid (0.6 mL), chitosan (0.6 g) and cobalt acetate tetrahy-

drate (199.2 mg) were dissolved in 20 mL deionized water, which
was recorded as the solution A. Zinc acetate (3.668 g) was dis-
solved in 20 mL deionized water, which was recorded as the solu-
tion B. The solution A and solution B were uniformly mixed, the
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formed mixture was freeze-dried and transferred to a porcelain
boat. The samples were heated in a tube furnace at 5 �C min�1

and kept 900 �C for 3 h to obtain Co-NC.

2.1.4. Synthesis of Co-NC-AD-0.5, Co-NC-AD-1, and Co-NC-AD-1.5
100 mg Co-NC and 10 mg, 20 mg and 30 mg CoCl2 were added

to 10 mL isopropanol, respectively, and the resulting mixture was
ultrasonically dispersed for 2 h and then vigorously stirred for 12 h.
After centrifugal cleaning and vacuum drying, the obtained pro-
duct was transferred to a porcelain boat. The samples were heated
in a tube furnace at 3 �C min�1 and kept 900 �C for 3 h. The
obtained products are labeled as Co-NC-AD-0.5, Co-NC-AD-1, and
Co-NC-AD-1.5, respectively. The final Co-NC-AD-1 is represented
as Co-NC-AD.

2.2. Characterization methods

X-ray diffraction (XRD) patterns were analyzed using a Rigaku
D/max2600 X-ray diffractometer (equipped with Cu Ka radiation,
k= 1.5418 Å). Scanning electron microscopy (SEM, Hitachi S-
8010) and transmission electron microscopy (TEM, JEM-2100F)
were used to characterize the morphology and structure of the
samples. Selected area electron diffraction (SAED) was also
observed by JEM-2100F and energy-dispersive X-ray spectroscopy
(EDS) was mounted to analyze the information of element distri-
bution in the sample. X-ray photoelectron spectroscopy (XPS,
ESCALAB-250) was performed using a Ka X-ray spectrometer
(Thermofisher Scientific Company) with an Al source, with a stan-
dard binding energy of 284.8 eV for C 1s. The inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was used to
detect the metal content in the sample. The Brunauer-Emmett-
Teller (BET) specific surface area and Barret-Joyner-Halenda (BJH)
pore size distribution of the sample was analyzed using a gas
adsorption analyzer. Soft X-ray emission spectrometer (SXES) were
operated using X-ray spectrometer SS-94000SXES mounted on
JSM-7900F, equipped at Electron Microscopy Center Jilin Univer-
sity. The graphitization degree (ID/IG) of the samples was measured
by Raman spectroscopy using TESCAN S9000G, and the excitation
wavelength is 514.5 nm. Electron energy loss spectroscopy (EELS)
spectra (Gatan Inc., HV-GIF) mounted on TEM (Jeol Ltd., JEM ARM
1300S) for Co L2, L3 edges were recorded with an energy dispersion
of 0.2 eV ch�1.

2.3. X-ray absorption fine structure (XAFS) measurement and analysis
method

The X-ray absorption spectra of Co K-edge were collected at
4B9A diffraction experimental station in Beijing Synchrotron Radi-
ation Facility (BSFR). Experimental data was collected in fluores-
cence mode using the Lytle detector, and corresponding
reference samples were collected in transmission mode. X-ray
absorption near edge structure (XANES) data were normalized by
the Athena module of Demeter software packages, and extended
X-ray absorption fine structure (EXAFS) data were obtained by
Fourier transform.
3. Results and discussion

3.1. Microstructure characterization

The synthesis step of Co-NC-AD catalyst with hierarchical por-
ous structure is shown in Fig. 1(a). The simple synthesis method
has good repeatability. The 4s and 4p electrons of Co2+ or Zn2+

can be used to coordinate the amino and carboxyl groups on chi-
tosan through the competitive complexation to obtain hydrogel



Fig. 1. (a) Schematic diagram of the preparation process of Co-NC-AD. (b) SEM, (c) TEM and (d) HRTEM images of Co-NC-AD. (e) STEM image and the corresponding elemental
maps of Co-NC-AD. (f) X-ray diffraction patterns and (g) Raman spectra of NC, Co/NC, Co-NC and Co-NC-AD samples. (h) N2 adsorption–desorption isotherms of Co/NC, Co-NC
and Co-NC-AD samples, and the inset is the aperture distribution curve.
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precursors in which Zn and Co are uniformly dispersed [41,42].
Co-NC was obtained after freeze-drying and high-temperature
carbonization steps. In this process, the chitosan precursors were
converted into nitrogen-doped carbon (NC), and the cobalt ions
became the Co-NPs encapsulated by graphitic layers under
the carbon reduction at high temperature. The optimized cobalt
concentration and pyrolysis temperature were 0.04 M and
900 �C, respectively (Figs. S1 and S2). In order to further increase
the number of Co-NPs, we adopted post-adsorption and
secondary pyrolysis steps to obtain Co-NC-AD, and the
optimized concentration of the adsorbedmetal ions was 1mgmL�1

(Figs. S3–S6).
213
Scanning electron microscopy (SEM) image in Fig. 1(b) mani-
fested that the Co-NC-AD catalyst appeared as a porous carbon
structure, in which uniform Co-NPs (�25 nm) were loaded on
the three-dimensional (3D) carbon framework. Compared with
the Co-NC, the pore structure of Co/NC in Fig. S7 was significantly
reduced. The introduction of zinc species has two main functions:
(1) The zinc ions act as fences in the precursor, which minimizes
the accumulation of cobalt species during the pyrolysis process,
thereby facilitating the formation of uniform-sized Co-NPs. (2)
Utilizing the low melting point and volatile characteristics of zinc
species, they have a pore-forming effect during the high-
temperature carbonization process, which is conducive to the for-
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mation of hierarchically porous structures [43–45]. In order to
increase the number of Co-NPs, the comparative samples (Co-NC-
AD-0.5, Co-NC-AD-1.5, Co-NC-AD-1.0) with different metal adsorp-
tion concentrations were obtained through the post-adsorption
strategy. The number of Co-NPs decreased when the metal adsorp-
tion concentration was too low. Whereas the non-uniform Co-NPs
were formed when the metal adsorption concentration was too
high. The aforementioned analysis was also confirmed by using
transmission electron microscopy (TEM). In addition, the high-
resolution TEM (HRTEM) identified that uniform Co-NPs were
wrapped in graphitic layers with high curvature (Fig. 1d). The
interplanar spacing of cobalt species was 0.204 nm, corresponding
to the Co (111) crystal plane. The number of graphitic layers was
around �4 layers. The layer spacing of graphitic layers was
0.334 nm, i.e., the C (002) plane. More locations were randomly
selected to scan, and the chainmail structure was found where
Co-NPs were wrapped by some graphitic layers in the 3D carbon
framework. The elemental mapping indicated that the Co-NC-AD
catalyst contains C, N, O, and Co, in which the cobalt species
existed in the form of NPs (Fig. 1e). ICP-OES confirmed that the
content of cobalt species was 1.17 wt% (Table S1).

XRD in Fig. 1(f) revealed that there was a wide peak near 24.8�
in Co-NC-AD and Co-NC corresponding to the C (002) plane. The
diffraction peak at 44.2�, 51.5� and 71.8� corresponded to Co
(111), (200) and (220) crystal plane [46,47]. The graphitization
degree of carbon support was analyzed by Raman spectroscopy
(Fig. 1g). Compared with Co-NC, Co-NC-AD uncovered a lower ID/
IG value indicating a higher graphitization (a variety of concentra-
tions were introduced in Table S2). The presence of M-NPs is ben-
eficial to catalyze the formation of graphitic carbon structures at
high temperature. The high graphitic carbon structure facilitates
improving the overall conductivity of the catalyst and promote
the electron transfer process [48]. The N2 adsorption and desorp-
tion curve as shown in Fig. 1(h) indicated that the Co-NC-AD exhib-
ited a higher BET specific surface area (754.3 m2 g�1) and an
average pore diameter of 8.9 nm. It further identified the pore-
forming effect of the zinc species. The pore size distribution curve
uncovered that the Co-NC-AD held a hierarchical porous structure,
which was of great significance to the improvement of catalytic
performance. ORR mostly occurs at the three-phase interfaces.
The hierarchical porous structure of the catalysts contributes to
exposure of more three-phase interfaces, thereby improving the
reaction kinetics. Micropores (<2 nm) can accommodate a large
number of active sites; mesopores (2–50 nm) and macropores
(>50 nm) facilitate the mass transfer process and increase the
accessibility of reactants and active sites, thereby improving the
overall catalytic efficiency [49].

3.2. Electronic structure analysis

High-resolution XPS analyzed the composition of the sample
surface, which was composed of Co, C, N and O (Fig. S8). As shown
in the Fig. 2(a), the N 1s spectrum of Co-NC-AD can be deconvolved
into four peaks, which were pyridine N (398.4 eV), pyrrole N
(400.2 eV), graphite N (401.2 eV), and nitrogen N (403.5 eV)
[50,51]. Compared with Co-NC, the graphite N increased from
22.26% to 39.49% and the Co-N increased from 13.03% to 24.20%
in Co-NC-AD (Figs. S9 and S10, Table S3). It indicated that post-
adsorption and secondary pyrolysis were beneficial to the graphi-
tization of carbon support and the formation of more Co-N coordi-
nation structures. Studies have shown that high pyridine N content
is beneficial to increase the onset potential for ORR and promote
the four-electron transfer pathway, and high graphite N content
helps to increase the limiting current density [52,53]. Both gra-
phite and pyridine N species promote the adsorption and activa-
tion of oxygen molecules by generating partial positive charges
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at adjacent carbon atoms. In Fig. 2(b), the Co 2p spectrum was
divided into Co 2p1/2 and Co 2p3/2. Most cobalt species mainly
existed divalently. Compared with Co-NC, the Co 2p3/2 peak posi-
tion in Co-NC-AD had a right shift revealing the increasement of
the Co valence state [54,55]. The introduction of more Co-NPs in
the post-adsorption process causes more Co-NPs to transfer elec-
trons to the surrounding graphitic layers. As a newly used tech-
nique to identify elemental composition and chemical valence
state, SXES has great potential in the field of energy research. We
analyzed the electronic structure of carbon by using SXES. Com-
pared with the NC (139.01 eV), the absorption peak positions of
Co-NC-AD (139.25 eV) and Co-NC (139.12 eV) shifted right, indi-
cating that the introduction of metallic cobalt species caused the
change of electronic structure for graphitic layers (Fig. 2c) [56].
The larger shift of the absorption peak position in Co-NC-AD also
confirmed that the additional metal cobalt species introduced in
the post-adsorption process led to more activated graphitic layers.
The electronic configuration of the activated graphitic layers is
optimized and acts as the active sites, resulting in moderate
adsorption strength with oxygen reduction intermediates and
good catalytic activity [29,46].

XANES and EXAFS measurements were further used to study
the electronic structure and geometric structure of the cobalt spe-
cies in the catalyst. As seen from the XANES spectrum (Fig. 2d), the
K-edge absorption edge of Co-NC-AD was located between CoO
and Co2O3, indicating that the Co valence state in Co-NC-AD was
located between +2 and +3. Compared with Co-NC, the
absorption-edge energy of Co-NC-AD moved towards the positive
direction, indicating that the additional introduction of cobalt spe-
cies during the post-absorption step was beneficial to the increase-
ment of the Co valence state. The peaks at 780.6 ± 0.2 eV and 796.
2 ± 0.2 eV in the EELS corresponded to the Co L3 and L2 edges,
respectively (Fig. 2e). The smaller L3/L2 value of Co-NC-AD may
prove that the valence state of Co species was higher than that of
Co-NC. The above experimental results were in agreement with
those obtained by XPS analysis [57]. The increase in the valence
of the cobalt species manifested that the inner Co-NPs transfer
more electrons to the outer graphite layers, thereby affecting the
change of electron distribution in the outer graphitic layers. More-
over, synchrotron radiation combined with SXES jointly confirmed
that the Co-NPs are conducive to the activation of the surrounding
graphitic layers. In addition, the peaks of Co-NC-AD at 1.4 and 2.1 Å
corresponded to Co-N and Co-Co coordination from Co K-edge
Fourier-transform EXAFS (FT-EXAFS) spectrum, respectively
(Fig. 2f and Fig. S12) [58]. The wavelet-transform EXAFS spectrum
(WT-EXAFS) also confirmed the above conclusions (Fig. 2g–i). The
above results manifest that the chainmail catalyst is mainly com-
posed of Co-NPs wrapped in graphitic layers, in which electron
transfer occurs between Co-NPs and graphitic layers. The high
nitrogen content in chitosan introduces more nitrogen-containing
species to the catalyst. The presence of pyridine N species is con-
ducive to the formation of Co-N coordination structures and the
activation of the graphitic shells, which is conducive to the
improvement of ORR activity.

3.3. Electrochemical performance

The ORR activity of Co-NC-AD and control samples in saturated
0.1 M KOH was studied by the rotating disk electrode (RDE) test.
Cyclic voltammetry (CV) test confirmed that Co-NC-AD had an
obvious reduction peak at (0.75 V), proving its higher ORR activity
(Fig. S13). The linear sweep voltammetry (LSV) test manifested
that NC without cobalt doping showed the worst ORR activity,
indicating that Co-NPs had a positive effect on ORR activity
(Fig. 3a). The small reduction peak in the ORR polarization curve
is due to the phenomenon of concentration polarization [59]. After



Fig. 2. Spectroscopy analysis. High-resolution XPS spectrum of (a) N 1s and (b) Co 2p for Co-NC and Co-NC-AD samples. (c) SXES spectra of Co-NC-AD and control sample. X-
ray absorption profiles of the Co-NC-AD and control samples: (d) Co K-edge XANES spectra of Co-NC-AD and other control samples. (e) Electron energy loss spectrum (EELS) of
Co L3 and L2 edges for Co-NC and Co-NC-AD. (f) Co K-edge Fourier-transform EXAFS spectra of Co-NC-AD and other control samples. Wavelet transform contour plots of Co K-
edge at R space for (g) Co-NC-AD, (h) Co foil, and (i) CoPc.
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regulating the doping number of cobalt species, Co-NC-AD con-
firmed the best ORR catalytic performance (Eonset = 0.95 V,
E1/2 = 0.86 V), far exceeding the commercial Pt/C and most non-
noble metal catalysts (Table S4). The introduction of zinc species
in Co-NC-AD facilitates the formation of uniform-sized Co-NPs
and hierarchical porous structure, greatly promoting the mass
transfer process in the catalytic reaction. In order to verify the
effect of the post-adsorption step, the ORR activity of the non-
adsorbed sample (Co-NC) was compared with that of the samples
with different adsorption concentrations (Co-NC-AD-0.5 and Co-
NC-AD-1.5). The concentration of metal ions in the post-
adsorption step was optimized to be 1 mg mL�1 (Figs. S14 and
S15). When there was no adsorption or adsorption concentration
was low, the number of Co-NPs formed was small, resulting in
lower ORR activity. However, when the adsorption concentration
was too high, it was not conducive to the formation of uniform
Co-NPs. It can be seen from the SEM image that some Co-NPs were
precipitated on the surface, which might be caused by the Oswald
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ripening effect. The Co-NPs with high density and uniform size
were conducive to the electron transfer process with the surround-
ing graphitic layers, so that the graphitic layers can be activated
and the subsequent reaction process can proceed smoothly. As
shown in Fig. 3(b), the LSV curves at different rotational speeds
proved that the reaction process was a first-order reaction kinetic
process controlled by diffusion. The resulting K-L plots were shown
in the inset of Fig. 3(b), and the electron transfer calculated by the
K-L equation was 3.9. It proved that the reaction process was the
four-electron reaction process. The rotating ring disk electrode
(RRDE) test in Fig. 3(c) also proved that the electron transfer num-
ber was 4 and the hydrogen peroxide yield was 5%. The lower Tafel
slope of Co-NC-AD indicated reaction kinetics was superior
(Fig. 3d, Fig. S16 and Table S5). Due to the complex working envi-
ronment of fuel cells, the larger challenges are presented to the
durability and stability of the catalyst. The accelerated durability
test (ADT) showed that the E1/2 and Eonset of Co-NC-AD did not
obviously decrease after 10000 cycles of cycle stability test



Fig. 3. Electrochemical performance. (a) The LSV curve of Co-NC-AD and control samples in O2 saturated 0.1 M KOH. (b) LSV curves for Co-NC-AD at different rotating rates.
(c) Electron transfer number and H2O2 yield for Co-NC-AD. (d) Tafel plots for Co-NC-AD and 20 wt% Pt/C. LSV curves of Co-NC-AD and 20 wt% Pt/C before and after 10,000
cycles CV in 0.1 M KOH. (f) Chronoamperometric curves of a methanol test with Co-NC-AD and 20 wt% Pt/C.
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(Fig. 3e). The TEM image of the catalyst after the ADT test uncov-
ered that the catalyst still maintained the original morphology
without structural damage. In Co-NC-AD, Co-NPs were still sur-
rounded by graphitic layers (Fig. S17). The anti-methanol poison-
ing experiment proved that Co-NC-AD had a good anti-methanol
ability (Fig. 3f). In the interval of the non-Faraday potential range
of 0.995–1.11 V, by linearly fitting the curves of different sweep
speeds and current densities, the electric double layeres (Cdl)
capacitance value is 7.25 mF cm�2 (Fig. S18). This structure avoids
the direct contact between the Co-NPs and electrolytes, which
plays an important role in improving its stability and durability.

Excellent ORR performance is conducive to providing good dis-
charge performance for zinc-air batteries, so Co-NC-AD was assem-
bled into zinc-air battery to evaluate its practical application value
(Fig. 4a). As shown in Fig. 4(b), the open-circuit voltage of the Co-
NC-AD was 1.458 V, which was higher than that of 20 wt% Pt/C and
most non-noble metal catalysts. The assembled a zinc-air battery
can light up the light emitting diode (LED) light board with ‘‘JLU”
subtitles, demonstrating its practical application in electronic
equipment (the inset of Fig. 4c). In addition, the zinc-air battery
based on the Co-NC-AD catalyst exhibited a discharge specific
capacity of 808 mAh g-1

Zn at 5 mA cm�1, which was higher than
the 718 mAh g-1

Zn of Pt/C and most non-noble metal catalysts
(Fig. 4c, Table S6). As shown in Fig. 4(d and e), the galvanostatic
discharge curves under different current densities indicated that
the zinc-air battery with Co-NC-AD held good rate capacity and
stability. The discharge curve and power density (194 mW cm�1)
were shown in Fig. 4(f), exceeding the commercial Pt/C. In sum-
mary, Co-NC-AD showed superior discharge performance in zinc-
air battery, which was related to the intrinsic ORR activity and
structural characteristics of the catalyst. The unique hierarchical
porous structure of Co-NC-AD can accommodate more active sites
and greatly promote the catalytic mass transfer process, so it exhi-
bits good performance in zinc-air batteries.
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3.4. Exploration of electron shuttle based on DFT calculation

DFT calculation was used to further prove the influence of the
electron shuttle effect between Co-NPs and the graphitic layers
on the ORR activity. Based on the experimental results, we adopted
Co-NPs wrapped in a single-walled graphitic shell as a model for
the next discussion (Fig. 5a). In the NC model without Co, oxygen
molecules cannot be adsorbed on surface carbon that acted as
active sites. Compared with NC, the electron density of C as the
active site in Co-NPs@NC was significantly higher, which meant
that the inner Co-NPs transferred electrons to the outer graphitic
layers (Fig. 5b) [60]. The electrons were then transferred to oxygen
molecules through C–N bonding, contributing to the cleavage of
the O–O bond. The partial densities of states (PDOS) for O-2p and
C-1p in Fig. 5(c) further confirmed the interaction mode between
oxygen molecules and active sites. The O-2p orbital resonated with
the C-1p orbital at some peak positions, proving that hybridization
between O-2p and C-1p orbital occurs [31]. This hybridization
method facilitated the smooth adsorption process between the
active sites and the oxygen molecules, thereby obtaining excellent
ORR activity. The inner Co-NPs serve electron contributors to pro-
vide electrons to the outer graphitic layers, becoming the true
source of catalytic activity [46]. In addition, the excellent stability
of Co-NC-AD is derived from the protection of external C–N bind-
ings, thereby avoiding the phase change of inner cobalt cores in
contact with strong oxidizing or corrosive environments.
4. Conclusions

In conclusion, we utilized the cheap biomass material-chitosan
as the precursor, using competitive complexation and post-
absorption strategies to construct ‘‘chainmail catalysts” with gra-
phitic layers encapsulated Co-NPs structure. The obtained Co-NC-
AD catalyst had a high E1/2 (0.86 V) and Eonset (0.95 V), which



Fig. 4. Zinc-air battery performance. (a) Schematic diagram of the zinc-air battery. (b) Open-circuit voltage curves of the zinc-air battery using Co-NC-AD and 20 wt% Pt/C.
And the inset digital photograph is open-circuit voltage. (c) Specific capacity at different current densities of Co-NC-AD and 20 wt% Pt/C, the inset diagram is LED panel
lighting by Co-NC-AD. Galvanostatic discharge curves for zinc-air battery using Co-NC-AD and 20 wt% Pt/C at (d) low and (e) high current densities. (f) Discharge curves and
power density of the Co-NC-AD and 20 wt% Pt/C.

Fig. 5. (a) Model schematic diagram of CO-NC-AD catalyst, in which gray, dark blue, light blue and red spheres represent C, N, Co and N atoms respectively. (b) Charge density
distribution of Co-NPs@NC and NC systems, where + and - represent gained and lost electrons respectively. (c) PDOS diagram of C-1p and O-2p for Co-NPS@NC system.
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was superior to the commercial Pt/C and most non-noble metal
catalysts. The addition of Zn species is beneficial to the formation
217
of hierarchically porous structures and uniform Co-NPs. Spectrum
analysis combined with DFT calculation jointly confirmed the exis-
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tence of Co-NPs regulated the electron configuration of the graphi-
tic layers, via the electron shuttle effect in the graphitic layers to
facilitate the adsorption behavior between oxygen molecules and
active sites. In addition, the encapsulation effect of the graphitic
layers effectively avoids the direct contact between the graphitic
layers and Co-NPs, which is beneficial to improve the stability
and the ability to resist methanol poisoning. The zinc-air battery
assembled with Co-NC-AD as the cathode catalyst has a higher
specific capacity and open-circuit voltage than the commercial
Pt/C, revealing its potential value in practical applications. Our
biomass-derived chainmail structure of the carbon shells wrapped
M-NPs provides a new route for the design of electrocatalysts with
high activity and high stability.
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