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ell heterostructures of carbon
nanotubes and N,O-coordinated cobalt site-
impregnated conjugated porous polymers for
highly efficient oxygen reduction†
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The ability to develop high-efficiency carbon-based single-metal-atom catalysts (SMACs) via facile routes

represents an important endeavor toward high-performance oxygen reduction reaction (ORR). Herein, we

report a simple yet viable one-step pyrolysis-free approach via cobalt ion-mediated in situ Schiff-base

condensation of p-conjugated monomers in the presence of highly conductive carbon nanotubes

(CNTs) for crafting core–shell coaxially heterostructured CNTs/N,O-coordinated cobalt site-

impregnated conjugated porous polymers (denoted as CNTs/Co–N,O-CPs) as a superior electrocatalyst

for highly efficient ORR. Notably, the CNTs/Co–N,O-CPs possess an advantageous 1D heterostructure

with abundant hierarchical porosity, thereby greatly favoring the efficient exposure of active sites and

fast electron and mass transport. More importantly, theoretical calculations reveal that the strong orbital

interaction between central Co and coordinated O atoms considerably optimizes the adsorption

strengths of ORR-relevant intermediates, accounting for the markedly enhanced intrinsic activity of

CNTs/Co–N,O-CPs. Consequently, the CNTs/Co–N,O-CPs manifest superior performance for the ORR

(i.e., onset potential of 1.004 V and half-wave potential of 0.868 V) and zinc–air batteries (i.e., maximal

power density of 181 mW cm−2 and specific capacity of 814 mA h gZn
−1) in an alkaline medium,

outperforming most previously reported carbon-based SMACs and even surpassing the state-of-the-art

Pt/C catalyst. As such, the rationally crafted pyrolysis-free CNTs/Co–N,O-CPs may stand out as a robust

ORR electrocatalyst for high-performance energy conversion devices.
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Introduction

The sluggish kinetics of oxygen electrocatalysis represent one of
the key challenges in various oxygen-related sustainable energy
conversion technologies, such as metal–air batteries, fuel cells,
and water electrolysis.1–3 Therefore, the ability to develop highly
efficient electrocatalysts is of practical interest for enabling
high-performance electrochemical energy conversion.4–6 To
date, Pt-based metals are widely considered to be state-of-the-
art electrocatalysts for the oxygen reduction reaction (ORR).7,8

However, the scarce reserves have greatly impeded their prac-
tical utilization.9,10 As such, it is highly desirable to exploit
noble-metal-free alternatives with high electrocatalytic ORR
performance.

In this context, over the past several years, single-metal-atom
catalysts (SMACs) have garnered extensive interest due to their
high atomic utilization, unique electronic structure, and
considerable electrocatalytic activity.11–13 In particular, carbon-
based SMACs (M–N–C, M = Fe, Co, Ni, Cu, etc.) exhibit great
potential in the eld of the electrocatalytic ORR because of their
favourable oxygen absorption, electrical conductivity, and
structural robustness.14–16 However, despite great progress, the
design and synthesis of highly efficient carbon-based SMACs
remain challenging. On the one hand, the central metal sites of
most carbon-based SMACs reported to date are limited to the
porphyrin-like M–N4 conguration in which the coordination
microenvironment has not been optimized, thereby greatly
hindering the further enhancement of intrinsic electrocatalytic
ORR activity.17,18 On the other hand, carbon-based SMACs are
currently widely prepared by a high-temperature pyrolysis
(usually >700 °C) of the pre-synthesized precursors.19–21 Never-
theless, the pyrolysis approach oen tends to cause the aggre-
gation of metal sites and a change in the pre-designed
coordination microenvironment, giving rise to extremely
complex and poorly dened active sites and consequently
undesirable electrocatalytic ORR activity. Moreover, the imple-
mentation of pyrolysis also leads to the collapse of the pre-
craed carbon matrix and poor reproducibility of the resul-
tant electrocatalysts. To this end, it is highly desirable to invoke
a pyrolysis-free strategy for producing carbon-based SMACs,
particularly with a rationally tailored metal atomic centre and
coordination microenvironment.

Recently, pyrolysis-free conjugated porous polymers (CPs)
have been explored as a promising platform for electrocatalysis,
owing to their high charge-carrier mobility, small band gap,
good thermodynamic stability, as well as precisely controllable
capabilities regarding active site modulation and porosity
regulation.22–27 In sharp contrast to conventional pyrolyzed
carbon-based SMACs, the absence of high-temperature pyrol-
ysis in the preparation process endows the resultant CPs with
well-preserved active sites and microstructures, hence ensuring
a clear structure–property relationship. Previous studies have
shown that the orbital hybridization between the p-conjugated
ligands and the d-block transition metal sites is capable of
effectively facilitating the delocalization of electrons and
prominently enhancing the stability.28 To date, despite some
15312 | J. Mater. Chem. A, 2023, 11, 15311–15318
metallophthalocyanine- and metalloporphyrin-containing CP-
based SMACs with well-denedM–N4 active sites being reported
in the literature, their catalytic performances are still inferior to
that of the benchmark Pt/C catalyst.29,30 Notably, crystal and
ligand eld theory suggests that the splitting and binding
energies of a given four-coordinated central metal site depend
primarily on the surrounding ligands (i.e., coordination
atoms).31 Accordingly, rationally tailoring the coordination
atoms may give rise to a unique d orbital electronic congura-
tion of central metal sites, hence further enhancing the intrinsic
electrocatalytic ORR activity of pyrolysis-free CP-based SMACs.
This, however, remains challenging and is yet to be largely
explored.

Herein, we report a simple yet viable one-step pyrolysis-free
route for craing core–shell coaxially heterostructured carbon
nanotubes/N,O-coordinated cobalt site-impregnated conju-
gated porous polymers (i.e., CNTs/Co–N,O-CPs) that function as
a superior electrocatalyst for high-efficiency ORR. Specically,
the cobalt ion-mediated in situ Schiff-base condensation of p-
conjugated monomers in the presence of highly conductive
CNTs directly yields the CNTs/Co–N,O-CP electrocatalyst.
Notably, well-dened Co–N2O2 sites are supported by a poly-
meric matrix as a Co–N,O-CP shell, which wraps on the surface
of the 1D CNT core, forming core–shell coaxially hetero-
structured CNTs/Co–N,O-CPs. Intriguingly, the highly conju-
gated structure and large specic surface area of the CNT core
impart CNTs/Co–N,O-CPs with an advantageous 1D hetero-
structure with abundant hierarchical porosity and high charge
mobility, thereby greatly favouring the efficient exposure of
active sites and fast electron and mass transport. Moreover,
theoretical calculations signify that the strong orbital interac-
tion between central Co and coordinated O atoms in CNTs/Co–
N,O-CPs could optimize the adsorption strengths of the ORR-
relevant intermediates, thereby lowering the reaction energy
barrier of the ORR. Consequently, the CNTs/Co–N,O-CPs deliver
superior electrocatalytic ORR performance with onset and half-
wave potentials of 1.004 V and 0.868 V, respectively, and long-
term stability under alkaline conditions. Finally, CNTs/Co–
N,O-CPs are implemented in zinc–air batteries as an air
cathode, manifesting a maximal power density of 181 mW
cm−2, a superior specic capacity of 814 mA h gZn

−1, and
outstanding durability. As such, craing core–shell coaxially
heterostructured CNTs/Co–N,O-CPs via pyrolysis-free synthesis
represents a facile strategy for highly efficient ORR electro-
catalysts, and in turn, high-efficiency air cathodes for zinc–air
batteries.

Results and discussion

As depicted in Fig. 1a, the synthetic route to the core–shell
coaxially heterostructured CNTs/Co–N,O-CP electrocatalyst
involves a cobalt ion-mediated one-step in situ Schiff-base
condensation between 1,3,5-triformylphloroglucinol (TP) and
1,2-diaminobenzene (DB) building blocks in the presence of
well-dispersed CNTs. During the synthesis, both p-conjugated
TP and DB molecules can be well attached to the surface of
CNTs through the van der Waals interaction, thereby enabling
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic illustration of the synthesis of CNTs/Co–N,O-
CPs. (b) SEM, (c) TEM, SAED, (d) HAADF-STEM, and (e) HAADF-STEM
and EDX elemental mapping images of CNTs/Co–N,O-CPs.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
/2

2/
20

26
 9

:1
2:

57
 A

M
. 

View Article Online
the uniform wrapping of the in situ polymerized Co–N,O-CP
shell on the CNT core. The Fourier transform infrared (FTIR)
spectrum of the resulting CNTs/Co–N,O-CPs (Fig. S1a†) exhibits
the disappearance of characteristic peaks at 3386 cm−1 and
3363 cm−1 (–NH2 group) and 1643 cm−1 (–C]O group) and the
appearance of new characteristic signals at 1625 cm−1 (C]O),
1577 cm−1 (C]C), and 1253 cm−1 (C–N), signifying the
complete transformation of the aldehyde and amine moieties
and the successful polymerization of CPs. Moreover, the peaks
in the wave number range of 550–670 cm−1 and 400–490 cm−1

can be assigned to the Co–N and Co–O bonds, respectively,
suggesting the existence of N/O-coordinated Co species in
CNTs/Co–N,O-CPs (Fig. S1b†).32,33 Note that the CNTs/N,O-CPs
(control sample) that are synthesized in the absence of cobalt
ions show similar FTIR results except for the absence of char-
acteristic peaks corresponding to Co–N and Co–O bonds
(Fig. S2†).

The morphology and microstructure of CNTs/Co–N,O-CPs
were rst examined by scanning and transmission electron
microscopy (SEM and TEM). Unlike the pristine CNTs with
a smooth surface (Fig. S3 and S4†), the CNTs/Co–N,O-CPs show
that a seamless Co–N,O-CP shell with a thickness of approxi-
mately 4 nm is uniformly wrapped around the CNT core (Fig. 1b,
c and S5†). Meanwhile, no visible Co-related nanoparticles can
be detected, which may indicate the atomic dispersion of Co
species. Besides, the X-ray diffraction (XRD) pattern of CNTs/
Co–N,O-CPs only exhibits two peaks at around 24° and 44°
(Fig. S6†), corresponding to the (002) and (100) planes of CNTs,
respectively, which is in good accordance with the selected-area
electron diffraction (SAED) pattern (inset of Fig. 1c).34,35 The
absence of diffraction signals corresponding to Co-related
crystalline structures in both XRD and SAED patterns is well
This journal is © The Royal Society of Chemistry 2023
in line with the SEM and TEM observations. Furthermore, the
aberration-corrected high-angle annular dark-eld scanning
transmission electron microscopy (HAADF-STEM) image of
CNTs/Co–N,O-CPs conrms that the Co species are atomically
dispersed throughout the entire polymeric matrix (Fig. 1d). The
actual loading of Co is determined to be 5.6 wt% by inductively
coupled plasma mass spectrometry (ICP-MS). Moreover, the
combined energy-dispersive X-ray spectroscopy (EDX) area-scan
and line-scan proles (Fig. 1e and S7†) and electron energy loss
spectroscopy (EELS) analysis (Fig. S8†) further support the core–
shell heterostructure of CNTs/Co–N,O-CPs and the homoge-
neous dispersion of C, N, O, and Co.

X-ray photoelectron spectroscopy (XPS) was then used to
obtain more compositional information on CNTs/Co–N,O-CPs
(Fig. 2a, b and S9†). As displayed in the high-resolution Co 2p
XPS spectrum (Fig. 2a), two peaks at binding energies of
796.6 eV and 781.3 eV can be assigned to Co 2p1/2 and Co 2p3/2,
respectively, which are very close to those of Co2+ (typically at
around 796.8 eV and 781.7 eV), suggesting that the Co species in
CNTs/Co–N,O-CPs are positively charged and their average
valence state is approximately +2.36 It is noteworthy that the
absence of signals corresponding to Co0 (typically at around
778.5 eV) rules out the presence of aggregated Co species, which
agrees well with the aforementioned XRD, SAED, and electron
microscope observations.36 In addition, two deconvoluted peaks
at binding energies of 399.2 eV and 400.2 eV in the high-
resolution N 1s XPS spectrum of CNTs/Co–N,O-CPs (Fig. 2b)
correspond to Co–N and C–N, respectively.37 Meanwhile, the
high-resolution O 1s XPS spectrum of CNTs/Co–N,O-CPs
(Fig. S10†) exhibits three deconvoluted peaks at 531.4 eV,
532.2 eV, and 533.9 eV, which can be ascribed to Co–O, C]O,
and C–O bonds, respectively. These results further support the
presence of N/O-coordinated Co species, which is in good
agreement with the FTIR observation.

Furthermore, Co K-edge extended X-ray absorption ne
structure (EXAFS) characterization studies were performed to
elucidate detailed structural information on the N/O-
coordinated Co species in CNTs/Co–N,O-CPs. As exhibited in
Fig. 2c, the X-ray absorption near-edge structure (XANES)
spectrum of CNTs/Co–N,O-CPs shows that its absorption edge
position is close to that of CoO, revealing that the valence state
of positively charged Co species in CNTs/Co–N,O-CPs is around
+2. This observation is in good agreement with the XPS results.
In addition, the Fourier-transform EXAFS (FT-EXAFS) spectrum
of CNTs/Co–N,O-CPs only exhibits one dominant peak at 1.53 Å,
which can be assigned to the Co–N/O rst-shell coordination
(Fig. 2d). Meanwhile, no Co–Co characteristic peaks can be
detected for CNTs/Co–N,O-CPs, implying the atomic dispersion
of N/O-coordinated Co species. Notably, the FT-EXAFS spectrum
of CNTs/Co–N,O-CPs is similar to that of Co phthalocyanine
(CoPc), and clearly distinct from that of Co foil, CoO, Co3O4, and
Co2O3, demonstrating similar coordination structures to those
of N/O-coordinated Co species in CNTs/Co–N,O-CPs and Co–N4

sites in CoPc. The wavelet-transform EXAFS (WT-EXAFS) anal-
ysis reveals that both CNTs/Co–N,O-CPs and CoPc show an
intensity maximum at a similar R space of∼1.5 Å and different k
spaces of ∼5.5 Å−1 and ∼6.6 Å−1 (Fig. 2e), signifying that their
J. Mater. Chem. A, 2023, 11, 15311–15318 | 15313
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Fig. 2 High-resolution XPS spectra of (a) Co 2p and (b) N 1s of CNTs/Co–N,O-CPs. (c) Co K-edge XANES spectra, (d) FT-EXAFS spectra, and (e)
WT-EXAFS images of CNTs/Co–N,O-CPs, Co foil, CoO, Co3O4, Co2O3 and CoPc. EXAFS fitting curves of CNTs/Co–N,O-CPs in (f) R space and
(g) k space.
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coordination structures are slightly different. Meanwhile, in
comparison with Co foil, CoO, Co3O4, and Co2O3, the absence of
an intensity maximum corresponding to the Co–Co path (at a k
space of ∼8.0 Å−1) in CNTs/Co–N,O-CPs excludes the presence
of Co-related crystalline structures. Additionally, the EXAFS
tting of CNTs/Co–N,O-CPs was carried out to obtain detailed
coordination information on N/O-coordinated Co species
(Fig. 2f, g and Table S1†). The best-tting curves and parameters
clearly indicate that the rst-shell peak at 1.53 Å can be attrib-
uted to an atomically dispersed Co site coordinating with two N
atoms and two O atoms as the Co–N2O2 structure.

We then turn our attention to the electrocatalytic ORR
activity of CNTs/Co–N,O-CPs. For comparison, Co site-free
CNTs/N,O-CPs, Co–N4 site-containing CNTs/Co–N-CPs, and
commercial Pt/C as the references were tested as well. Note that
the Co–N4 site-containing CNTs/Co–N-CPs were synthesized
using p-conjugated tetraaminophenyl porphyrin (TAPP) and
terephthalaldehyde (TPA) as the building blocks (Fig. S11–S13,
see the Experimental section in the ESI† for more details). As
presented in the cyclic voltammetry (CV) proles (Fig. 3a), the
CNTs/Co–N,O-CPs show an ORR peak at 0.852 V, which is more
positive than those of CNTs/N,O-CPs (0.788 V), CNTs/Co–N-CPs
15314 | J. Mater. Chem. A, 2023, 11, 15311–15318
(0.815 V) and Pt/C (0.848 V) in O2-saturated 0.1 M KOH,
implying a superior electrocatalytic ORR activity of CNTs/Co–
N,O-CPs. The linear sweep voltammetry (LSV) curves measured
at 1600 rpm using a rotating disk electrode (RDE) are depicted
in Fig. 3b. Compared to CNTs/N,O-CPs, CNTs/Co–N-CPs and Pt/
C, the ORR activity of the CNTs/Co–N,O-CPs is clearly the
highest as evidenced by the largest onset potential (Eonset, 1.004
V) and half-wave potential (E1/2, 0.868 V), although its limited-
diffusion current density at 0.2 V (Jd @ 0.2 V, 6.30 mA cm−2)
is slightly lower than that of Pt/C (6.36 mA cm−2) (Fig. 3c).
Intriguingly, the estimated Tafel slope of CNTs/Co–N,O-CPs
(87 mV dec−1) is comparable to that of Pt/C (81 mV dec−1)
(Fig. S14†), manifesting its favourable ORR kinetics. To our
knowledge, the electrocatalytic ORR activity of CNTs/Co–N,O-
CPs is one of the best among various, most advanced electro-
catalysts reported in the literature (Table S2†).

Notably, the Co site-free CNTs/N,O-CPs (Fig. S15–S17†) has
Brunauer–Emmett–Teller (BET) specic surface area and pore-
size distribution comparable to those of CNTs/Co–N,O-CPs
(Fig. S17 and S18†), and displays markedly lower electro-
catalytic ORR performance (Fig. 3b and c), signifying that the
exceptional activity of CNTs/Co–N,O-CPs primarily stems from
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) CV curves, (b) LSV curves, and (c) E1/2 and Jd @ 0.2 V of CNTs/Co–N,O-CPs, CNTs/Co–N-CPs, CNTs/N,O-CPs, and Pt/C. (d) Peroxide
yields, electron transfer numbers and (e) chronoamperometric responses of CNTs/Co–N,O-CPs and Pt/C. (f) Schematic diagram of a zinc–air
battery. (g) Discharge polarization curves, the corresponding power density plots and (h) specific discharging capacities of zinc–air batteries with
CNTs/Co–N,O-CPs and Pt/C as the cathode catalysts. (i) Comparison of the E1/2 and specific capacities of CNTs/Co–N,O-CPs and other
previously reported state-of-the-art carbon-based electrocatalysts.
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the Co–N2O2 sites. The slightly lower BET specic surface area
of CNTs/N,O-CPs (164 m2 g−1) than that of CNTs/Co–N,O-CPs
(197 m2 g−1) (Table S3†) may be due to the inuence of the
mediating effect of cobalt ions for the in situ Schiff-base
condensation process between TP and DB monomers on the
microstructure of the resultant conjugated polymer. As revealed
in Fig. S17 and S18,† the presence of cobalt ions for CNTs/Co–
N,O-CPs in the synthesis process increases the micropore
volume and decreases the meso- and macropore volumes,
collectively resulting in a slight improvement of the BET specic
surface area. It should also be noted that the CNTs/Co–N-CPs
(control sample), similar to CNTs/Co–N,O-CPs, features abun-
dant hierarchical porosity and a high BET specic surface area
of 201 m2 g−1 (Fig. S19 and Table S3†), further indicating that
the Co–N2O2 sites play a more critical role in catalysing oxygen
reduction than the Co–N4 sites.

As previously reported in the literature, the pyrolysis-free CPs
generally possess electrical conductivity inferior to that of the
conventional inorganic electrocatalytic materials.24,30 In addi-
tion, the pyrolysis-free CPs usually exhibit a densely stacked
This journal is © The Royal Society of Chemistry 2023
architecture with inadequate hierarchical porosity.26,27,36 These
characteristics lead to unsatisfactory activity, which limits their
applications in electrocatalysis to some extent. Intriguingly, the
core–shell coaxially heterostructured CNTs/Co–N,O-CPs in this
work exhibit excellent ORR performance, suggesting that CNTs
may also play a critical role in boosting the ORR process. To
study the effect of CNTs on ORR activity, the control sample of
Co–N,O-CPs was synthesized via a similar procedure in the
absence of CNTs (Fig. S20–S22, see the Experimental section in
the ESI† for more details). In sharp contrast to the 1D core–shell
coaxially heterostructured CNTs/Co–N,O-CPs with abundant
hierarchical porosity (Fig. 1 and S18†), the Co–N,O-CPs display
a morphology of densely stacked powders (Fig. S20†) and thus
a signicantly lower BET specic surface area (Fig. S22†),
thereby preventing the exposure of Co–N2O2 sites and hindering
the rapid electron and mass transport. Consequently, the Co–
N,O-CPs deliver an extremely poor ORR activity (Fig. S23†). The
above results reveal that the construction of interfacial electron
transfer channels and hierarchical porosity via compositing
pyrolysis-free Co–N,O-CPs with highly conductive CNTs with
J. Mater. Chem. A, 2023, 11, 15311–15318 | 15315
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Fig. 4 Optimized geometrical structures (top and side views) of (a)
*OO, (b) *OOH, (c) *O, and (d) *OH adsorbed on Co–N2O2. (e) The
free energy diagrams of Co–N2O2 and Co–N4 at U = 0 V and U =

1.23 V with the four-electron pathway. (f) Charge density images (top)
and differential charge density images (bottom) of Co–N2O2 and Co–
N4. The colours red and blue represent the charge accumulation and
charge depletion, respectively. Partial density of states (PDOS) of (g)
Co–N2O2 and (h) Co–N4.
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large specic surface area to form core–shell heterostructured
CNTs/Co–N,O-CPs is an effective approach to signicantly
improve the ORR performance of pyrolysis-free Co–N,O-CPs.

To evaluate the ORR pathway, the LSV curves at various
rotating speeds were recorded using a RDE, and the corre-
sponding Koutecky–Levich (K–L) plots were obtained (Fig. S24–
S26†). Clearly, all the K–L plots display good linearity in the
potential range of 0.2 V to 0.6 V, demonstrating a rst-order
reaction kinetics for the ORR.38 The average electron transfer
number (n) of CNTs/Co–N,O-CPs was determined to be 3.93,
fairly close to the theoretical value of benchmark Pt/C (i.e., 4.0),
suggesting a nearly four-electron ORR pathway. To further
corroborate the four-electron ORR mechanism of CNTs/Co–
N,O-CPs, the rotating ring disk electrode (RRDE) measurements
were employed to quantify the peroxide yield and the electron
transfer number. As exhibited in Fig. 3d, both the CNTs/Co–
N,O-CPs and Pt/C display low yields of peroxide (<5%) and high
values of n close to 4, which agrees well with the results esti-
mated from the K–L plots, further suggesting an essential four-
electron ORR pathway.

Apart from the electrocatalytic ORR activity, durability and
resistance of CNTs/Co–N,O-CPs to methanol were further
studied by chronoamperometric and accelerated durability
measurements. As exhibited in Fig. 3e, the CNTs/Co–N,O-CPs
show excellent durability with a 95% retention of current
density aer 40 000 s, surpassing commercial Pt/C (78% reten-
tion aer 25 000 s). Furthermore, no visible decline in activity
(E1/2) is observed aer 5000 potential cycles (Fig. S27†), con-
rming the superior durability of CNTs/Co–N,O-CPs. Notably,
no distinct structural and compositional change in CNTs/Co–
N,O-CPs is observed aer the durability test (Fig. S28–S31†). The
superior durability of CNTs/Co–N,O-CPs may result from its
robust chemical stability and unique architecture, which
prevents the dissolution and aggregation of Co species,
promotes the electron and mass transport, and ensures a four-
electron ORR pathway. Additionally, a slight current decay is
detected for CNTs/Co–N,O-CPs with the injection of methanol
into the electrolyte solution (Fig. S32†), while a sharp current
decline is observed for Pt/C, reecting the excellent tolerance of
CNTs/Co–N,O-CPs to methanol.

Motivated by its superior ORR performance, CNTs/Co–N,O-
CPs were exploited as the air cathode for zinc–air batteries
(Fig. 3f). As displayed in Fig. S33,† the CNTs/Co–N,O-CP-based
zinc–air battery exhibits a stable open-circuit voltage of 1.51 V,
which is slightly higher than that of its Pt/C-based counterpart,
suggesting good electrocatalytic performance of CNTs/Co–N,O-
CPs for practical use. Furthermore, the maximal power density
and specic capacity of the CNTs/Co–N,O-CP-based zinc–air
battery are determined to be 181 mW cm−2 and 814 mA h gZn

−1

(at 10 mA cm−2), respectively, outperforming the Pt/C-based
battery (107 mW cm−2 and 763 mA h gZn

−1, respectively)
(Fig. 3g and h). Notably, the performance of CNTs/Co–N,O-CPs
as the air cathode is comparable to that of most previously re-
ported state-of-the-art carbon-based ORR electrocatalysts
(Fig. 3i and Table S2†).39–49 Meanwhile, the CNTs/Co–N,O-CP-
based zinc–air battery exhibits only a negligible voltage drop
aer 130 h of continuous discharging (at 10 mA cm−2)
15316 | J. Mater. Chem. A, 2023, 11, 15311–15318
(Fig. S34†), signifying superior stability. Finally, as a demo, two
CNTs/Co–N,O-CP-based zinc–air batteries placed in series can
drive a light-emitting diode (LED) for 10 h (Fig. S35†). Taken
together the results discussed above, the CNTs/Co–N,O-CPs
have great potential as a pyrolysis-free ORR electrocatalyst for
high-performance zinc–air batteries.

To further scrutinize the critical role of Co–N2O2 sites in
CNTs/Co–N,O-CPs in the enhanced ORR performance, we con-
ducted the density functional theory (DFT)-based computa-
tional calculations (see the ESI† for more details). Based on the
EXAFS results, two theoretical models (i.e., Co–N2O2 and Co–N4)
are computationally established. The optimal congurations of
oxygen-related intermediates (*OO, *OOH, *O, and *OH)
adsorbing on Co–N2O2 and Co–N4 are displayed in Fig. 4a–d and
S36.† The calculated free energy diagram of four-electron
oxygen reduction on Co–N4 exhibits the highest uphill step
(i.e., from *OOH to *O) with a free energy change of 1.66 eV at U
= 1.23 V (Fig. 4e), suggesting very strong adsorption of *OOH
and a high activation energy barrier for the reaction proceeding
through *OOH to *O. In sharp contrast, Co–N2O2 shows
a considerably weakened adsorption strength for *OOH, which
is conducive to the continuation of the ORR process, and
therefore, the reduction of *OH to OH−with amarkedly lowered
free-energy change of 1.23 eV becomes the rate-determining
step. These results are in good accordance with the experi-
mental results and highlight the critical role of Co–N2O2 sites in
facilitating ORR kinetics. To shedmore light on the effect of Co–
This journal is © The Royal Society of Chemistry 2023
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N2O2 sites on the ORR activity, the partial density of states
(PDOS) and charge difference analyses were further carried out.
Fig. 4f displays the charge density and differential charge
density images of Co–N2O2 and Co–N4. Clearly, the central Co
atom has a stronger electronic interaction with the coordinated
O atom than the coordinated N atom. Furthermore, the d-
orbital energy level of the central Co atom in Co–N2O2

exhibits a stronger coupling interaction with the p-orbital
energy level of coordinated O atoms (Fig. 4g and h), which
matches well with the information reected by charge differ-
ence analysis. Since the adsorption of oxygen-related interme-
diates tometal active sites depends on the electronic interaction
between oxygen and metal atoms, it is reasonable to speculate
that the strong coupling effect between central Co and coordi-
nated O atoms would weaken the binding strength between
oxygen-related intermediates and active Co sites.50,51 The opti-
mized adsorption could accelerate the desorption process and
improve the utilization of the active central Co sites, thus
promoting the kinetics of the four-electron ORR process. Taken
together the experimental and computational results, the
excellent electrocatalytic ORR performance of CNTs/Co–N,O-
CPs may likely be a direct consequence of the advantageous
1D heterostructure with abundant hierarchical porosity and the
optimized electronic structure of the Co–N2O2 active sites,
which ensure the efficient exposure of the highly active sites and
rapid electron and mass transport.

Conclusions

In summary, we developed a viable one-step pyrolysis-free
strategy to cra core–shell coaxially heterostructured CNTs/Co–
N,O-CPs as a robust ORR electrocatalyst for zinc–air batteries.
The CNTs/Co–N,O-CPs manifest excellent electrocatalytic
performance in an alkaline medium with Eonset and E1/2 (1.004 V
and 0.868 V, respectively) higher than those of the benchmark Pt/
C catalyst and superior long-term durability. Furthermore, the
CNTs/Co–N,O-CP-based zinc–air battery exhibits outstanding
performance with both favourable maximal power density (181
mW cm−2) and specic capacity (814 mA h gZn

−1) and excellent
durability. Such excellent ORR electrocatalytic performance of
CNTs/Co–N,O-CPs can be ascribed to the advantageous 1D het-
erostructure with rich hierarchical porosity, which facilitates the
efficient exposure of more active sites and rapid electron and
mass transport. Moreover, DFT-based computational calcula-
tions demonstrate that the strong orbital interaction between
central Co and coordinated O atoms contributes to the lowered
energy barriers of oxygen-related intermediates, thereby giving
rise to high intrinsic activity toward four-electron oxygen reduc-
tion. This work offers an effective paradigm to improve electro-
catalytic ORR kinetics through pyrolysis-free synthesis, which can
be easily extended to the design of other high-performance
electrocatalysts.
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