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Developing stable and efficient bifunctional electrocatalysts for oxy-
gen reduction and evolution reactions is essential for rechargeable
metal-air batteries. Here, we reported a facile surface modification
strategy of carbon nanotubes (CNTs) as air electrocatalysts for zinc—air
batteries (ZABs). By leveraging the versatile binding affinity of tannic
acid with metal ions and carbon surfaces, the CNTs surface was coated

New concepts

The widespread application of ZABs faces significant challenges due to
high voltage polarization caused by slow oxygen reduction/evolution
reactions. Transition metal/N-doped carbon bifunctional oxygen electro-
catalysts, typically derived from pyrolyzed metal-organic compounds,
have shown promise due to their high activity. However, their high cost
with a uniform, thin layer of nitrogen-doped carbon featuring atom-
ically dispersed cobalt. The atomic cobalt and rich nitrogen endow
the material with high intrinsic activity in oxygen electrocatalysis.

Moreover, the carbon layer optimizes the hydrophilicity of CNTs, and

and scalability limitations remain critical barriers to ZABs commerciali-
zation. Here, we introduce a coordination-driven approach using natu-
rally abundant tannic acid to create ultrathin cobalt-chelated polyphenol
coatings on CNTs. This polyphenol layer transforms into a carbon layer

the interwoven CNTs network enables fast electron transfer and
accelerated reactant diffusion. The assembled aqueous and solid-
state ZABs deliver good rate performance (discharging current density in
the liquid-state ZAB: 0—100 mA cm 2, solid-state ZAB: 0.5-10 mA cm 2

rich in Co-N-C and nitrogen species (Co-N/CNTs), which exhibit excel-
lent bifunctional oxygen electrocatalytic activity. Additionally, the carbon
layer improves the hydrophobicity of CNTs, while the interconnected
CNTs network facilitates rapid electron transfer and efficient diffusion of
reactants such as oxygen and ions. When the optimized electrocatalyst is

and nice cycling stability integrated into the air electrode, both aqueous and solid-state ZABs
cycing ’ demonstrate high power densities and remarkable cycling stability. This

CNTs modification strategy provides a cost-effective method for develop-
ing efficient electrocatalysts, with potential applications extending to
other sustainable energy conversion and storage technologies.

Introduction

The energy crisis and environmental pollution caused by
depleting fossil fuels pose a significant challenge to the sus-
tainable development of human society. To address these
issues, the economic transition from fossil fuels to clean energy
must be undertaken. This shift is driving intense research into
sustainable energy storage and conversion devices, among
which ZABs have garnered significant attention due to their
unique half-open configurations using oxygen as the energy
source to minimize the mass and volume of batteries, leading
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to their theoretical energy density as high as 1084 W h kg~ "."?
However, both the oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) that occur during the charging and
discharging of ZABs are multielectron reactions and require high
overpotentials, resulting in low round-trip efficiency.> ® Although
conventional noble-metal-based electrocatalysts (e.g., Pt + RuO,)
demonstrate high intrinsic activity for bifunctional oxygen elec-
trocatalysis, their practical utilization is constrained by limited
stability and prohibitively high costs.””® This underscores the
critical imperative to develop efficient, durable, and earth-
abundant alternatives to promote the application of ZABs.

In recent decades, transition metal/nitrogen-doped carbon
(M-N-C) materials have solidified their status as promising
bifunctional oxygen electrocatalysts due to their adjustable
active sites and tailorable electronic structures.'®** Conven-
tional synthetic methods, including pyrolysis of metal-organic
frameworks (MOFs), covalent-organic frameworks (COFs), or
hydrogen-bonded organic frameworks (HOFs), predominantly
utilize high-temperature calcination (e.g., 900 °C) to engineer
highly conductive framework architectures. This process intrin-
sically triggers metal agglomeration.”® As exemplified by Zeng
et al.,"* an ORR electrocatalyst synthesized using a COF/ZIF-67
core-shell hybrid demonstrated enhanced ORR activity and stabi-
lity over commercial Pt/C in 0.1 M KOH electrolyte. Notably,
however, the coexistence of both Co nanoparticles and atomic
Co-N, configurations within the catalyst underscores a funda-
mental challenge: thermally induced metal aggregation preferen-
tially produces metallic nanoparticles over atomically dispersed
M-N-C sites, significantly undermining active-site availability and
structural robustness.'>"” These unresolved ambiguities in active-
site attribution, coupled with insufficient operational durability,
accentuate the pressing necessity for new methodologies to attain
exact atomic-level metal dispersion in carbon-based matrices.

To circumvent these limitations, decoupling the carboniza-
tion process of conductive substrates from the construction of
atomic-level active sites presents a viable strategy to inhibit
high-temperature-induced metal agglomeration. This approach
enables atomic dispersion of metal sites through low-temperature
coordination-driven thermal decomposition of metal-organic
ligand complexes anchored on highly conductive carbon
frameworks."® Critical to this methodology is the judicious selec-
tion of organic ligands with low decomposition thresholds and
conductive carbon substrates. Tannic acid (TA), a naturally abun-
dant and scalable biomaterial, has emerged as an ideal candidate
for this purpose. TA can self-polymerize under specific conditions
to form porous scaffolds that immobilize and coordinate metal
ions via its phenolic groups, serving as a versatile precursor for
metal-organic compounds.'®?! Furthermore, TA’s hydrophobic
aromatic rings and hydrophilic hydroxyl groups facilitate robust
adhesion to diverse materials through covalent and non-covalent
interactions (e.g., m-m stacking and hydrogen bonding).**?*
Concurrently, CNTs, distinguished by their high conductivity,
large surface area, chemical stability, mechanical flexibility,
and commercial viability, represent optimal graphitic carbon
substrates.”>* Integrating TA with CNTs as a structural scaffold
synergistically leverages their complementary advantages,

This journal is © The Royal Society of Chemistry 2025
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positioning the hybrid system as an exemplary precursor for
advanced oxygen electrocatalysts.

Therefore, we engineered a cobalt-chelated polyphenol layer
on CNTs through a facile one-step TA polymerization strategy.
Subsequent carbonization transformed this polymeric layer
into a nitrogen-enriched carbon matrix hosting Co-N-C active
sites (denoted as Co-N/CNTs), optimized for bifunctional oxy-
gen electrocatalysis. The derived carbon coating simultaneously
tailored the hydrophobicity of CNTs while preserving their
intrinsic conductivity. When integrated into air electrodes,
the Co-N/CNTs self-assembled into an interpenetrating con-
ductive network, establishing hierarchical pore structures that
facilitate rapid oxygen and ion diffusion and minimize charge-
transfer resistance. This structural synergy enabled both aqu-
eous and solid-state ZABs to deliver high power densities
(liquid-state: 224.5 mW cm™ % solid-state: 86.3 mW cm ?)
alongside nice cycling durability (>500 cycles for liquid-
electrolyte ZABs; > 270 cycles for solid-state configurations).

Results and discussion

Synthesis and characterization of Co-N/CNTs

The fabrication of Co-N/CNTs is illustrated in Fig. 1. In the
initial phase, TA and formaldehyde were thoroughly mixed in a
water—-ethanol solution under basic conditions, which initiated
a condensation reaction to form TA-formaldehyde (TAF) oligo-
mers. CNTs were then introduced into the solution, and the
TAF oligomers with the abundant hydrophobic aromatic rings
could be adsorbed onto their surface. Subsequently, the TAF
can be further polymerized, forming a crosslinked network.
Meanwhile, the Co ions can be chelated by combining with the
rich phenolic groups in the crosslinked network. Note that
formaldehyde plays a key role in forming methylene bridges
between TA molecules, which randomly link the TA units,
promoting isotropic and uniform growth of the crosslinked
TAF layer. The TAF layer was then converted into a cobalt and
nitrogen co-doped carbon layer on the CNTs surface (denoted
as Co-N/CNTs) upon pyrolysis in the pure ammonia atmo-
sphere, thereby modifying the surface chemistry of CNTs. In
addition, by adjusting the Co doping concentration, three
samples were prepared: Co-N/CNTs-x (x = 0.04, 0.06, and
0.08, where x represents the mass ratio of doped Co ions
relative to a constant 25 mg of CNTSs).

The phase composition and crystalline nature of the sam-
ples were confirmed by powder X-ray diffraction (XRD). As
shown in Fig. 2a, the XRD patterns of the samples doped with
varying Co content all exhibited broad peaks similar to those of
CNTs. The strong diffraction peaks observed at Bragg angles of
26° and 44° corresponded to the (002) and (101) lattice planes
of carbon, respectively. The absence of Co-related peaks is
indicative of the high dispersion of cobalt species.

The morphology and structure of Co-N/CNTs-0.06 were
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). It can be found that
the Co-N/CNTs-0.06 maintained the morphology of CNTs with
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Fig. 1 Schematic illustration of the preparation process of Co—N/CNTSs.

a diameter of 20-30 nm (Fig. 2b), suggesting that the introduc-
tion of N and Co species in CNTs during calcination did not
compromise the primary structure of the CNTs, illustrating
their structural stability. In addition, the CNTs were interwoven
together, forming a porous structure, which is beneficial for the
transport of reactant molecules. The HR-TEM analysis of Co-N/
CNTs-0.06 (Fig. 2c and Fig. S1, ESI) revealed distinct lattice
fringes exhibiting a characteristic interplanar spacing of
0.34 nm, which corresponds to the (002) crystallographic
planes of graphitic carbon. The observed amorphous carbon
layers encapsulating the CNT surfaces are attributed to carbon-
based active species derived from cobalt-chelated polyphenol
precursors during the thermal decomposition process.
Aberration-corrected scanning transmission electron micro-
scopy (AC-STEM) images of Co-N/CNTs-0.06 (Fig. 2d) demon-
strate the uniform distribution of isolated cobalt atoms across
the carbon nanotube matrix, with no observable metallic
clusters or nanoparticles. This atomic dispersion aligns with
the XRD analysis (Fig. 2a), where only the characteristic peaks
of graphitic carbon are observed, confirming the absence of
crystalline cobalt phases. The combined STEM and XRD results
validate the successful formation of atomically dispersed Co-N,
sites through our synthesis strategy. The elemental mapping
images (Fig. 2e) confirm the successful coating of the carbon
layer on the CNTs, indicating the presence of atomically
dispersed N and Co species on the CNTs. The porous architec-
ture arising from the interwoven CNT network in Co-N/CNTs-
0.06 is validated by Brunauer-Emmett-Teller (BET) analysis.
As evidenced in Fig. S2 (ESIT), both pristine CNTs and Co-N/
CNTs-0.06 display comparable multiscale porosity profiles,
confirming that the surface functionalization process preserves
the intrinsic interconnected pore structure of the CNT frame-
work. This retention of inherent porosity ensures unaltered mass

1990 | Nanoscale Horiz., 2025, 10, 1988-1996

View Article Online

Communication

17 L, &R RN
P . \‘J‘ f
% lof
e ? /
\ £ & Q* v

Co-TAFI/CNTs

NH,
annealing
3 FoR ¢
v ‘ v g » h‘_
3 & . ,
AAA A -
o g v“v '
# g
Co-N/CNTs

transport pathways while introducing catalytically active sites. As
illustrated in Fig. S3 (ESIt), the Raman spectra reveal distinct
vibrational modes at 1342 cm™' (D-band, associated with sp®
hybridized defects) and 1579 cm™ " (G-band, corresponding to
sp” graphitic domains, E,, mode).*® The calculated Ip,/I; ratios of
1.4 for CNTs and 1.36 for Co-N/CNTs-0.06 demonstrate that the
600 °C pyrolysis process employed for Co/N doping induces
minimal alterations in graphitic ordering. This structural pre-
servation correlates well with the maintained hierarchical por-
osity revealed by our BET analysis, confirming the stability of the
carbon matrix during the modification process. Moreover, induc-
tively coupled plasma mass spectrometry (ICP-MS) was employed
to determine the exact cobalt content in the Co-N/CNTs. As
shown in Table S1 (ESIt), the measured cobalt content for Co-N/
CNTs-0.06 is 0.86 wt%. Contact angles were measured to evalu-
ate the changes in the surface chemistry of CNTs (Fig. 2f). The
hydrophobicity of modified Co-N/CNTs-0.06 was enhanced, and
its contact angle (CA) was 47.7°, which was larger than that of
original CNTs (CA = 35.3°) and 20% Pt/C (CA = 28.7°). This
improvement can facilitate oxygen diffusion across the electrode
coated with the Co-N/CNTs.

X-ray photoelectron spectroscopy (XPS) further probed the sur-
face chemistry of Co-N/CNTs-0.06. The survey XPS spectrum
displayed C, N, O, and Co species (Fig. S4, ESIf). The Co
2p spectrum (Fig. 2g) exhibited dual chemical states: Co*
(780.3 eV for Co 2p;, and 795.3 eV for Co 2py,) and Co-N
coordination bonds (783.8 eV and 798.3 eV), confirming Co-N-C
formation.””*° The Co-N-C structures are known to be efficient
active centers for the ORR and the OER.>*"** As shown in Fig. 2h,
the N 1s spectrum of Co-N/CNTs-0.06 can be deconvoluted into
five nitrogen species: pyridinic-N (398.3 eV), coordinated N with
Co (399.2 eV), pyrrolic-N (400.1 eV), graphitic-N (401.4 eV), and
oxidized-N (403.3 eV).>****> For other samples, the chemical

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) XRD patterns of CNTs, Co—N/CNTs-0.04, Co—N/CNTs-0.06, and Co—N/CNTs-0.08. (b) SEM image, (c) TEM image, and (d) AC-STEM image of
Co—-N/CNTs-0.06. (e) The corresponding elemental mapping images of Co—N/CNTs-0.06. (f) Contact angle of CNTs, Co—N/CNTs-0.06 and 20% Pt/C.
(g) Co 2p and (h) N 1s XPS spectra of Co—N/CNTs-0.06. (i) The relative proportion of different types of N species on the surface of Co—N/CNTs-0.04,

Co-N/CNTs-0.06, and Co-N/CNTs-0.08.

states (binding energy positions) of surface N and Co species
were similar to those of Co-N/CNTs-0.06 (Fig. S5, ESIt). XPS
semi-quantitative analysis revealed a positive correlation
between surface Co and N concentrations (Table S2, ESIf). As
the Co doping level increased, the N content also increased.
Analysis of the N 1s XPS spectrum enabled quantification of
surface N species proportions. As shown in Fig. 2i, optimal Co
doping (Co-N/CNTs-0.06) maximized pyridinic-N (45.4%) and
Co-N content (16.3%), whereas excessive doping (Co-N/CNTs-
0.08) shifted the equilibrium toward pyrrolic-N (34.7%) with
reduced pyridinic-N (35.8%). It is worth noting that, at the
atomic scale, the effect of each N species on the local electronic
structure of adjacent carbon atoms varies depending on the C-N
bond configuration. Specifically, the formation of pyridinic-N
leads to the carbon atoms adjacent to the nitrogen species
becoming active sites with Lewis basicity, which is favorable

for oxygen electrocatalysis.>®>®

Electrochemical ORR and OER performances of Co-N/CNTs

To evaluate the ORR catalytic performance of Co-N/CNTs-0.06,
a three-electrode electrochemical setup equipped with a

This journal is © The Royal Society of Chemistry 2025

rotating disk electrode (RDE) was established in an alkaline
electrolyte (0.1 M KOH) saturated with O,. The cyclic voltam-
metry (CV) curves (Fig. 3a) of Co-N/CNTs-0.06 measured in a
nitrogen-saturated 0.1 M KOH electrolyte exhibited no discern-
ible reduction peaks. However, upon introducing oxygen into
the electrolyte to saturation, a prominent reduction peak
appeared at 0.8 V vs. RHE, indicating a significant redox
catalytic activity for Co-N/CNTs-0.06. According to the polariza-
tion curves shown in Fig. 3b and ¢, Co-N/CNTs-0.06 exhibits a
high half-wave potential (E;, = 0.83 V vs. RHE) and onset
potential (Eopger = 1.09 V vs. RHE, the potential required to
achieve a current density of 0.1 mA cm™2). In addition, the ORR
performances of CNTs, Co-N/CNTs-0.04, Co-N/CNTs-0.08, and
commercial 20% Pt/C were also assessed for comparison. It can
be found that the Co-N/CNTs-0.06 delivers the highest activity,
outperforming those of pristine CNTS (Eopser = 0.81 V vs. RHE,
E1; = 0.71 V v5. RHE), Co-N/CNTS5-0.04 (Eqpgec = 0.92 V vs. RHE,
Ey, = 0.83 Vvs. RHE), and Co-N/CNTs-0.08 (Eopget = 0.97 V vs.
RHE, E;/, = 0.79 V vs. RHE) and comparable to the benchmark
20% Pt/C (Eonset = 0.91 V vs. RHE, E;;, = 0.84 V vs. RHE).
Meanwhile, Co-N/CNTs-0.06 also exhibited a much higher

Nanoscale Horiz., 2025, 10, 1988-1996 | 1991
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diffusion limited current (j, = 6.19 mA cm™~?) than Co-N/CNTs-
0.08 (ji, = 5.91 mA cm™?), Co-N/CNTs-0.04 (ji, = 4.07 mA cm™?),
CNTs (ji, = 3.09 mA cm™ ) and 20% Pt/C (ji, = 4.65 mA cm ™ 2).
Compared to recently reported precious metal-free electrocata-
lysts, Co-N/CNTs-0.06 shows decent electrocatalytic activities,
as shown in Table S3 (ESIf). Fig. S6 (ESIf) shows the kinetic
current density (/i) derived from the K-L equation. Co-N/CNTs-
0.06 showed an activity of 12.8 mA cm 2 at 0.8 V, which is
higher than that of Co-N/CNTs-0.04 (11.6 mA cm > at 0.8 V)
and Co-N/CNTs-0.08 (4.7 mA cm ™2 at 0.8 V) and close to that of
20% Pt/C (14.5 mA cm ™~ at 0.8 V).

The Tafel slope of various materials was calculated to
measure their reaction Kkinetics. As shown in Fig. 3d, the
Tafel slope of Co-N/CNTs-0.06 is 99.3 mV dec™*, lower than
that of Co-N/CNTs-0.08 (181.6 mV dec '), Co-N/CNTs-0.04
(100.4 mV dec™ '), bare CNTs (103.2 mV dec ), and 20% Pt/C
(138.2 mV dec™ '), indicating its fast ORR kinetics. As depicted
in Fig. 3e, Co-N/CNTs-0.06 demonstrated a lower series resis-
tance (R;) than 20% Pt/C in high-frequency regions, owing to
the ultra-conductive 1D CNT networks that minimize inter-
nanotube contact resistance compared to particle-based com-
mercial catalysts. In the low-frequency region, the EIS curve
approximates a semicircle, where the diameter represents the
charge transfer resistance (R,,) at the electrode/electrolyte inter-
face. Clearly, the charge transfer rate on the surface of Co-N/
CNTs-0.06 is significantly faster than that of 20% Pt/C. The
reduced R observed in Co-N/CNTs-0.06 can be attributed to
the formation of a 3D network formed by interwoven CNTs,
which facilitates mass transfer more efficiently than catalysts
with conventional particle structures that are closely packed.
Moreover, the enhanced hydrophobicity of this 3D structure
significantly promotes oxygen transport, thereby improving the
rate of charge transfer. Operational stability stands as a critical
performance metric for ORR electrocatalysts. The Co-N/CNTs-
0.06 catalyst exhibits excellent long-term stability in 0.1 M KOH
solution, maintaining stable current density for 10 hours with-
out significant degradation (Fig. S7, ESIT). The ORR selectivity
of Co-N/CNTs-0.06 and pristine CNTs is quantitatively deli-
neated in Fig. 3f and Fig. S8 (ESIf) through comparative
analysis of electron transfer numbers (n) and peroxide yields
(H20,%). Across the 0.2-0.8 V vs. RHE potential window, Co-N/
CNTs-0.06 demonstrates an average n value of 3.89-3.32,
corresponding to a suppressed H,0, yield of 5.4-34.3%. These
metrics confirm the catalyst’s predominant adherence to a
concerted four-electron transfer pathway in alkaline media. In
contrast, unmodified CNTs exhibit substantially higher para-
sitic two-electron activity, generating H,0, at 11.8-68.5% yields
under identical conditions.

The OER activity of Co-N/CNTs-0.06 was also evaluated in
1 M KOH. As shown in Fig. S9a (ESIt), the catalyst demon-
strated a low overpotential of 250 mV to reach the current
density of 10 mA em™ > (Ej-40), lower than that of RuO, (1.50 V
vs. RHE). Further kinetic analysis revealed a Tafel slope of
91.6 mV dec™ ' for Co-N/CNTs-0.06 (Fig. S9b, ESIT), the smallest
value among all tested catalysts, confirming its fast OER
kinetics. Chronoamperometry was employed to evaluate the
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OER stability of the catalyst. Co-N/CNTs-0.06 exhibited excep-
tional stability, retaining 91.5% of its initial current density
after 30 hours of continuous operation (Fig. S10, ESIt). The
above results suggest that Co-N/CNTs-0.06 is an ideal bifunc-
tional electrocatalyst for rechargeable ZABs.

Zinc-air battery performance analysis

Motivated by the superior ORR and OER bifunctional activity of
Co-N/CNTs-0.06, the homemade liquid rechargeable ZAB
(Fig. 4a) was assembled to assess its practical applications in
energy devices, and ZABs based on Co-N/CNTs-0.04, Co-N/
CNTs-0.08, and 20 wt% Pt/C were also investigated for compar-
ison. The battery configuration includes a zinc plate anode, a
cathode composed of Co-N/CNTs-0.06 loaded on carbon fiber
paper, and an electrolyte composed of 6.0 M KOH containing
0.2 M Zn(OAc),. The open circuit voltage (OCV) of the battery
assembled with Co-N/CNTs-0.06 was 1.45 V (Fig. 4b), which was
higher than that of the 20% Pt/C (1.38 V), Co-N/CNTs-0.04
(1.32 V), and Co-N/CNTs-0.08 (1.33 V) based ZABs. The charge-
discharge polarization curves indicate that the Co-N/CNTs-
0.06-based ZAB exhibited a smaller charge-discharge potential
difference compared to the other samples, suggesting superior
rechargeability (Fig. 4c). Fig. 4d shows the discharge polariza-
tion curves and corresponding power density plots of ZABs
assembled with different catalysts. Notably, the ZAB incorpor-
ating the Co-N/CNTs-0.06 catalyst exhibited a slower voltage
decay with increasing current density compared to those utiliz-
ing other electrodes, suggesting effective mitigation of elec-
trode polarization, which well corresponds to the ORR activity.
The power density of the Co-N/CNTs-0.06-based ZAB reached
224.5 mW cm ?, which was also higher than that of Co-N/
CNTs-0.04 (150.1 mW cm ™ ?), Co-N/CNTs-0.08 (175.2 mW cm %)
and the commercial 20% Pt/C (131.1 mW cm™ ) based ZABs.
Furthermore, the Co-N/CNTs-0.06-based ZAB demonstrated
stable rate capability without significant decay after dischar-
ging across a wide range of current densities from 5 to
100 mA cm > (Fig. 4e). Even as the upper limit of current
density increased to 200 mA cm™> or 300 mA ¢cm ™2, the Co-N/
CNTs-0.06-based ZAB still demonstrated stable rate perfor-
mance (Fig. S11, ESIY). It is noted that, after a discharge cycle
test in large current density ranges (5 to 200 mA cm > and 5 to
300 mA cm™?), the discharge platform was restored to the initial
values when the current density was reduced to 10 mA cm™>. The
rechargeability and long-term cycling stability of the Co-N/CNTs-
0.06-based ZAB were evaluated using galvanostatic charge/dis-
charge cycle measurements (20 min per cycle) at a current
density of 5 mA ¢cm . As shown in Fig. 4f, the homemade
battery with Co-N/CNTs-0.06 maintained a stable charge and
discharge potential exceeding 160 hours (> 500 cycles). In con-
trast, the ZAB with 20% Pt/C experienced a substantial decline in
efficiency over time, likely caused by Pt aggregation and carbon
corrosion. These results further confirm the exceptional stability
of Co-N/CNTs-0.06 applied in the ZABs.

The superior performance of the Co-N/CNTs-0.06-based ZAB
can be attributed to the abundant active sites exposed on the
catalyst surface. These active sites primarily consist of carbon

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) CV curves of Co—N/CNTs-0.06 in N,- and O,-saturated 0.1 M KOH at the scan rate of 10 mV s~ (b) The linear sweep voltammetry (LSV)
curves, (c) the half-wave potential and onset potential, and (d) Tafel plots of the ORR on CNTs, Co—N/CNTs-0.04, Co—N/CNTs-0.06, Co—N/CNTs-0.08,
and 20% Pt/C in 0.1 M KOH solution at 1600 rpm. (e) EIS pattern of Co—N/CNTs-0.06 and 20% Pt/C recorded at 1.03 V vs. RHE. (f) Calculated n and

determined H,O,% at various potentials based on the RRDE.

atoms adjacent to pyridinic-N configurations and Co-N-C
coordination structures, which collectively serve as dual-active
centers for both the ORR and the OER. Apart from its well-
maintained ORR activity in a strong alkaline environment, the
excellent performance of the Co-N/CNTs-0.06-based ZAB also
arises from its enhanced mass transfer properties. The hydroxyl
ion diffusion coefficient (Dog-) can be derived from the Z’ vs.
2 plot of the EIS data. As shown in Fig. S12 (ESI), the Do
of the Co-N/CNTs-0.06-based ZAB is 38.2 x 10! ecm? s7%,
which is significantly higher than that of 20% Pt/C (8.73 x
107" em? s7'). This suggests that the interwoven structure of
the porous CNTs significantly enhances hydroxyl ion transport
in the electrode. The enhanced mass transport of hydroxyl ions
between the solid and liquid interface is consistent with the
excellent limiting diffusion current density of Co-N/CNTs-0.06
in the ORR, as well as the discharge polarization curve analysis
in ZABs. In addition, Co-N/CNTs-0.06 shows the advantage of
mass transfer of oxygen between the gas and liquid interface.
The enhanced hydrophobicity of Co-N/CNTs-0.06 facilitated
the diffusion of gas on the electrode surface and efficiently
removed water generated during the reaction. As a result, the
liquid/gas/solid three-phase interface was maximized and sta-
bilized, which not only facilitated the ORR but also improved
the performance of the ZAB.

Flexible all-solid zinc-air battery performance analysis

Flexible all-solid zinc-air batteries (ASS-ZABs) were constructed
to further explore the potential application of the Co-N/CNTs-
0.06 electrocatalyst, which was loaded on carbon paper as the

This journal is © The Royal Society of Chemistry 2025

air cathode. The anode and solid electrolytes adopted a flexible
zinc foil and copolymers of acrylic acid (AA) and methacryloy-
loxyethyl trimethyl ammonium chloride (DMC), respectively
(Fig. 5a). It was found that the open-circuit voltage of the Co-
N/CNTs-0.06-based ASS-ZAB was 1.57 V (Fig. 5b), which was
higher than that of the Pt-based battery (1.44 V), further high-
lighting the superior intrinsic ORR activity of the Co-N/CNTs-
0.06 catalyst. As shown in Fig. 5c, the charge-discharge curves
of the Co-N/CNTs-0.06-based ASS-ZAB show a significantly
smaller voltage gap compared to the Pt-based battery. Impor-
tantly, the peak power density of the Co-N/CNTs-0.06-based
ASS-ZAB reached 83.6 mW cm 2, surpassing that of the Pt/C +
RuO,-based battery (62.9 mW cm™?) (Fig. 5d). The specific
capacity of an ASS-ZAB based on bioinspired Co-N/CNTs-0.06
reached up to 757.13 mA h g~' (Fig. 5¢), outperforming the
batteries based on Pt/C + RuO, (417.72 mA h g~ ). In addition,
the discharge rate capability (0.5-10 mA c¢cm 2) of the Co-N/
CNTs-0.06-based ASS-ZAB is significantly superior to those of
the Pt/C + RuO,-based ASS-ZAB (Fig. 5f). Furthermore, the Co-
N/CNTs-0.06-based ASS-ZAB exhibited excellent cycling stabi-
lity (Fig. 52). The battery operated smoothly at a current density
of 5 mA em~> for nearly 90 h (>270 cycles), which is much
longer than that of Pt/C + RuO,-based ASS-ZAB (~10 h).

The enhanced bifunctional oxygen electrocatalytic perfor-
mance of Co-N/CNTs stems from the concerted interplay of
four structurally engineered advantages. Firstly, the atomic
dispersion of cobalt and nitrogen doping into the carbon
matrix creates abundant Co-N-C coordination structures and
pyridinic-N species, which serve as active centers for both the

Nanoscale Horiz., 2025, 10, 1988-1996 | 1993
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Fig. 4 (a) Schematic of the basic configuration of a rechargeable ZAB. (b) Open circuit voltage and (c) discharge—charge polarization curves of
rechargeable ZABs with Co—N/CNTs-0.04, Co—N/CNTs-0.06, Co—N/CNTs-0.08 and 20% Pt/C as the air cathodic catalysts. (d) Discharge polarization
curves and corresponding power density plots. (e) Galvanostatic discharge curves at various current densities, including OCP, 5, 10, 20, 50, and

100 mA cm™2. (f) Discharge/charge cycling curves of ZABs using Co—N/CNTs-0.06 and 20% Pt/C as the air electrodes at a current density of 5 mA cm

-2

(the inset on the left shows cycling curves from the 157th to the 162nd cycle; the inset on the right shows the image of a homemade liquid ZAB).

ORR and the OER. These configurations optimize the local
electronic structure of adjacent carbon atoms, enhancing their
intrinsic catalytic activity. Secondly, the conformal carbon over-
layer derived from tannic acid pyrolysis not only enhances
CNTs’ hydrophobicity to stabilize the triple-phase boundary
but also promotes efficient oxygen permeation (Fig. 2f), as
quantitatively evidenced by the superior limiting current den-
sity of Co-N/CNTs-0.06 (6.19 mA cm™ > vs. 3.09 mA cm > for
CNTs and 4.65 mA cm > for Pt/C) in ORR polarization profiles
(Fig. 3b). Thirdly, the three-dimensionally interpenetrating
CNT network establishes express electron highways and
streamlined ion diffusion channels, validated by its reduced
charge-transfer resistance (Fig. 3e) and elevated OH ™ diffusion
coefficient (Fig. S12b, ESIt) relative to Pt/C. Lastly, the porous
architecture arising from the polyphenol-derived carbon coat-
ing maximizes accessible active sites while maintaining struc-
tural integrity during cycling. These synergistic structural and
electronic modifications collectively enable record-breaking
activity and stability metrics in zinc-air battery applications.

Conclusions

In summary, a Co, N co-doped CNT material, enriched with
pyridinic-N and an atomically dispersed Co-N-C structure (Co-
N/CNTs-0.06), was successfully synthesized by the combination
of the organic ligand polymerization and ammonia pyrolysis

1994 | Nanoscale Horiz., 2025, 10, 1988-1996

strategies. Co-N/CNTs-0.06 delivers excellent ORR and OER
performances under alkaline conditions. At the same time, its
effective application in other sustainable energy conversion
and storage devices has been confirmed through the self-
assembled liquid rechargeable ZABs and all-solid electrolyte
ZABs. The excellent electrochemical performance of Co-N/
CNTs-0.06 mainly benefits from the following aspects: (I) the
surface of Co-N/CNTs-0.06 is rich in active sites, including ORR
and OER active centers formed by pyridinic-N and Co-N-C
structures. (II) The CNTs in the catalyst possess high electrical
conductivity and structural stability. (III) The 3D structure
formed by the interwoven CNTs shortens the diffusion distance
of ions in the electrolyte, promotes an efficient electron/ion
transport pathway, and ensures adequate oxygen supply at the
active site.

Experimental section

Materials and reagents. Tannic acid (TA, Macklin Biochem-
ical Co., Ltd), cobalt nitrate hexahydrate (Co(NO;),-6H,0),
ammonium persulfate ((NH,),S,0g), ethanol (>99.7%), and
ammonia solution (25 wt%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. N,N’-Methylene bisacrylamide
(MBAA), acrylic acid (AA), and methacryloyloxyethyl trimethyl
ammonium chloride (DMC) were supplied by Aladdin Biochem-
ical Technology Co., Ltd. Potassium hydroxide (KOH), commer-
cial 20 wt% Pt/C and RuO, were sourced from Sigma-Aldrich.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Schematic illustration of an ASS—ZAB. (b) Open circuit voltage, (c) charge and discharge polarization curves, (d) power density curves, and (e)
discharging capacity plots at the current density of 2 mA cm~2 of Co—~N/CNTs-0.06 and Pt/C + RuO,. (f) Discharging plateaus at different current
densities. (g) Galvanostatic discharge—charge curves of a flexible ASS—ZAB at the current density of 2 mA cm ™2 and a duration of 20 min per cycle.

CNTs were acquired from Nanjing XFNANO Materials Tech Co.,
Ltd. Ultra-pure water (18.2 MQ cm ') was used in this work. All
chemicals used in this experiment are of analytical grade and
can be used without further purification.

Synthesis of Co-N/CNTs. To synthesize Co-N/CNTs, 0.1 mL
of aqueous ammonia (25 wt%) was introduced into a solvent
mixture containing 13 mL of deionized water and 3 mL of
ethanol under magnetic stirring. Subsequently, 2 mL of
0.015 M tannic acid solution, 1 mL of formaldehyde solution
(3.7 wt%), and 25 mg of CNTs were sequentially added to the
mixture, which was continuously stirred for 24 h to ensure
homogeneous dispersion. Next, 150 pL of 0.17 M Co(NOj3),
solution was incorporated and stirred for an additional 12 h,
resulting in the Co-TAF/CNT composite. Finally, the Co-N/
CNTs-0.06 composite was obtained by pyrolyzing the Co-TAF/
CNTs at 600 °C under an ammonia atmosphere for 2 h. Co-N/
CNTs-0.04 and Co-N/CNTs-0.08 were synthesized under
identical conditions only by changing the amount of
Co(NO3),, and the corresponding amount was 100 pL and
200 pL of 0.17 M Co(NOj3),, respectively.

Synthesis of the polyacrylamide-chitosan (PAMC) hydrogel.
0.015 g of MBAA was dissolved completely in 6 g of 30%
ethanol, followed by the addition of 1.5 g of AA and 4.2 g of
DMC. The mixture was heated in a water bath at 60 °C for
1 hour to initiate copolymerization. After that, the solution was

This journal is © The Royal Society of Chemistry 2025

removed and allowed to cool to room temperature. Next, 0.1 g
of (NH,4),S,0s was added and dissolved thoroughly. The
resulting mixture was poured into a small Petri dish and
heated in a water bath at 60 °C until the gel formed, resulting
in PAMC.
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