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5685 zinc—air batterieS'}'

Zhongyuan Rong,® Mengwei Li,? Yijie Deng

*3 and Haibo Tang*®

High-performance Fe-based nitrogen-doped carbon oxygen reduction catalysts have been widely

reported, but the Fenton reaction faced by such catalysts has hindered their practical application in fuel

cells. The development of inexpensive, effective, and durable non-Fe nitrogen-doped carbon electrocata-

lysts is important for advancing fuel cell technology. In this work, we have introduced a molecular coordi-

nation chemistry method to synthesize a Cu- and P-co-doped nitrogen-doped hierarchical carbon (Cu—

P-N-C) oxygen reduction reaction (ORR) electrocatalyst by pyrolyzing a mixture of phytate and mela-

mine. The refined Cu-P-N-C material showcased a three-dimensional, porous, interconnected

nanosheet structure with an ultra-high specific surface area and an abundance of active sites. The Cu—P-

N-C catalyst displayed a half-wave potential (E1/,) of 0.86 Vrye, higher than that of commercial Pt/C in

0.1 M KOH. It was also found to maintain an impressive long-term stability, retaining 95.4% of its initial

activity after extensive testing. When integrated into zinc—air batteries (ZABs), the Cu-P-N-C electroca-
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1. Introduction

In recent years, the urgent need to achieve enhanced energy
efficiency and environmental sustainability has led to the
development of many renewable energy technologies, includ-
ing supercapacitors,”” fuel cells,** sodium-ion batteries,>® Li-
ion batteries and metal-air batteries.””® As a typical class of
metal-air batteries, zinc-air batteries (ZABs) have emerged as
a promising option due to their low cost, minimal environ-
mental impact, high energy density, and renewability.
However, the sluggish four-electron oxygen reduction reaction
(ORR) kinetic process at the cathode of a ZAB makes obtaining
high electrochemical reaction rates an enormous
challenge.'®*? Platinum (Pt) is the go-to material for catalyzing
the ORR with superior catalytic properties. However, its
current problems (high cost, insufficient stability, vulnerability
to poisoning, etc.) have brought substantial challenges for the
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talyst was observed to deliver exceptional performance, achieving a high peak power density of 164.5 mW
. a promising specific capacity of 807 mA h g™, and remarkable stability. These findings underscore
the potential of Cu-P-N-C as a potential candidate for next-generation ORR electrocatalysts in new

popularity of ORR-based energy storage devices.">'* To reduce

reliance on precious metals, it is necessary to develop a non-
precious-metal ORR catalyst that is cost-effective, highly active,
and stable.

In the past years, non-precious-metal electrocatalysts have
been investigated in large quantities, and have included tran-
sition metal oxides,">'® metal sulfides and their analogs,'”®
and carbon-based ORR catalysts."”>' Doped carbon-based
materials have garnered significant attention for the ORR
due to their enhanced conductivity and durability. In addition
to single-element doping (e.g., B, N, P, S, F), multi-element
doping (e.g., N/P, N/F, N/S) has also been conducted, and
has been reported to yield a synergic catalytic effect, which is
attributed to the increased exposure of active sites and
accelerated electron transfer.”>>* Furthermore, the catalytic
activity of oxygen reduction was shown to be significantly
increased by doping a transition metal (e.g., Fe, Co). High-
performance Fe-doped N-doped carbon oxygen reduction
catalysts have been widely studied, but the Fenton reaction
from Fe-based catalysts would destroy the structure of
the proton-exchange membrane, leading to reduced stability.
Developing high-activity non-Fe nitrogen-doped carbon
electrocatalysts is essential for advancing fuel cell energy
technologies.
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For metal-based ORR catalysts, as metal atoms tend to
agglomerate to form large, low-activity metal particles during
high-temperature pyrolysis of precursors, and as such agglom-
eration can significantly impair the catalyst activity and the
longevity of the battery, specific processes are employed to
prevent the metal atoms from forming large-scale, low-activity
metal particles during preparation. In this study, we have
developed a co-coordination approach that significantly sup-
presses the formation of large, less reactive phosphate nano-
particles. The resulting material, denoted as Cu-P-N-C, is
characterized by an abundance of Cu-N and P-N active sites
and a unique architecture that enhances its catalytic perform-
ance. Notably, under alkaline conditions, Cu-P-N-C achieves
a half-wave potential (E;/,) of 0.86 Vgyg, which is higher than
that of the commercial benchmark Pt/C catalyst. Furthermore,
it demonstrates remarkable durability, with a current loss rate
of less than 5% after 40 000 s of continuous operation. In
zinc-air batteries, a Cu-P-N-C-based system delivers distin-
guished power density and specific capacity.

2. Results and discussion

The process used to manufacture the Cu-P-N-C electrocatalyst
is depicted in Fig. 1. Initially, copper acetate monohydrate was
dissolved in a phytic acid aqueous solution; the obtained Cu®*-
coordinated phytic acid sample was mixed with a zinc acetate
solution, forming the Cu-PA-Zn precursor. The Cu-PA-Zn was
combined with melamine, and the resulting mixture was
annealed at 550 °C under argon protection. At the 550 °C, mel-
amine transformed to graphitic carbon nitride (g-C;N,).>°
When the temperature was gradually increased to 950 °C, a
black catalyst material was obtained. To remove unstable
species, this black catalyst sample need to undergo acid leach-
ing by sulfuric acid solution. The obtained material was sub-
jected to a secondary carbonization step, ultimately yielding
Cu-P-N-C catalyst. The g-C3N, is prone to thermal decompo-
sition at temperatures exceeding 710 °C, forming a mass of
corrosive gases containing nitrogen. The etching effect of cor-
rosive gases containing nitrogen on the carbon skeleton is
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Fig. 1 Schematic of the preparation of Cu—P-N-C.
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helpful for promoting the formation of a porous architecture
and active sites.”® To deeply understand the advantage of the
co-coordination method and the role of Cu doping, Cu-P-N-C
(Cm) was prepared by pyrolyzing a physical mixture of PA-Zn
and copper acetate monohydrate; furthermore, the P-N-C cata-
lyst was synthesized without copper salt.

The morphology of the produced material was examined
employing scanning electron microscopy (SEM). As shown in
Fig. 2a and c, the Cu-P-N-C and Cu-P-N-C(Cm) catalysts each
displayed a well-defined 3D porous structure with intercon-
nected nanosheets. Transmission electron microscopy (TEM)
was conducted to further uncover microstructural features. As
shown in the Fig. 2b and d, in the TEM images of the Cu-P-
N-C and Cu-P-N-C(Cm) catalysts, dispersed nanoparticles can
be clearly seen. High-resolution TEM (HRTEM) images, shown
in Fig. 2b and S2,t indicated that the phosphate nanoparticles
being protected within graphite layers, and thus these low-
activity nanoparticles cannot be completely removed.
Furthermore, the nanoparticles in the Cu-P-N-C catalyst have
an average diameter of approximately 20 nm, indicative of
slight agglomeration and much smaller than those in the Cu-
P-N-C(Cm) catalyst (~70 nm). This result suggested that the
co-coordination method is conducive to reducing the for-
mation of large, low-activity phosphate nanoparticles.
Furthermore, elemental mapping (Fig. 2e-i) substantiated an
expected uniform distribution of copper, phosphorus, and
nitrogen elements outside the nanoparticles within the carbon
matrix.

The X-ray diffraction (XRD) patterns acquired of Cu-P-N-C,
Cu-P-N-C(Cm), and P-N-C (Fig. 3a) confirmed the coexis-
tence of the composite phases of Cu;(PO,), and Zn;(PO,),.
Diffraction peaks were observed at 40°, 44.3°, 46.3°, and 47.1°,
corresponding to the (200), (220), (003), and (113) crystal
planes of triclinic Cu(PO,), (PDF#01-080-0991), respectively,
and at 32.7°, 37.4°, 46.8°, 48.4° 50.2°, and 56.1°, corres-
ponding to the (211), (310), (—222), (400), (—312), and (-113)
crystal planes of monoclinic Zn;(PO,), (PDF#00-030-1490),
respectively. In addition, the Raman spectra acquired of Cu-P-
N-C, Cu-P-N-C(Cm), and P-N-C (Fig. 3b) exhibited two main
peaks, at ~1350 cm™"' (D band) and ~1587 cm™" (G band),
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Fig. 2 (a) SEM and (b) TEM and high-resolution TEM (HRTEM) images of Cu—P—-N-C. (c) SEM and (d) TEM images of Cu—P—-N-C(Cm). (e—i) HAADF

image and elemental mapping of Cu-P-N-C.

corresponding to defect carbon and sp>-hybridized graphite
carbon, respectively.”” The ratio of the intensities of these
peaks (Ip/Ig ratio) for Cu-P-N-C and that for Cu-P-N-C(Cm)
were each higher than that for P-N-C (1.068), indicative of the
doping of Cu promoting the generation of more defects, expos-
ing more active sites. Furthermore, the I,/I; ratio for Cu-P-N-
C was observed to be slightly lower than that for Cu-P-N-C
(Cm), suggestive of the co-coordination method for doping
copper leading to higher graphitization and higher electrical
conductivity.

This journal is © The Royal Society of Chemistry 2025

The N, adsorption-desorption isotherms acquired for the
Cu-P-N-C, Cu-P-N-C(Cm), and P-N-C samples are depicted
in Fig. 3c. These isotherms curves could be clearly assigned to
type IV curves with the characteristic H,-type hysteresis loops,
which suggested the presence of a microporous and meso-
porous network within the carbon framework. Moreover, the
etching of nitrogen-containing gases from decomposition of
melamine and removal of Zn-based species were apparently
responsible for the high specific surface areas recorded for
Cu-P-N-C (964 m”> g™'), Cu-P-N-C(Cm) (849 m”> g™"), and P-
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Fig. 3 (a) XRD patterns, (b) Raman spectra, (c) N, adsorption—desorption isotherms, and (d) pore size distributions of Cu—P-N—-C, Cu—P-N-C(Cm)

and P-N-C.

N-C (1065 m* g™, consistent with the SEM and TEM results.
As displayed in Fig. 3d, the pore size distribution curves of the
three samples further demonstrated a rich microporous-meso-
porous architecture. From Fig. 3d, with the introduction of
copper salt, the proportion of mesopores in the catalyst
material increased. A balanced microporous-mesoporous
structure has been deemed to be instrumental in enhancing
electron and mass transport of oxygen-related species, and
hence efficiently catalyzing the ORR.>*°

The chemical bonding environments of the catalysts were
probed using X-ray photoelectron spectroscopy (XPS). The
survey spectra for Cu-P-N-C, Cu-P-N-C(Cm), and P-N-C, pre-
sented in Fig. 4a, revealed the presence of Cu, P, N, C, and O
elements within the Cu-P-N-C catalyst, and the quantification
of atomic percentages of these elements indicated that the
highest nitrogen content (4.11%) was in the Cu-P-N-C cata-
lyst, suggestive of the incorporation of Cu enhancing the
immobilization of nitrogen atoms on the carbon matrix. The
signal in the N 1s region of each of the Cu-P-N-C and Cu-P-
N-C(Cm) spectra can be deconvoluted into five peaks: pyridi-
nic N (~398.3 eV), Cu-N (~399 eV), pyrrolic N (~400.2 eV), gra-
phitic N (~401.4 eV), and oxidized N (~403.9 eV) (Fig. 4b).>'*
As shown in Fig. 4d, our XPS analyses indicated that the Cu-P-
N-C sample had the higher contents of pyridinic N and gra-
phitic N, important since many previous investigations have
indicated that pyridinic N is generally responsible for ORR
activity in N-doped carbon materials and that graphitic N can
enhance the conductivity of the carbon skeleton.?>?3®

5688 | Dalton Trans., 2025, 54, 5685-5692

Moreover, our analyses indicated Cu-N bonds accounting for
17.1% of all of the bonds in Cu-P-N-C, significantly higher
than their proportion in Cu-P-N-C(Cm) (11.9%), and indi-
cated a higher proportion of Cu-P bonds in Cu-P-N-C (11.7%)
than in Cu-P-N-C(Cm) (8.8%) (Fig. 4c), suggesting the co-
coordination method to be more conducive to the production
of Cu-N and Cu-P active sites. Furthermore, a lower oxygen
content was observed for Cu-P-N-C (8.96%) than for Cu-P-N-
C(Cm) (10.91%), which may be attributed to the fewer oxygen-
containing phosphate species. As shown in Fig. S5, the
respective high-resolution O 1s regions of the spectra of the
prepared samples each contained three binding energy peaks,
corresponding to C=0, C-0, and O=C-OH.?” The Cu-P-N-C
sample clearly had a higher content of the C=0O functional
group; this group, due to its electron-withdrawing nature, can
regulate localized charge redistribution in the carbon.?®

The ORR catalytic performances of the samples each in a
0.1 M KOH solution were initially evaluated. The cyclic voltam-
metry (CV) results revealed that the Cu-P-N-C catalyst dis-
played the most positive and reduction peak at 0.867 V in an
O,-saturated environment, but no such signal in a N,-saturated
medium (Fig. 5a). This result confirmed that the Cu-P-N-C
sample participated in the oxygen reduction reaction (ORR)
process.>>*® The linear sweep voltammetry (LSV) results
(Fig. 5b) further corroborated the superior ORR catalytic per-
formance of Cu-P-N-C, which showed a half-wave potential
(E1/2) of 0.86 V, higher than those of Cu-P-N-C(Cm) (0.848 V),
P-N-C (0.851 V), and Pt/C catalyst with this result positioning

This journal is © The Royal Society of Chemistry 2025
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Cu-P-N-C among the most effective doped carbon ORR cata-
lysts reported to date (Table S1f). Notably, despite the intro-
duction of copper ions, the ORR performance of Cu-P-N-C
(Cm) using the infiltration method was slightly poorer than
that of P-N-C, attributed to the formation of large, low-activity
phosphate species and a reduction in specific surface area.
Furthermore, the influence of annealing temperature on the
performance of the catalyst was studied. The LSV curves
(Fig. S61) pinpointed 950 °C as the optimal annealing
temperature.

To gain deeper insights into the kinetic benefits of the Cu-
P-N-C catalyst, an analysis of the kinetic current density (/i)
was performed. At 0.85 V, the Cu-P-N-C catalyst demonstrated
a high kinetic current density, up to 7.73 mA cm™?, with this
value markedly superior to those of other catalysts (Fig. 5c).
Furthermore, the ORR kinetic activity of the Cu-P-N-C catalyst
was further studied using Tafel plots (Fig. 5d and S77). The
Tafel slope for Cu-P-N-C was determined to be 65.8 mV
dec™, lower than those of other catalysts, suggesting a
reduced energy barrier and more rapid kinetics for the Cu-P-
N-C catalyst.**?

Furthermore, electrochemical surface area (ECSA) values of
the catalysts were evaluated by measuring their electro-
chemical double-layer capacitance (Cq)) levels at various scan
rates. The Cu-P-N-C catalyst exhibited a notably enhanced Cyq,
value of 28.93 mF cm™2, surpassing those of Cu-P-N-C(Cm)
(22.25 mF cm™?) and P-N-C (20.98 mF cm™?) (Fig. 5e and S87).
This finding implied more active sites and a larger electroche-
mically active surface area presented by the Cu-P-N-C cata-
lyst.*> Furthermore, the ORR mechanism of these catalysts was

View Article Online
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elucidated using rotating ring-disk electrode (RRDE) techno-
logy. As shown in Fig. 5f, the Cu-P-N-C catalyst produced
hydrogen peroxide with a yield below 5% and an electron
transfer number (1) varying from 3.90 to 3.99 for voltages
ranging from 0.2 to 0.9 V, implying high four-electron selecti-
vity during the ORR process.*>** Chronoamperometry was
employed to study the durability of the Cu-P-N-C catalyst.
Over the course of 40 000 s of testing, the current for Cu-P-N-
C slightly decreased to 95.4% of its initial value, while the
commercial Pt/C sample retained only 83.5% of its initial
current (Fig. 5f), which proved a favorable long-term stability
of the Cu-P-N-C catalyst. The Cu-P-N-C (Cm) catalyst
retained a high 95.2% of its initial current, whereas the P-N-C
catalyst retained 89.1% of its initial current (Fig. S9t), indicat-
ing that the incorporation of Cu doping enhanced the long-
term stability of the catalyst.

To assess the practical performance of the Cu-P-N-C cata-
lyst in zinc-air batteries (ZABs), we constructed cathode cata-
lysts employing the Cu-P-N-C, Cu-P-N-C(Cm), P-N-C and Pt/
C, respectively (Fig. 6 and S11%). The open-circuit voltage
(OCV) of the Cu-P-N-C-based ZAB was as high as 1.53 V,
exceeding those of the Cu-P-N-C(Cm)-, P-N-C- and Pt/
C-based ZABs (1.51 V, 1.50 V and 1.48 V) (Fig. 6b, ¢ and S11af).
Impressively, two ZABs powered by Cu-P-N-C were capable of
driving an LED display (Fig. 6d). As depicted in Fig. 6e, the
Cu-P-N-C-based ZAB achieved a peak power density of
164.5 mW cm 2, markedly outperforming the Pt/C-based ZAB
(150.8 mW em™?). Constant current density discharge tests
were performed at 20 mA ecm™> (Fig. 6f). The results revealed
that the Cu-P-N-C catalyst exhibited a specific capacity of
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Fig. 6 (a) Diagram of the ZAB used. (b) Open-circuit voltages using the indicated ZABs. (c) Photograph showing the ZAB voltage. (d) Photograph of
a LED screen lighted by Cu—P—-N-C-based ZABs. (e) Polarization and power density curves for the indicated ZABs. (f) Specific discharging capacities

of the indicated ZABs.
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807 mA h g™, surpassing that of the Pt/C catalyst (a capacity of
769 mA h g™). To the best of our knowledge, this performance
is one of the best for doped carbon catalysts tested in zinc-air
battery applications (Table S27).

3. Conclusions

A series of high-performance Cu-P-N-C catalysts was con-
structed by using a molecular coordination chemistry strategy,
which can effectively reduce the formation of large-scale phos-
phate nanoparticles. Benefiting from high specific surface area
(964 m* g') with a microporous and mesoporous structure
and the synergistic effect of the N-doped carbon layer with Cu
and P, the obtained Cu-P-N-C catalyst exhibited a remarkable
ORR performance and outstanding long-term stability (95.4%).
And when assembled into a cathode catalyst in a ZAB, the Cu-
P-N-C catalyst achieved a high power density of 164.5 mW
cm ™. We expect that this research will open new horizons for
the development of non-Fe-derived N-doped carbon oxygen
reduction catalysts for fuel cells.
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