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ABSTRACT: Developing low-cost, efficient, and stable oxygen reduction reaction
(ORR) electrocatalysts is crucial for the commercialization of energy conversion
devices such as metal−air batteries. In this study, we report a Mn-doped Zn
metal−organic framework-derived porous N-doped carbon composite (30-ZnMn-
NC) as a high-performance ORR catalyst. 30-ZnMn-NC exhibits excellent
electrocatalytic activity, demonstrating a kinetic current density of 9.58 mA cm−2

(0.8 V) and a half-wave potential of 0.83 V, surpassing the benchmark Pt/C and
most of the recently reported non-noble metal-based catalysts. Moreover, the
assembled zinc−air battery with 30-ZnMn-NC demonstrates high peak power
densities of 207 and 66.3 mW cm−2 in liquid and flexible batteries, respectively,
highlighting its potential for practical applications. The excellent electrocatalytic
activity of 30-ZnMn-NC is attributed to its unique porous structure, the strong
electronic interaction between metal Zn/Mn and adjacent N-doped carbon, as well
as the bimetallic Mn/Zn−N active sites, which synergistically promote faster
reaction kinetics. This work offers a controllable design strategy for efficient electrocatalysts with porous structures and bimetallic
active sites, which can significantly enhance the performance of energy conversion devices.

■ INTRODUCTION
Extensive research has been conducted on energy conversion
and storage technologies, including fuel cells and metal−air
batteries, with the aim of addressing the overconsumption of
nonrenewable energy sources and the resulting environmental
degradation.1 Zinc−air batteries (ZABs) have the potential to
serve as a renewable energy storage and conversion technology
due to the high theoretical energy density (1084 Wh kg−1),
economic feasibility, reliability, and environmental friend-
liness.2,3 However, the slow kinetics of the oxygen reduction
reaction (ORR), which is the primary process of ZAB
discharge, severely restricts their advancement because of the
influence of the four-electron transfer pathway.4−6 While Pt-
based materials have been extensively studied as highly
efficient electrocatalysts for oxygen reduction, their scarcity,
low stability, and high cost inevitably limit their application in
sustainable energy conversion systems.7,8 Hence, the develop-
ment of profitable and highly efficient nonprecious metal-based
electrocatalysts is of utmost importance in advancing the
performance of ZABs.

Metal−organic frameworks (MOFs), constructed through
the self-assembly of metal ions and organic linkers, are widely
recognized as excellent materials for constructing porous

frameworks and are well-established in catalytic and energy
storage conversion devices.9 When zinc is used as the metal
source in MOFs, it is highly volatile during high-temperature
processing, ascribed to its low melting and boiling points,
resulting in a porous structure of the composite that provides
channels for the rapid transport of substances during the ORR
process.10 Doping N can significantly affect the charge
distribution of carbon atoms, leading to increased spin density,
thus stimulating the atomic activity and improving the
electrical conductivity and catalytic activity of catalysts.11−13

Transition-metal N-doped carbon composites have garnered
significant interest in the domain of electrocatalysis by virtue of
their exceptional electrical conductivity and excellent corrosion
resistance.14−18 Among them, Fe−N−C catalysts explicit the
best ORR activity due to their efficient atom utilization.19

Despite this advantage, it is important to note that the Fenton
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reaction is prone to occur between iron ions and hydrogen
peroxide (H2O2), and the resulting hydroxyl (OH) radicals can
lead to low catalytic efficiency and poor stability of materials.20

Consequently, Fe-free catalysts (such as Ni, Co, Mn, and Cu)
have received considerable attention from researchers.21

Currently, Mn-based ORR catalysts have been extensively
studied as a substitute for Pt-based catalysts in Zn−air
batteries.22 For instance, Sun et al. developed Mn-NC/CNT
catalysts that demonstrated satisfactory ORR performance with
an onset potential (Eonset) of 0.91 V and a half-wave potential
(E1/2) of 0.83 V (vs RHE).23 Moreover, Hu et al. reported that
N−C-wrapped Mn3O4 nanoparticles exhibited superior ORR
activity, ultralong durability, and methanol tolerance in alkaline
media, surpassing that of commercial Pt/C.24 Overall, Mn-
based ORR catalysts have both advantages and disadvantages
compared to Pt-based catalysts. While they are cheaper, highly
active, and stable, they also have limitations such as poor
selectivity, surface oxidation, and performance degradation
under certain conditions.25 Additional investigation is required
to gain a comprehensive understanding of the underlying
mechanism of ORR catalysis by Mn-based catalysts and to
optimize their performance for practical applications in fuel
cells. A recent study has revealed that the ZnMn2O4/carbon
composite exhibits excellent catalytic activity for ORR in an
aqueous alkaline medium. The composite exhibited an
impressive onset potential of 0.90 V (vs RHE). Additionally,
the recycled ZnMn2O4 demonstrated a comparable perform-
ance (around 1.0 V) to its chemically synthesized counterpart,
with a specific capacity of 210 mA h gZn

−1 under a constant
current discharge of 15 mA cm−2.26 These findings suggest the
possibility of further improving the ZnMn-based ORR catalyst
using the MOF strategy, which has not been reported thus far.

Building on the aforementioned discovery, porous cake-like
ZnMn-NC composites were obtained by loading Mn into Zn-
MOF and subjecting it to high-temperature pyrolysis. The
resulting ZnMn-NC catalyst exhibited abundant porous
structures with a higher specific surface area and an increased
number of active sites, resulting in an enhanced ORR activity.
The obtained 30-ZnMn-NC displayed an E1/2 value of 0.83 V
and an Eonset value of 0.95 V in an alkaline electrolyte, which
are comparable to that of commercial Pt/C (0.84 V, 1.01 V).
The ZAB based on 30-ZnMn-NC demonstrated a peak power
density of 207 mW cm−2 and a low voltage decay rate during

85 h of charge/discharge operation, indicating its great
potential for practical energy conversion applications.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. Figure 1a

illustrates the synthetic process of ZnMn-NC. First, the
mixture of Zn(NO3)2·6H2O, BIM, and MnSO4·H2O is stirred
in a solution composed of ethanol and deionized water in two
steps. Subsequently, the cake-like ZnMn-NCs were fabricated
by pyrolyzing the precursor at 900 °C. XRD was employed to
verify the phase composition and crystallinity of the
synthesized electrocatalyst. The XRD pattern (Figure S2)
shows that the crystalline phase of 30-ZnMn-MOF is
comparable to that of Zn-MOF.27 Furthermore, TEM, the
corresponding elemental mappings, and EDS spectra con-
firmed that Mn has been successfully doped into Zn-MOF
(Figures S3−4). In Figure 1b, it can be observed that the
prepared Zn-NC, 10-ZnMn-NC, and 30-ZnMn-NC had two
distinct diffraction peaks at 25° and 43°, which can be
attributed to the crystal planes (002) and (101) of graphitic
carbon.28 However, due to the low crystallinity and partially
graphitized structure, the characteristic diffraction peaks of Mn
and Zn species were not observed in this composite. Notably,
the XRD patterns of 50-ZnMn-NC show several diffraction
peaks at 29°, 31°, and 39° that matched the characteristic
diffraction peak of Mn3O4 (JCPDS: 46-0944).29 This provides
strong evidence that 50-ZnMn-NC is primarily composed of
Mn3O4. The Raman spectrum exhibited two signal peaks at
1355 and 1594 cm−1 (Figure 1c), which reflected the defects
and disorder of sp3 carbon in the material (D band) and the
graphitization degree of sp2 hybrid carbon in the graphite
structure (G band), respectively. The graphitic carbon favors
electrical conductivity, while defective carbon provides
abundant active sites.30 The value of ID/IG for 30-ZnMn-NC
was 0.96, which was almost the same as that of Zn-NC (0.99),
10-ZnMn-NC (0.97), and 50-ZnMn-NC (0.98), suggesting
that the inclusion of Mn had a minimal effect on the degree of
graphitization. In Figure 1d, ID/IG decreased gradually with
increasing temperature (0.97, 0.96, and 0.89 at 800, 900, and
1000 °C, respectively), validating that higher temperature
could result in the reduction of defective carbon and increase
in the graphitization degree. Importantly, an appropriate

Figure 1. (a) Schematic illustration of the synthesis procedure. (b) XRD pattern of x-ZnMn-NC. (c) Raman spectra of x-ZnMn-NC samples. (d)
Raman spectra of 30-ZnMn-NC (T).
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degree of carbon defects and graphitization is crucial for
enhancing the ORR performance.31

Microstructure Analysis. The micro-morphological char-
acteristics of the 30-ZnMn-MOF precursor and 30-ZnMn-NC
catalyst were analyzed using scanning electron microscopy
(SEM) and TEM. The 30-ZnMn-MOF precursor presented a
cake-like structure with surface wrinkles (Figure 2a), while the
morphology of 30-ZnMn-NC obtained by high-temperature
pyrolysis maintained its inherent framework structure without
collapsing. The existence of the pore structure was clearly
observed in Figure 2b, mainly attributed to the volatilization of
Zn atoms during the pyrolysis process. The high-resolution
TEM image (HR-TEM) and the selected-area electron
diffraction (SAED) image (Figure 2c) revealed the low
crystallinity and high dispersion of the metal composites,
which were mutually corroborated by the XRD analysis results.
Furthermore, high-angle annular dark-field STEM (HAADF-

STEM) confirmed the porous cake-like structure of 30-ZnMn-
NC, and the corresponding elemental mapping disclosed the
even distribution of C, O, N, Zn, and Mn throughout the 30-
ZnMn-NC structure (Figure 2d). The Zn and Mn contents of
all samples were measured using inductively coupled plasma
mass spectroscopy (ICP-MS). The analysis revealed that the
Zn and Mn contents in 30-ZnMn-NC were 1.99 and 1.09 wt
%, respectively (Table S1). The N2 adsorption−desorption
isotherm of 30-ZnMn-NC displayed a reversible type IV curve
with obvious hysteresis loops (Figures 2e and S5), suggesting a
mesoporous structure with an average pore size of 4.9 nm in
the composite. This is significantly higher than the pore sizes
of 1.8 and 0.9 nm in 10-ZnMn-NC and 50-ZnMn-NC,
respectively. The high porosity of 30-ZnMn-NC promotes
mass transfer and exposes numerous active sites, facilitating
substance transport, endowing the catalyst with faster reaction
kinetics in the ORR process. These findings align with prior

Figure 2. (a) SEM image of 30-ZnMn-NC with the (inset) SEM image of 30-ZnMn-MOF. (b) TEM image, (c) HR-TEM image, (d) HAADF-
STEM images, and the corresponding elemental mappings, and (e) N2 adsorption/desorption isotherms and the corresponding pore size
distribution (inset) for 30-ZnMn-NC.

Figure 3. High-resolution XPS spectra of (a) Zn 2p, (b) Mn 2p, and (c) N 1s in Zn-NC and 30-ZnMn-NC.
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studies, indicating that mesoporous catalysts featuring high
porosity and large pore sizes exhibit superior ORR activity.32

The formation of the porous structure in 30-ZnMn-NC was
attributed to the evaporation of Zn atoms at high temper-
atures.33 Additionally, the Brunauer−Emmett−Teller (BET)
specific surface area of 30-ZnMn-NC was calculated to be
421.7 m2 g−1, which is slightly lower than the BET specific
surface areas of 10-ZnMn-NC (851.2 m2 g−1) and 50-ZnMn-
NC (427.0 m2 g−1). However, the high utilization rate of the
active sites in 30-ZnMn-NC suggests that the smaller BET
specific surface area is not a major limitation to its ORR
activity.
X-ray Photoelectron Spectroscopy Analysis. XPS

analysis was conducted to investigate the surface composition
and chemical state of the catalyst. Figure S6a displays the XPS
survey spectrum, indicating the presence of C, O, N, Mn, and
Zn elements. The high-resolution C 1s spectra of Zn-NC and
30-ZnMn-NC show four peaks (Figure S6b,c), which served as
calibration standards for the high-resolution spectra of other
elements.34 The high-resolution Zn 2p spectra of Zn-NC and
30-ZnMn-NC exhibit two main peaks at 1021.2 and 1044.3 eV,
attributed to 2p3/2 and 2p1/2 of Zn2+ (Figure 3a).35,36 The
high-resolution Mn 2p spectrum of 30-ZnMn-NC displays two
peaks at 641.1 and 653.4 eV, corresponding to Mn 2p3/2 and
Mn 2p1/2 of Mn2+, and additional peaks at 645.1 and 657.6 eV,
which are attributed to Mn 2p3/2 and Mn 2p1/2 of Mn3+

(Figure 3b).37,38 These results confirm that the Mn−N bond is
formed after the incorporation of Mn. In addition, the XPS
spectra of 10-ZnMn-NC and 50-ZnMn-NC also exhibited
similar peaks. N 1s spectrum (Figure 3c) exhibits three
prominent peaks at 397.9, 400.2, and 402.9 eV, corresponding
to pyridine-N, pyrrole-N, and graphite-N, respectively. Pyrro-
line-N can act as an electron donor, increasing the electron
density of the material and promoting the formation of *OOH.
Pyridine-N can coordinate well with the d orbitals of transition
metals, making it a preferred site for capturing and anchoring
metal atoms.39 Additionally, as an electron-withdrawing group,
the presence of pyridine N in the catalyst aids in reducing the
electron density of neighboring carbon atoms, thereby
promoting the faster adsorption of intermediates (*OH and

*OOH).40 Notably, the combined content of pyridine and
pyrrole N in 30-ZnMn-NC is significantly higher than that in
Zn-NC, 10-ZnMn-NC, and 50-ZnMn-NC (Figure S7). This
suggests that the appropriate amount of Mn doping promotes
the coordination of Mn with pyridine-N/pyrrole-N,41 thereby
enhancing the catalytic activity of the ORR.
Electrocatalytic ORR in Alkaline Electrolytes. The

impact of temperature on the catalytic performance of 30-
ZnMn-NC was investigated by subjecting it to varying
pyrolysis conditions (800, 900, and 1000 °C). As observed
in Figure S8, the catalyst demonstrated optimal oxygen
reduction potential, half-wave potential, limiting current
density, and Tafel slope at a pyrolysis temperature of 900
°C. Figure 4a reveals that the cyclic voltammetry (CV) curves
obtained in the O2-saturated electrolyte display a distinct
reduction peak, indicating its superior ORR activity. Addition-
ally, 30-ZnMn-NC provided a more positive reduction peak
than the other comparison samples, suggesting its superior
ORR activity. Precisely, the Eonset (0.95 V) and E1/2 (0.83 V)
values of 30-ZnMn-NC were proved in Figure 4b, which are
superior to those of Zn-NC (0.89 V and 0.76 V), 10-ZnMn-
NC (0.94 and 0.80 V), and 50-ZnMn-NC (0.94 V and 0.81 V).
Furthermore, these values also outperform the recently
reported transition-metal-based electrocatalysts (Figure S9
and Tables S2−3). However, the E1/2 value of 30-ZnMn-NC
is lower than that of Pt/C (1.01, 0.85 V), which may be due to
the different preparation conditions and structural features of
the two catalysts. 30-ZnMn-NC is synthesized using a
hydrothermal method, while Pt/C is typically made by
electrochemical deposition. However, the ORR performance
of 30-ZnMn-NC is more attractive than the other comparative
samples considering non-noble metal catalysts. This suggests
that 30-ZnMn-NC is a promising low-cost catalyst for ORR
applications. The exceptional activity of 30-ZnMn-NC can be
ascribed to its mesoporous structure, which promotes the
diffusion of electrolytes and gases, endowing the catalyst with
faster reaction kinetics.42 As depicted in Figure 4c, the Tafel
slope of 30-ZnMn-NC is 80.90 mV dec−1, lower than that of
Zn-NC (84.4 mV dec−1), 10-ZnMn-NC (95.2 mV dec−1), 50-
ZnMn-NC (87.6 mV dec−1), and the benchmark Pt/C (84.9

Figure 4. (a) CV curves in N2/O2-saturated 0.1 M KOH. (b) LSV polarization curves in O2-saturated 0.1 M KOH and (c) Tafel plots of different
catalysts. (d) Polarization curves of 30-ZnMn-NC measured at different rotating speeds ranging from 400 to 2500 rpm. (e) Corresponding K−L
plots. (f) H2O2 yield (%) and electron transfer number (n) from various catalysts.
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mV dec−1). The lower Tafel slope implies more efficient
kinetics in the electrocatalytic process.43,44 Taken together,
these results suggest that the incorporation of an appropriate
amount of Mn elements contributes to the catalytic activity of
the material. Moreover, the current density of the catalyst
exhibits an increase with a higher rotational speed, manifesting
different mass transfer rates at different rotational speeds
(Figure 4d). The Koutechy−Levich (K−L) diagram also
reveals a good linear relationship between ω‑1/2 and j−1,
evidencing that the electrochemical process follows first-order
kinetics.45 The electron transfer number (n) obtained from the
K−L equation calculation is approximately 3.8 (Figure 4e),
confirming that the ORR process follows a four-electron
transfer path.46 Furthermore, the selectivity of the product
during the electrochemical process was examined in more
detail by means of RRDE measurement. Figure 4f demon-
strates that the yield of H2O2 for 30-ZnMn-NC is
approximately 20% with the highest electron transfer number
(∼3.8) within the potential range of 0.2 ∼ 0.8 V (vs RHE),
thereby providing further evidence that O2 is mainly reduced
to H2O through a four-electron pathway during ORR. To
assess the electrochemical surface area (ECSA) of the various
catalysts and reveal the intrinsic ORR catalyst activity, CV
curves (Figure S10) were recorded in the non-Faradaic region
at different scan rates to measure the electrochemical double
layer capacitance (Cdl), as shown in Figure S11.47 The Cdl
value of 30-ZnMn-NC is found to be 28.3 mF cm−2,
significantly higher than that of Zn-NC (23.6 mF cm−2), 10-
ZnMn-NC (28.0 mF cm−2), and 50-ZnMn-NC (27.5 mF
cm−2), due to the porous structure of the composite that
promotes an increased contact between the reactants and

active sites, resulting in an enhanced ORR activity. The ECSA
was determined by calculating Cdl. This result provided insights
into the intrinsic activity of the catalyst. 30-ZnMn-NC
exhibited a larger ECSA, implying more available active sites
(Figure S12). Methanol tolerance and stability are the critical
factors for evaluating the practical feasibility of catalysts.48 As
shown in Figure S13, chronoamperometric response test was
conducted in O2-saturated 0.1 M KOH solution at 1600 rpm.
The current density decay rate of 30-ZnMn-NC was only 13%
after about 40,000 s of chronoamperometry response, while
that of Pt/C was as high as 44%. This demonstrates that 30-
ZnMn-NC exhibits satisfactory stability. Furthermore, the
current density of Pt/C decreased significantly upon the
injection of methanol, whereas the current density of 30-
ZnMn-NC remained 88% of the initial value after a sudden
change, evidencing its remarkable methanol resistance. This is
mainly attributed to its porous structure and cake-like carbon
framework, which aid in substance transport and effectively
prevent metal ion aggregation during the electrochemical
process, respectively. Collectively, these results demonstrate
the tremendous potential of 30-ZnMn-NC electrocatalysts for
practical applications.
Test for the Performance of Assembled Zinc−Air

Batteries. The suitability of 30-ZnMn-NC as an air cathode
for energy storage and conversion devices was evaluated in
ZAB, as depicted in Figure 5a. This involved supporting 30-
ZnMn-NC on a carbon paper, using a Zn foil as the air anode,
and employing a mild electrolyte solution consisting of 6.0 M
KOH and 0.2 M Zn(AC)2 as the electrolyte. The ZAB
incorporating 30-ZnMn-NC exhibited an open-circuit voltage
(OCV) of 1.51 V (Figure 5b), which surpassed the OCV of the

Figure 5. (a) Diagram of the assembled ZAB with 30-ZnMn-NC and Pt/C (20 wt %) as the air cathodes. (b) Open-circuit voltage (OCV) (inset:
the LED panel illuminated by two series-connected ZABs). (c) Discharge polarization curves and power densities of the ZABs. (d) Specific capacity
plots. (e) Discharge curves at various current densities. (f) Comparison of OCV, stability, and power density between 30-ZnMn-NC-based ZAB
and other ZABs reported recently. (g) Galvanostatic cycling at 5 mA cm−2, with each cycle lasting 20 min.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c01536
Inorg. Chem. 2023, 62, 13284−13292

13288

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01536/suppl_file/ic3c01536_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01536/suppl_file/ic3c01536_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01536/suppl_file/ic3c01536_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c01536/suppl_file/ic3c01536_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01536?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01536?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01536?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01536?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


commercial Pt/C (1.48 V). A practical demonstration showed
that two ZABs connected in series could power a red LED with
a voltage of approximately 3 V (Figure 5b inset). The
discharge polarization curve of the ZAB is presented in Figure
5c, demonstrating that the 30-ZnMn-NC-based ZAB achieved
a peak power density of 207 mW cm−2, which was considerably
higher than that of commercial Pt/C (128 mW cm−2).
Moreover, utilizing 30-ZnMn-NC as the air electrode resulted
in a remarkably high specific capacity of 922 mA h gZn

−1 (Figure
5d), which significantly exceeds that of Pt/C (698 mA h gZn

−1).
The discharge curves of the 30-ZnMn-NC-based ZAB at
different current densities (2, 5, 10, and 20 mA cm−2) are
presented in Figure 5e, which reveal an exceptional rate
performance with a voltage loss rate of only 1.5% when the
current density was reduced back to 2 mA cm−2 after a certain
period of time.49 Figure 5f compares the performance of 30-
ZnMn-NC with other recently reported transition-metal-based
electrocatalysts in ZAB, demonstrating its immense potential
for practical implementation in energy storage−conversion
devices.50,51 In addition, a charge−discharge cycle test was
performed at a current density of 5 mA cm−2 to evaluate the
stability and practical application ability of ZAB. The 30-
ZnMn-NC + RuO2-based ZAB displayed only a small loss of
voltage difference after 325 h of continuous charge−discharge
(Figure 5g). In contrast, the ZAB assembled with Pt/C +
RuO2 exhibited a notable degradation after 79 h, further
confirming that 30-ZnMn-NC possesses extraordinary intrinsic
catalytic activity and stability, resulting in a ZAB with
exceptional round-trip efficiency, and maintains a stable long-
term cycle life.

To investigate its application, the promising ORR activity of
30-ZnMn-NC was integrated into a solid ZAB. In the solid
ZAB configuration, the composite is coated on a carbon cloth
substrate as the air cathode, while the anode consists of zinc
foil, and polyvinyl alcohol (PVA) hydrogel as the solid
electrolyte (Figure 6a). According to Figure 6b, the assembled
30-ZnMn-NC-based flexible ZAB yielded a higher OCV of
1.30 V, exceeding that of the Pt/C-based ZAB (1.23 V). The
strong discharge capability of the 30-ZnMn-NC-based flexible
ZAB was demonstrated by its ability to light up an LED board.
The polarization and power density curves presented in Figure
6c demonstrate that the flexible ZAB utilizing 30-ZnMn-NC
featured a maximum power density of up to 66.3 mW cm−2,

which was significantly higher than that of the Pt/C-based
ZAB (26.7 mW cm−2). Moreover, the flexibility and stability of
the flexible battery were assessed by measuring the OCVs at
various bending angles (0°, 60°, 90°, and returning to 60° and
0°), as demonstrated in Figure 6d. The 30-ZnMn-NC-based
ZAB exhibited a high OCV (∼1.30 V) and maintained a stable
voltage even at different bending angles, indicating excellent
stability and flexibility.52 These results suggest that 30-ZnMn-
NC has promising potential and is compared favorably to the
catalysts reported in recent studies (Table S4).
Catalytic Mechanism Analysis. As discussed earlier, the

30-ZnMn-NC catalyst demonstrated superior electrocatalytic
activity for ORR compared to all other tested catalysts. This
was mainly attributed to the following unique merits. First, the
increased specific surface area of 30-ZnMn-NC played a crucial
role in enhancing the exposure of active sites, resulting in an
improved contact between reactants and active sites.53,54

Second, adjacent metals on N-doped carbon substrates
typically transfer electrons to the support, which helps to
improve the catalyst’s Fermi level and optimize the reaction
energy barrier.55 Lastly, the bimetallic Mn/Zn-N active sites
generated by appropriate Mn element doping played a crucial
role in synergistically enhancing the ORR activity.56 These
advantages suggest that 30-ZnMn-NC has a promising
application in practical energy devices.

■ CONCLUSIONS
To summarize, ZnMn-NC electrocatalysts with a porous cake-
like structure for ORR were prepared via a high-temperature
pyrolysis strategy. Among all the prepared catalysts, 30-ZnMn-
NC exhibited pre-eminent electrocatalytic ORR activity,
methanol tolerance, and stability, comparable to the bench-
mark Pt/C. The mesoporous structure of 30-ZnMn-NC played
a significant role in promoting the transport efficiency and
imparting the catalyst with fast reaction kinetics. Moreover, the
incorporation of N and an appropriate amount of Mn
contributed to increasing the active sites, while the synergistic
catalytic interaction between the bimetallic components
markedly enhanced the ORR activity. Notably, the ZAB
constructed using 30-ZnMn-NC achieved an impressive peak
power density as high as 207 mW cm−2 and a specific capacity
of 922 mA h gZn

−1. This work provides a novel strategy for the
design and preparation of cost-effective porous non-noble

Figure 6. (a) Flexible ZAB assembled with 30-ZnMn-NC/benchmark Pt/C. (b) OCVs of 30-ZnMn-NC- and Pt/C-based flexible ZABs (inset: 30-
ZnMn-NC-based flexible ZAB-lit LED board). (c) Discharge polarization and power density of the flexible ZABs. (d) OCVs at different bending
angles of 30-ZnMn-NC-based flexible ZAB.
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metal ORR catalysts with a potential for practical applications
in energy devices.
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