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Powering the Future: A Cobalt-Based Catalyst for

Longer-Lasting Zinc—Air Batteries

Manami Banerjee, Peng Ren, Greesh Kumar, Lucie Lindenbeck, Byoung Joon Park,
Anna Rokiciviska, Piotr Kustrowski, Adam Slabon, Francesco Ciucci,

Ramendra Sundar Dey,* and Shoubhik Das*

The development of cost-effective catalysts for zinc—air batteries (ZABs)
remain challenging due to the sluggish kinetics of oxygen reduction (ORR)
and evolution (OER) at the cathode. In this context, a novel N-doped graphitic
shell-encapsulated cobalt catalyst is presented as an air electrode with
exceptional bifunctional activity, achieving an ORR half-wave potential (E, ;)
of 0.81 V and an OER overpotential of 349 mV in an alkaline medium. The
catalyst demonstrated excellent cycling durability and delivered superior
power density in both liquid and solid-state ZABs. Furthermore, a
quasi-solid-state ZAB is assembled with the catalyst, and it maintained a
stable open-circuit voltage (OCV) of 1.360 V for >10 000 s. The catalyst
achieved a peak power density of 127 mW ¢cm~2—significantly outperforming
the benchmark Pt/C + RuO, system (74 mW cm~2). When two
tandem-junction ZABs are connected in series, they achieved an OCV of

2.75 V and powering a “ZAB” LED strip and a mini fan. Furthermore, Density
Functional Theory (DFT) calculations revealed that the enhanced performance
resulted from optimized binding energies between the Co@ N(py) active sites
and reaction intermediates. An in situ Raman study is carried out to
understand the catalytic mechanism through transient intermediate detection.

technologies.!!] Batteries play a key role
in this transition by enabling efficient
energy storage and its delivery, bridging
the gap between energy production and
consumption.?! In this regard, lithium-ion
batteries (LIBs) and supercapacitors (SCs)
have emerged as advantageous energy stor-
age technologies owing to their elevated
energy and power densities, rechargeabil-
ity, and efficiency, rendering them ideal
for powering electronic devices and facil-
itating the integration of renewable en-
ergy sources.’] However, despite their
widespread adoption, LIBs and SCs face
significant limitations, including relatively
low intrinsic energy density, environmen-
tal concerns related to resource extrac-
tion, recycling, and the constrained avail-
ability of critical raw materials such as
lithium.[*l These challenges have driven
researchers to explore alternative systems
that are more sustainable and economi-

1. Introduction

The escalating energy demands of modern society have driven
significant efforts toward the development of sustainable energy

cally viable. Given these constraints, zinc—
air batteries (ZABs) present a viable alter-
native for next-generation energy storage
devices.[* Particularly, ZABs employ zinc, an abundant element,
at the negative electrode and oxygen as the positive electrode
reactant, offering a cost-effective and environmentally friendly
alternative with a theoretical energy density of 1084 Wh kg™
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Figure 1. a) Working principle of a Liquid ZAB system; b) Drawbacks in current ZAB strategies; c) Our work.

(~3 to 4 times that of traditional lithium-ion batteries).[*>] More-
over, ZABs offer extensive safety due to their non-flammable
aqueous electrolytes, and feature optimal design flexibility for
both primary and rechargeable configurations, making them
highly attractive for large-scale grid storage as well as portable
applications.[®]

Despite their appealing features, the commercial viability of
ZABs is hindered by critical challenges, particularly the slug-
gish kinetics of the oxygen reduction reaction (ORR) and oxy-
gen evolution reaction (OER), which are essential for their effi-
cient rechargeable operation (Figure 1a).’-'!l In ZABs, ORR oc-
curs at the air cathode during discharge by reducing atmospheric
oxygen, while OER during charging releases oxygen gas, both
of which are integral to the overall electrochemical operation of
the cell.”¥] To mitigate the sluggish kinetics of ORR and OER
in ZABs, noble metal-based catalysts, including Pt, Ru, and Ir,
have been extensively investigated.['>1*] Nevertheless, the lim-
ited availability and high cost of noble-metal-based catalysts el-
evate the overall expense of the process and often suffer from
degradation of activity over prolonged cycling, compromising
the long-term reliability of the batteries.'>) Additionally, their re-
stricted bifunctional activity does not satisfy the criteria for effec-
tive and reversible oxygen electrocatalysis (Figure 1b).I>'%] These
concerns have prompted the research community to explore sta-
ble and cost-effective alternatives for ZAB. In this regard, first-
row transition metal-doped carbon materials have gained sub-
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stantial attention, attributed to their economic viability, superior
catalytic efficiency, and robust stability across a wide range of var-
ious catalytic applications.'7-2!]

Recently, porous organic frameworks, carbon-based materials
such as carbon nanotubes, graphene, and nitrogen-doped carbon
have garnered interest as ORR and OER electrocatalysts due to
their superior conductivity and durability.[22-2¢] Specifically, when
combined with 3d transition metal (M) nanoparticles (NPs = Co,
Fe, Ni, Mn), these composites exhibit enhanced ORR/OER ac-
tivity, attributed to improved charge transfer kinetics and a pro-
fusion of active sites.!?’”?°! In particular, Co has obtained spe-
cific attention due to its variable oxidation states (Co'/Co™"), and
closely aligned redox potential compared to the potential of O,
reduction to water (E = 1.23 V vs Reversible Hydrogen electrode
or RHE).3%3! However, their long-term stability remains a key
concern, as metal NPs may leach from the carbon matrix under
high overpotentials and prolonged cycling, leading to corrosion,
passivation, and active site degradation.[*’-3%! To overcome these
limitations, Metal Organic framework (MOF)-derived carbon-
encapsulated metal hybrids with well-defined 3D architectures
have emerged as a promising solution, offering improved struc-
tural confinement and enhanced durability.**] The carbon shell
facilitates electron transmission and safeguards metal cores from
oxidation, while nitrogen doping from MOF precursors creates
active M—N_ sites for the ORR and OER.[*"1~¢l Ingpired by this, we
report a MOF-mediated confined pyrolysis strategy to synthesize
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a monometallic bifunctional catalyst which features Co-NPs en-
capsulated in N-doped graphitic shells on a carbon matrix. This
design enhances conductivity and tunes the electronic structure
of ORR/OER active sites. At the same time, the synergistic inter-
action between Co and the carbon shell improves metal-support
interaction and prevents agglomeration, leaching, and corrosion.
In fact, an outstanding ORR performance, with (E; ,) of 0.81 V
versus RHE and a limiting current density of 5.3 mA cm™2, com-
parable to commercial Pt/C (0.83 V, 4.6 mA cm2) was observed
along with a low OER overpotential of 349 mV, very compara-
ble to that of RuO, (322 mV) (Figure 1c)! Intrigued by this per-
formance, when employed in a quasi-solid-state ZABs, the cata-
lyst delivered a stable open-circuit voltage (OCV) of 1.360 V for
>10 000 s and a peak power density of 127 mW cm™2, signifi-
cantly surpassing the benchmark Pt/C + RuO, system (74 mW
cm~2). Building on this performance, two tandem-junction ZABs
were connected in series, achieving an OCV of 2.75 V and pow-
ering a “ZAB” LED strip. Notably, the setup maintained a stable
red LED (~2.75 V) for 6 h with minimal voltage drop. Further-
more, the computational study at the DFT level including pro-
jected density of states (PDOS) analyses revealed that our Co-
based catalyst consisted of Co@ N (py) active sites which exhibited
lower adsorption energies for ORR and OER intermediates. Ad-
ditionally, the electron redistribution at the Co@N(py) interface
suggested a synergistic effect among Co centers (enhances in-
termediates adsorption) and pyridinic coordination environment
of the N-doped carbon layer (which influences catalytic activ-
ity), providing fundamental insights into its superior bifunctional
electrocatalytic activity. The mechanistic study done by using in
situ Raman spectroscopic for determination of the intermediates
involved during the ORR and OER electrocatalysis in alkaline
media.

2. Results and Discussion

2.1. Synthesis and Characterization
2.1.1. General Synthesis

Co@MCN1 (before pyrolysis) and Co@MCN1_800 (after py-
rolysis) were prepared by following a two-step solvothermal-
pyrolysis process (please see detailed procedure in the S1.2.1,
Supporting Information). The catalyst is referred as CoO@MCN1,
where “Co” represents cobalt as the active metal doped within N-
doped carbon matrix (MCN1). In both cases, Co(NO,),.6H,O was
taken as a cobalt precursor while 1,4-diazabicyclo[2.2.2]octane
(DABCO) and terephthalic acid (TPA) were used as organic
linkers (Figure 2a). Initially, cobalt ions were coordinated with
DABCO and TPA in DMF to form a Co-MOF precursor at
150 °C. Afterward, Vulcan XC72R carbon was introduced as
a support, and the mixture was refluxed and subsequently
heated to 180 °C to induce slow solvent evaporation, which
facilitated the in situ growth of Co-MOF on the carbon sur-
face. The resulting composite was dried, ground, and labelled
as Co@MCNT1 (non-pyrolyzed). A portion of this material was
then subjected to pyrolysis under N, atmosphere at 800 °C
to yield Co@MCN1_800 (pyrolyzed) which consisted of well-
dispersed Co-nanoparticles confined within N-doped graphitic
layers.
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2.1.2. Powder X-Ray Diffraction (XRD)

The powder XRD patterns of Co@MCN1 and Co@MCN1_800
revealed distinct structural differences (Figure 2b). Co@MCN1
displayed mainly broad reflection peaks, indicative of its predom-
inantly bad crystallinity the absence of metallic crystalline cobalt.
In contrast, CO@MCN1_800 exhibited a prominent reflection
peak at 20 ~ 26°, corresponding to the (002) plane of graphitic
carbon, confirming graphitization upon thermal treatment. The
broad reflection peaks at 26 ~ 45° and 52° can be indexed with
the (111) and (200) planes of face-centered cubic (fcc) cobalt, re-
spectively, confirming thus the formation of crystalline metallic
Co. The emergence of these reflection peaks after pyrolysis con-
firmed the formation of crystalline graphitic carbon and the suc-
cessful reduction of cobalt species, validating the structural evo-
lution from the MOF precursor (Co@MCN1) to the active catalyst
phase (Co@MCN1_800).

2.1.3. Transmission Electron Microscopy (TEM)

The morphological structure of Co@MCN1_800 was investi-
gated using TEM (Figure 2c). The catalyst consisted of dispersed
Co nanoparticles (high-contrast dark features are visible in the
image), embedded within a carbonaceous matrix, confirming the
effective integration of active sites. Furthermore, TEM analyses of
the electrocatalyst and post-catalysis revealed an analogous mor-
phology, thereby suggesting that the structural integrity of the cat-
alyst was retained under the catalytic conditions (Figures S2-S5,
Supporting Information).

2.1.4. X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) was also utilized to examine
the local environment and electronic properties of cobalt-based
catalysts during their preparation and utilization (Figure 2d). It
should be noted that all R-space spectra were shown to have
an uncorrected phase shift, meaning that the actual interatomic
distances were slightly longer than the apparent R values. The
R-space spectrum of Co@MCN1, prior to pyrolysis, exhibited
low-intensity Co-Co peaks, which suggested a low metallic con-
tent in the material. Furthermore, a higher intensity signal at
~ 1.54 A in this material demonstrated the Co-N interactions
between the N atom of DABCO and Co?*. On the other hand,
after the pyrolysis process (Co@MCN1_800), the XAS data re-
vealed the presence of a primary Co-Co shell (Figure 2e,f). A
thorough examination of the data indicated a coordination num-
ber of 12 for Co in Co@MCN1_800 and a Co—Co bond length
of 2.49 A.

These findings served to substantiate the existence of a
well-ordered metallic Co phase. In this aspect, post-catalysis
of Co@MCN1_800 exhibited a similar XAS spectrum, re-
taining the similar bond length and coordination number
(Figure S6 and Table S1, Supporting Information). This
was aligned with the result from TEM and further sup-
ported the structural stability of our catalyst under reaction
conditions.
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Figure 2. a) Synthesis procedure of the catalyst; b) Powder XRD patterns of CO@MCNT1 and Co@MCN1_800 and the images of the catalysts before
grinding; ¢) TEM image of Co@MCN1_800 before catalysis; d) Fourier transform (FT) of the Co K-edge XAS spectra of CO@MCN1, Co powder and
Co,03; €) Fourier transform (FT) of the Co K-edge XAS spectra of CO@MCN1_800, Co powder and Co,Os; f) corresponding fitting curve in the 1.0 A <
R < 3 Ainterval (right); g) Co 2p XPS spectrum for Co@MCN1_800; h) N 1s XPS spectrum for Co@ MCN 1_800.
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2.1.5. X-Ray Photoelectron Spectroscopy (XPS)

The surface composition of the Co@ MCN1_800 was further in-
vestigated by using XPS. The measurements were performed
on four different surface regions to confirm the uniformity of
the component distribution, and Figure 2g,h presents the av-
eraged Co 2p and N 1s spectra for these surface areas, respec-
tively. It was observed that the surface was predominantly com-
posed of carbon (> 95 at.%). Additionally, nitrogen was incor-
porated into the carbon matrix, with the atomic N/C ratio of
0.023 + 0.004. In fact, three main forms — pyridinic, pyrrolic, and
quaternary N — were confirmed by the presence of N 1s peaks
which were located at 398.4 , 400.2 , and 401.0 eV, respectively.*’]
However, an additional N 1s component was observed at higher
binding energy (403.5 eV) which could be attributed to oxidized
N species in Co@MCN1_800. Furthermore, small quantity of
cobalt (0.23 + 0.03 at.%) was also detected on the surface. On
the other hand, in the Co 2p;, region, a distinct photoelec-
tron emission was observed at binding energies of 780-782 eV
along with additional features at ~ 778.5 eV. The first peak corre-
sponded to the oxidized Co species, i.e., Co?* and/or Co**, while
the latter was attributed to metallic cobalt (Co?).*®! In addition
to this, a rough estimation suggested that, in the case of fresh
Co@MCN1_800, the ratio of metallic to oxidized Co was ca. 1:4.
For the sample after catalysis, the distribution of Co species was
largely preserved (Figure S7, Supporting Information), with the
contribution of metallic Co decreasing only slightly to ca. 1:6
(Table S2, Supporting Information), which confirms the good
anti-corrosion efficacy of the carbon shell.[*748]

2.1.6. Raman Spectroscopy

To understand the different extent of graphitization in
Co@MCN1_800 and Co@MCN1 we performed Raman spec-
troscopy. Raman spectra exhibited characteristic D band about
at 1345 cm™! and a G band at 1683 cm™! for both materials
(Figure S8, Supporting Information). The D and G peaks in
Co@MCN1_800 are attributed to the disordered aromatic
structure of sp* bonded carbon, and the bond stretching of sp?
atoms of typical graphite, respectively.*] The intensity ratio of
the D band to the G band (I,/I;) provides a semi-quantitative
assessment of graphitization degree and often referred as a
defect and graphitization indicator, consistent with the scientific
literature. The lower I,,/I; ratio indicates fewer defects and a
higher degree of graphitization. Specifically, Co@MCN1_800
shows an I, /I ratio of 0.96, lower than the value of 1.09 for
Co@MCNI. This decrease in the I, /I ratio suggests that the
pyrolysis step introduces greater graphitization into the carbon
framework.

2.2. Optimization in Oxygen Reduction Reaction (ORR) as Well
as in Oxygen Evolution Reaction (OER)

2.2.1. ORR

The ORR performance was evaluated by using the rotating disk

electrode (RDE) & rotating ring disk electrode (RRDE) technique
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in an O,-saturated 0.1 m KOH solution. Furthermore, the results
were compared with the commercially available Pt/C (20 wt%)
catalyst, which is known to be a highly active catalyst in ORR.
At first, the cyclic voltammetry (CV) response was recorded for
Co@MCN1_800 in an argon as well as O,-saturated alkaline so-
lution at a scan rate of 0.1 V s7! (Figure S9, Supporting Infor-
mation). To our observation, a rectangular shape curve was ob-
tained in Ar-saturated solution, while a sharp cathodic reduction
peak was observed in an O,-saturated solution, confirming the
ORR activity of Co@MCN1_800. The linear sweep voltammetry
(LSV) was also carried out using RRDE electrodes and compared
with commercially available Pt/C at 1600 rpm with a potential of
5 mV s! scan rate (Figure 3a). To our surprise, Co@MCN1_800
exhibited a half-wave (E; ,) potential of 0.81 V versus RHE and a
limiting current density (J;) of 5.3 mA cm~2, which is quite com-
parable to that of 20 wt.% Pt/C catalyst (E;, = 0.83 V, J; 4.6 mA
cm~2; Table S3, Supporting Information). In contrast, a signifi-
cant drop in activity was observed when Co@MCN1 was tested
under similar conditions, delivering only 2.9 mA cm~2 of current
density and a E;, of 0.75 V.

Motivated by these observations, we were intrigued to under-
stand the superior activity of the Co@MCN1_800 compared to
its non-pyrolyzed counterpart (Co@MCN1). We further investi-
gated the reaction kinetics by analyzing the Tafel slope, derived
from LSV measurements conducted at a scan rate of 5 mV s~
at 1600 rpm. The Tafel slope indicates how rapidly the overpo-
tential increases with current density during an electrochemi-
cal reaction; a lower Tafel slope signifies faster electron transfer
and enhanced catalytic activity. Indeed, the faster electrochemi-
cal kinetics of the Co@ MCN1_800 was confirmed from the Tafel
slope (65 mV dec™!) compared to Co@MCN1 (77 mV dec™!)
and even commercially available Pt/C catalyst (77 mV dec™)
(Figure 3b). To investigate whether this improvement stemmed
from increased electro-chemically active surface area (ECSA) or
not, cyclic voltammetry (CV) was also conducted in the non-
Faradaic region at scan rates ranging from 30 to 100 mV s!
for both CoO@MCN1 and Co@MCN1_800 (Figures S10 and S11,
Supporting Information). Furthermore, the double layer capaci-
tance (Cy) plot was achieved from the slope of the current versus
scan rate plot, where the linear fit provided an electrochemically
active surface area (ECSA) of 0.303 cm? for Co@ MCN1 and 0.338
cm? for CoO@MCN1_800, respectively. Given the negligible differ-
ence in ECSA, the enhanced ORR activity of Co@ MCN1_800 can
be primarily attributed to its improved intrinsic reaction kinetics.

To understand the kinetic and mass transfer limitation in
Co@MCN1_800, linear sweep voltammetry (LSV) was recorded
at different rotation speeds ranging from 400 to 2400 rpm (Figure
S12, Supporting Information). In general, increasing the rota-
tion rate enhances oxygen supply to the electrode surface, thereby
reducing both kinetic and mass transport limitations. This re-
sults in improved current response, demonstrating that higher
rotation speed promote faster and more efficient oxygen reduc-
tion. Accordingly, the LSV curves of Co@ MCN1_800 at different
rotations exhibited enhancement in current density along with
the increasing rate of rotations (rpm), which further confirmed
that with the enhanced O, availability, mass transport was facili-
tated by Co@ MCN1_800 (superior ORR activity under diffusion-
controlled regions). To further explore the catalytic mechanism,
Koutecky-Levich (K-L) equation with the LSV curves recorded
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Catalyst OEREj_ 1 [V] ORR Ey, [V] AENV=E - Eyp Refs.
Co@MCN1_800 1.58 0.81 0.77 This work
NiCo@N-C 1.71 0.81 0.9 [52]
Co@Co;0,/NC-1 1.65 0.3 0.85 53]
Co;0,/N-rGO nanosheets 1.72 0.79 0.93 [54]
C0;0,-NP/N-RGO 1.61 0.76 0.85 55]
Co-Nx-C graphene 1.75 0.8 0.95 [56]
NiO/CoN NW arrays 1.53 0.68 0.85 157]
CoNi/BCF 16 0.3 0.3 58]
Co;0,/NC 1.66 0.78 0.88 59]
Co,Mn;_,O, carbon 1.78 0.68 1.1 [60]

nanocomposites

on various rotation speeds (400 to 2400 rpm) at various applied
potentials (0.72 to 0.52 V). The linear relationship between the
inverse current density (1/]) and the inverse square root of the
rotation speed (w~1/?) at various applied potentials referring to
the K-L plot indicated that the ORR on Co@MCN1_800 followed
first-order reaction kinetics with respect to the dissolved oxy-
gen concentration (Figure S12, Supporting Information). Fur-
thermore, the nonzero K-L intercept suggested that side reac-
tions might be occurring during ORR, possibly due to interme-
diate species spreading onto nearby surfaces — a phenomenon
termed as “spillover”.®>!l The K-L and Ring-current density
(Figure S13, Supporting Information) measurement revealed an
average electron transfer of ~ 3.6 per O, molecule across the
potential range of 0.72-0.52 V (vs RHE). This indicates a near
four-electron pathway and further confirmed the first-order ORR
kinetics for CO@MCN1_800 where O, was converted to OH~
and rather than HO,™. This is particularly advantageous for
Co@MCN1_800 since this facilitated to bypass the formation of
peroxide species to avoid the degradation of membrane in fuel
cells.

Furthermore, the stability of the Co@MCN1_800 was evalu-
ated by chronoamperometric analysis, and the relative current
remained 93% even after 20 h! This clearly indicated the robust
nature and sustained catalytic efficiency during prolonged op-
eration (Figure S14, Supporting Information). Additionally, the
methanol tolerance measurement was conducted by using i-t
chronoamperometry response and CV technique with the addi-
tion of 2 mL CH;OH (Figure S15, Supporting Information) to
understand the applicability of our catalyst in a methanol fuel
cell. To our delight, the current density of CoO@ MCN1_800 recov-
ered rapidly after transitory disturbance and that clearly indicated
the methanol resistance ability of Co@ MCN1_800, making it a
promising candidate for direct methanol fuel cell applications.

2.2.2. OER

To explore the suitability of our catalyst for the ZAB system, we
were intrigued to investigate the bifunctionality of our catalyst in
OER. For this purpose, we systematically evaluated Co@MCN1
and Co@MCN1_800 in the presence of 1.0 M KOH at 5 mV s~1.
Furthermore, we compared their performance with the state-of-

Adv. Funct. Mater. 2026, 36, 19329 e19329 (7 0‘F13)

the-art catalyst for OER, RuO,. To our delight, both Co@ MCN1
and Co@MCN1_800 demonstrated an excellent activity, requir-
ing 369 and 349 mV overpotential to achieve 10 mA.cm™2 current
density, respectively (Figure 3c) which was comparable to RuO,
(322 mV). Further to understand the kinetics, we investigated
the Tafel slope for both catalysts. Delightfully, Co@ MCN1_800
(Tafel slope: 144 mV dec™) exhibited comparable kinetics with
RuO, (122 mV dec™') and outperformed Co@MCN1 (161 mV
dec™!) (Figure 3d) in terms of OER kinetics. This established
that Co@ MCN1_800 exerted a robust bifunctionality (Figure 3e)
and should be applied in the ZAB system, considering its supe-
rior bifunctional character in ORR as well as in the OER process
(Figure 3f). The table below is a comparative analysis among our
catalyst and reported catalysts in the literature (a broader analysis
available in Tables S4 and S5, Supporting Information) (Table 1).

2.3. Application in Zinc-Air Battery (ZAB)
2.3.1. Liquid State ZAB

Encouraged by the excellent bifunctional activity of
Co@MCN1_800 in both ORR and OER, it was directly ap-
plied as an air cathode and was assembled into rechargeable
aqueous Zn-air battery (ZAB, Figure 4a). The rechargeable
aqueous ZAB was assembled with Co@MCN1_800 as an air
cathode, a combination of electrolytes (6.0 (M) KOH along with
0.2 (M) Zn(CH,COO0),), and Zn foil (0.25 mm thickness) as the
anode (Figure 4a). For comparison, a benchmark ZAB was also
constructed using a 1:1 mixture of commercial Pt/C and RuO,
as the air cathode in aqueous ZABs. Notably, the battery with
Co@MCN1_800 displayed a higher open circuit voltage (OCV)
of 1.42 V surpassing that of the Pt/C-RuO, based aqueous ZAB
(1.40 V, Figure 4b). In fact, a higher OCV in Co@MCN1_800
indicated greater stored potential energy in the battery when
it’s not in use. Furthermore, their discharging polarization
curves, and corresponding power density polarization curves,
and corresponding power densities achieved a maximum power
density of 188 mW cm~2 by aqueous ZAB with CO@MCN1_800
at 298 mA cm™2, which was significantly higher than that of
the benchmark-based ZAB (102 mW cm™ at 124 mA cm™?),
exhibiting a superior discharging performance (Figure 4c).

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD 8AIT1D) 3|qedtdde ay) Aq peusenob a1 ss[oie YO ‘88N Jo Se|ni 10} ArIqIT 8UIIUO AB|IA UO (SUORIPUOD-PUR-SWLBH W0 A8 | IM AeIq Ul U//:SANY) SUOIIPUOD pue SWs | 38U 88S *[9202/70/20] Uo AriqiTauliuo A8 (1M ‘ineifeg 1eeisieniun Aq 628615202 WIPe/Z00T OT/I0p/W0 A8 | imAeiq 1 puluo"peoureApe;/:Saiy woj pepeojumod ‘LT ‘9202 ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

@) (®) w5

www.afm-journal.de

—— COGMCN1_800 144 - CegucnLme
PUC + RO, =S Rz 188 aWem? — [
'I v lc 12 -
o , two §
gBB_ 20 i)
© |ei ' e 142V s %
) E % = s |_~g§
& 35 e® = i §
6.0 MKOH o o. Em 3 Lo ‘i
's ozu;r(u) 4 > o4
- , ) .’ 4 Ly &
o ) 024
Electrolyte OER - ol .
Qo ®H ° M 60 0 1N0 150 108 2 3 10 150 X0 390 N0 M % 40
Time (s) Current donsity (mA cm®)
() (e) .
10 mA cm®
24 —— Co@MCN1_800
717 mANYD,, 3 PUC ¢ RuO,
g l
2 . ’. J §
g 2
—— CoQMCN1_0800 é _
41 PUC * RO, 14
“ ° v v v v v
¢ % M W e We W0 TR W ° 2 © © » 100 120

Specific capacity (MAND,)

Figure 4. Electrochemical performances of liquid state Zinc-Air battery:

Timo (h)

a) Schematic presentation of liquid cell setup for ZAB; b) OCV plot of

Co@MCN1_800 and (Pt/C +RuO,) catalysts in 6.0 (M) KOH + Zn(ac),.2H,O electrolyte solution for liquid ZAB; c) Polarization curves and corre-
sponding areal power plots of the Co@ MCN1_800 and commercial (Pt/C+RuO,) catalysts; d) Specific capacities of Co@ MCN1_800 and (Pt/C +RuO,)
catalysts; e) Galvanostatic cycling stabilities of the liquid ZAB based on CO@MCN1_800 and (Pt/C +Ru0Q,) catalysts at 5 mA cm~2 after 5 min of charge

and 5 min of discharge.

Additionally, Co@MCN1_800 had a higher specific capacity of
717 mAh/g, at 10 mA cm™ than that of the benchmark-based
Pt/C-RuO, (695 mAh/g,,, Figure 4d). It should be noted that
charging/discharging cycling stability is a crucial evaluation for
a rechargeable ZAB. In this aspect, the cycling curves recorded
at a constant current density of 5 mA cm~ and the voltage gap of
aqueous ZAB with Co@ MCN1_800 exhibited negligible change
during the charging—discharging cycling stability test, increasing
from 0.79 to 0.83 V (Figure 4e). However, the benchmark-based
ZAB showed an increasing voltage gap and degraded signifi-
cantly after 20 h of stability test. These results also suggested
the better stability and activity of Co@MCN1_800 than Pt/C +
RuO, benchmark catalysts. The excellent stability of the aqueous
ZAB with Co@MCN1_800 encouraged us to apply it to different
electronic devices.

2.3.2. Flexible Solid-State ZAB

In addition to aqueous ZAB systems, a flexible quasi-solid-
state rechargeable zinc—air battery was developed by using
Co@MCN1_800 as the air cathode, polyacrylamide (PAA) hy-
drogel as the electrolyte, and zinc foil as the anode to develop
a portable and wearable energy storage device (Figure 5a—c).
Remarkably, the quasi-solid ZAB with Co@MCN1_800 had a
stable Open-circuit voltage (OCV) stability measurements up
to 1800 min (Figure 5b). These extended evaluations demon-
strate sustained OCV retention and stable cycling performance.
Furthermore, the discharging polarization curves of as synthe-

Adv. Funct. Mater. 2026, 36, 19329 e19329 (8 Of13)

sized Co@MCN1_800 and Pt/C + RuO, catalysts achieved a peak
power density of 127 mW cm 2, outperforming the Pt/C + RuO,-
based counterpart, which delivered only 74 mW ¢cm=2 (Figure 5c).
The voltage platform for quasi-solid-state rechargeable ZAB with
Co@MCN1_800 changed slightly at different current densities
(Figure 5d). In addition, the solid ZAB with Co@MCN1_800
also exhibited an excellent cycling stability of 110 h with mini-
mum potential change (Figure 5d). This highlights the critical
role of an efficient solid electrolyte in achieving a long lifespan of
flexible solid-state rechargeable ZAB. Furthermore, the charge—
discharge (20 min per cycle) profiles of the flexible zinc—air bat-
teries operated at a constant current density of 2 mA cm~2 under
various bending angles upto 1000 min (see inset Figure 5f). The
consistent electrochemical performance across these mechanical
deformations highlighted the excellent flexibility and structural
integrity of the flexible ZAB battery. Notably, the Co@ MCN1_800
electrode maintained stable charge—discharge behavior through-
out the bending cycles. This mechanical robustness is particu-
larly important for powering next-generation portable and wear-
able electronics, where adaptability to dynamic shapes and mo-
tions is essential without compromising energy output or cy-
cling stability. Furthermore, a mini fan was powered by the flex-
ible ZAB with Co@MCN1_800 and ran smoothly as demon-
strated (Figure 5g). Delighted by this, further potential of the flex-
ible solid ZABs was demonstrated by connecting two batteries
in series for practical application. In fact, the tandem-junction
ZABs exhibited an OCV of 2.75 V and easily lightened a “ZAB”
LED strip (Figure 5h). After demonstrating practical applicabil-
ity, two ZABs were successfully connected in series to power a
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Figure 5. Electrochemical performances of quasi solid-state Zinc-Air battery: a) A solid-state ZAB and schematic diagram of ZAB b) OCV plot of
Co@MCN1_800 ZAB; c) Polarization curves and corresponding areal power plots of the Co@MCN1_800 and commercial (Pt/C+RuQ,) catalysts;
d) Galvanostatic charge discharge cycling stabilities of the ZAB based on CO@MCN1_800 catalyst at 1 mA.cm~2 after 5 min of discharge and 5 min of
charge (Inset: zoomed data of the charge—discharge cycles at different time interval); e) Rate performance of flexible ZAB at different current densities;
f) A charge discharge profile of CO@MCN1_800 based flexible ZAB at 2 mA.cm~2 for 10 min of charge and 10 min of discharge (Inset: digital images of
flexible ZAB at different bending angles; g) A mini fan was powered by ZAB and h) to light up the “ZAB” LED panel by two ZABs connected in a series;

i) Optical images of a light-emitting diode powered up to 6 h.

red LED (~2.75 V). To our delight, the setup maintained a sta-
ble “red LED” at ~ 2.75 V for 6 h, with the potential decreas-
ing to ~2.30 V after 6 h, reflecting a voltage drop of x0.45 V
only. (Figure 5i). Overall, these findings highlight the significant
potential of Co@MCN1_800-based cathodes for enabling high-
performance, flexible, and rechargeable ZABs suitable for real-
world portable and wearable energy applications.

2.4. Theoretical Studies
2.4.1. DFT
To explore the catalytic roles of nitrogen-doped carbon and cobalt

centers, we conducted density functional theory (DFT) calcu-

Adv. Funct. Mater. 2026, 36, 19329 e19329 (9 of 13)

lations on six representative active site models. These mod-
els include pristine graphene (C(gr)), graphitic nitrogen-doped
graphene (N(gr)), pyridinic nitrogen-doped graphene (N(py)),
and their cobalt-supported counterparts: Co@C(gr), Co@N(gr),
and Co@N(py). Figure 6a presents the constant-potential free-
energy diagrams for ORR (right-to-left) and OER (left-to-right),
computed within a grand-canonical DFT (GC-DFT) framework
that incorporates potential-dependent energetics. This constant-
potential GC-DFT framework explicitly accounts for electrode
potential, providing a more realistic description than conven-
tional fixed-charge DFT. The optimized adsorption structures of
key intermediates ("OOH, “O, and “OH) are shown in Figure
S20 (Supporting Information), confirming preferential adsorp-
tion on carbon atoms rather than nitrogen dopants. To more re-
alistically capture the electrochemical environment and address

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Constant-potential free-energy diagrams for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) on pristine graphene
(C(gr)), graphitic N-doped graphene (N(gr)), pyridinic N-doped graphene (N(py)), and cobalt-anchored systems (Co@C(gr), Co@N(gr), Co@N (py)).
The reaction coordinate is shown from left to right for OER and from right to left for ORR. The corresponding limiting potentials for ORR (U, °®®) and
OER (U, OFR) are indicated. b) ORR Volcano plot at 0.8 V versus RHE, showing the correlation between the negative maximum reaction free energy (-
AG,,.(ORR)) and AG.qy. ¢) OER volcano plot at 1.6 V versus RHE, correlating the maximum reaction energy free energy (AG,,,, (OER)) with AG.ooy—

AGio.

electrolyte—interface effects, we applied implicit-solvation correc-
tions and fitted the grand potential Q(U) to quadratic functions
(Figure S21, Supporting Information), evaluated at 0.00, 0.40,
0.80,1.23,1.40, 1.60, and 1.80 V versus RHE. The limiting poten-
tials (U, ) were derived from the condition AG,,,.(U) = 0 (Figure
S22, Supporting Information). In the absence of cobalt centers,
both pristine and nitrogen-doped carbons exhibit weak interme-
diate adsorption and high overpotentials. In contrast, cobalt an-
choring markedly strengthens intermediate adsorption and re-
duces the maximum reaction free-energy (AG,,,,) and associ-
ated overpotentials. Among the investigated sites, Co@N(py) ex-
hibits the highest activity (U;°** = 0.72 V and U;°®R = 1.75 V),
placing it closest to the volcano apex for both ORR and OER
(Figure 6b,c). Co@N(gr) shows the second-best ORR activity
(U.OR*R = 0.60 V) but a high OER overpotential (U; °ER = 2.15 V),
whereas Co@C(gr) is favorable for OER (U, °FR = 1.85 V) but

Adv. Funct. Mater. 2026, 36, 19329 e19329 (10 0f13)

less active for ORR (U, °*? = 0.20 V). To understand the origin
of this behavior, we performed a detailed analysis of charge dis-
tribution and electronic structure. Bader charge analysis (Figure
S23a, Supporting Information) revealed that carbon atoms adja-
cent to pyridinic nitrogen exhibit a higher positive charge than
those near graphitic nitrogen or in pristine graphene. Charge
density difference plots (Figure S23b, Supporting Information)
confirmed electron transfer from the Co centers to the sur-
rounding carbon layers, with values of 2.05, 2.03, and 2.25e for
Co@C(gr), Co@N(gr), and Co@N(py), respectively. Projected
density of states (PDOS) analysis showed a negative shift in the p-
band center of the carbon atom for Co@N (py) compared to C(gr),
which correlates with stronger “OH binding (Figure S24a, Sup-
porting Information). This trend was further supported by the
relationship between “OH binding energy and p-band center po-
sition across all models (Figure S24b, Supporting Information).
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Figure 7. a) In situ Raman cell setup for ORR and OER. In situ Raman spectra of Co@ MCN1_800 for ORR in Ar-saturated solution at various potentials.
¢) In situ Raman spectra in oxygen saturated 0.1 M KOH electrolyte solution at various potential and d) In situ Raman spectra for OER in 1.0 M KOH

electrolyte solution at various potential range (1.0 -1.7 V vs RHE).

Overall, Co@N(py) is identified as the most catalytically active
site. The active site is attributed to the carbon atom adjacent to
pyridinic nitrogen and coordinated with a cobalt center, which en-
ables optimal intermediate adsorption and promotes both ORR
and OER with minimal overpotentials.

2.5. Mechanistic Studies via In Situ Raman Spectroscopy
2.5.1. In Situ Raman

The oxygen reduction reaction (ORR) and oxygen evolution re-
action (OER) are complex, multi-step processes involving multi-
ple oxygenated intermediates, with their pathways and reactivity
highly dependent on the catalyst’s surface-active sites and struc-
ture. As discussed in the theoretical section, in alkaline media the
4-electron pathway is involved during ORR and OER in alkaline
media. Previous RRDE measurements for the Co@ MCN1_800
catalyst confirmed its predominant 4-electron pathway. To further
elucidate the identities and dynamic behavior of adsorbed inter-
mediates on the Co@N(py) active sites on Co@MCN1_800 cat-
alyst surface during ORR and OER, in situ Raman spectroscopy
was systematically conducted in alkaline electrolyte under both
Ar- and O,-saturated conditions, the cell setup for in situ Ra-
man experiment as shown in Figure 7a.l-%] The characteristic
D and G bands of the carbon framework were consistently ob-
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served, indicating structural stability of the Co@MCN1_800 cat-
alyst throughout the potential range (Figure 7b—d). Notably, in
the Ar-saturated environment, no additional peaks emerged as
the potential was swept from 1.0 to 0.3 V versus RHE, further
confirming the inertness of the carbon matrix in these condi-
tions (Figure 7b). However, when the electrolyte was saturated
with O, gas, two distinct Raman bands appeared at ~ 1097 and
728 cm~! as the potential ranged from 0.70 to 0.30 V versus RHE
(Figure 7c). These are assigned to the “O, and “OOH intermedi-
ates, which play crucial roles in the 4-electron ORR pathway. The
intensities of these peaks increased with decreasing potential, in-
dicating an accumulation of intermediates followed by their sub-
sequent consumption and a hallmark of a dynamic catalytic pro-
cess. For OER, applying potentials from 1.0 to 1.7 V versus RHE
produced new signals at 473, 574, and 680 cm™, attributable to
the vibrational modes (Eg and Ag) of Co-O and Co-OOH" species
respectively, which are vital intermediates for oxygen evolution
(Figure 7d). At higher potentials, an emergent peak at 1130 cm™!
was detected, indicative of O," species, and its intensity corre-
lated with increasing overpotential. The sequential appearance
and modulation of these Raman spectra distinctly track the for-
mation and transformation of key intermediates throughout the
OER process. Taken together, the in-situ Raman data provide di-
rect spectroscopic evidence for the dynamic participation of O,",
OOH", Co-O", and Co-OOH" at the Co@N(py) active sites, sub-
stantiating the predominance of the four-electron ORR and OER

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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mechanisms in Co@MCN1_800 catalyst. These results highlight
the role of cobalt centers as principal active sites and confirm that
the catalyst maintains high selectivity and activity via well-defined
intermediate pathways.

3. Conclusion

In summary, we have developed an N-doped graphitic shell-
encapsulated cobalt catalyst through a scalable MOF-mediated
confined pyrolysis strategy. The optimized Co@MCN1_800 cat-
alyst features gradient N-doped carbon shells with active sites
for both the ORR and OER, achieved via controlled pyrolysis
of a Co-DABCO-TPA MOF supported on Vulcan carbon. This
unique architecture, coupled with electronic modulation, im-
parts exceptional bifunctional catalytic activity. In alkaline media,
Co@MCN1_800 exhibits remarkable ORR performance (E,,, =
0.81 V vs RHE, J; = 5.3 mA cm™2%), comparable to commercial
Pt/C, along with competitive OER activity. When implemented
in Zn-air batteries, it delivers superior power density and long-
term durability. A quasi-solid Zn-air battery (ZAB) employing
Co@MCN1_800 maintains a stable open-circuit voltage (OCV)
of 1.360 V for up to 10 000 s. Furthermore, the discharge po-
larization curves demonstrate a peak power density of 127 mW
cm™2, significantly outperforming the Pt/C + RuO, benchmark
catalyst (74 mW cm™2). The theoretical study and in situ Raman
study reveal active site for ORR and OER is Co@N(py) where
the interface of Co and pyridinic N-atom redistributes the local
charge density to optimized adsorption energy for reaction inter-
mediates to facilitate the catalytic reaction. This study presents a
rational and scalable design strategy for the development of high-
performance, non-precious, monometallic bifunctional electro-
catalysts for next-generation energy conversion and storage
devices.
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