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Solid-phase production of Co—N-C
electrocatalysts at a kilogram scale via the
Kirkendall effect for proton exchange
membrane fuel cells

Jiaheng Huo,?® Wulyu Jiang,© Lu Xia,® Bruna Ferreira Gomes,® Yunxing Zhao,®
Yinping Wei," Xuya Zhu,” Dongsheng Xia,**® Min Chen @ *° and Lin Gan @ *

Platinum-group metal-free single-atom catalysts (SACs) are vital for cost-effective fuel cells, yet their
adoption is hindered by performance limitations and challenges in scalable production. While Fe-N-C
SACs offer high activity, their stability is severely compromised by Fenton-induced degradation. To
address this, Co—N-C SACs have emerged as promising alternatives due to their much lower Fenton
activity and hence improved durability. However, conventional synthesis relies on solvent-intensive
methods, limiting large-scale, environmentally friendly production and precise structural control. Here,
we report a solid-phase synthesis strategy via the Kirkendall effect for the kilogram-scale production of
Co-doped zeolitic imidazolate framework-8 (Co-ZIF-8) with high reproducibility and precise
compositional control. Further pyrolysis at high temperatures enables the formation of structurally well-
defined Co—N-C SACs with tunable composition, high site density, and superior scalability. The opti-
mized catalyst, when integrated as the cathode in a representative proton exchange membrane fuel cell
(PEMFC) system, delivers remarkable power densities of 0.70 W cm™2 and 0.39 W cm™2 in O, and air
conditions, respectively, outperforming most reported Co-based catalysts. This work establishes a gen-
eralizable and environmentally sustainable route for the large-scale production of high-performance
non-precious metal electrocatalysts, advancing PEMFC technology and broader electrochemical energy
applications.

Transition metal-doped zeolitic imidazolate framework-8 (TM-ZIF-8) represents a class of highly promising precursors for the preparation of high-performance
TM-N-C single-atom catalysts (SACs), which show great potential in electrochemical applications such as proton exchange membrane fuel cells (PEMFCs). For
the cathodic oxygen reduction reaction (ORR) in PEMFCs, Co-ZIF-8-derived Co-N-C SACs have demonstrated excellent ORR activity with improved operation
stability compared to Fe-N-C, which makes them another highly competitive alternative to commercial platinum-based catalysts. However, conventional
synthesis routes for Co-ZIF-8-derived Co-N-C SACs are highly organic solvent-intensive, which has largely impeded their scalable, controllable and
reproducible production and thus achieving leapfrogging transition from lab-scale to industrialization. This work reports a solid-phase strategy for

synthesizing Co-ZIF-8 precursors at a kilogram scale via the Kirkendall effect, enabling scalable production of high-performance Co-N-C SACs with both
high controllability and excellent reproducibility. The novel strategy proposed in this work is believed to pave the way for the scalable production of other
TM-N-C SACs for broader electrochemical energy applications.
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Introduction

Proton exchange membrane fuel cells (PEMFCs) rely on effi-
cient oxygen reduction reaction (ORR) catalysts to drive clean
and sustainable energy conversion. However, their widespread
deployment is severely constrained by the high cost and scarcity
of platinum-group metal (PGM) catalysts, which currently
dominate ORR performance." To address this limitation,
PGM-free single-atom catalysts (SACs) have emerged as pro-
mising alternatives, leveraging earth-abundant elements to
reduce costs while maintaining catalytic efficiency.”> Among
PGM-free SACs, Fe-N-C catalysts exhibit the highest ORR
activity, making them strong contenders for replacing PGM
catalysts.>” However, their long-term stability remains a
critical challenge due to Fenton-induced degradation, where
Fe-N, active sites undergo oxidative attack by hydroxyl (*OH)
and hydroperoxide (HO3) radicals, leading to Fe demetalla-
tion and carbon oxidation.®*°

To overcome these stability limitations, Co-N-C SACs have
gained attention as a more durable alternative, as Co-based
active sites exhibit higher resistance to Fenton-induced degra-
dation and lower susceptibility to demetallation.'™'*> Unfortu-
nately, Co-N-C catalysts generally suffer from lower intrinsic
ORR activity and reduced four-electron selectivity, necessitating
further optimization of active site density and electronic struc-
ture to bridge the performance gap with Fe-N-C."* A widely
adopted strategy for synthesizing Co-N-C SACs is pyrolysis of
Co-doped zeolitic imidazolate framework-8 (Co-ZIF-8), which
yields catalysts with atomically dispersed Co-N, moieties and
a well-defined porous carbon structure, enhancing active site
accessibility."*'® Moreover, the ZIF-derived nitrogen-carbon
framework has proven effective for anchoring active sites in
various TM-N-C (TM = transition metal) catalysts, demonstrat-
ing its versatility in single-atom catalysis.’” >’

However, the conventional synthesis of Co-ZIF-8 heavily
relies on solvent-based methods, which require substantial
amounts of organic solvents such as methanol and
ethanol.?** This raises environmental concerns, increases
production complexity, and undermines the cost advantages
of PGM-free catalysts. Furthermore, wet chemistry approaches
introduce stringent process control requirements, making
large-scale, reproducible production challenging. Therefore,
developing a scalable, solvent-free synthesis strategy for Co-
ZIF-8 is crucial to achieving large-scale production of Co-N-C
SACs while maintaining precise compositional control. Recent
efforts have explored solid-phase synthesis routes, eliminating
solvents and simplifying processing steps. Lin et al. first
introduced a solvent-free synthesis of ZIF-8 using solid-state
reactions between 2-MIm and ZnO.>* Inspired by this work,
Zhao et al. successfully extended this approach to Fe-MOF
precursors, demonstrating its feasibility for Fe-N-C
catalysts.>® Similarly, Liu et al. synthesized high-performance
Fe-N-C SACs via solid-phase chemistry using ferrous oxalate
as an Fe precursor.”” Despite these advances, a scalable, green
synthesis of Co-N-C SACs via solid-phase chemistry has yet to
be reported. Furthermore, the underlying reaction mechanism
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at the solid reactant interfaces remains poorly understood,
limiting further optimization and reproducibility.

In this work, we report a single-batch kilogram-scale syn-
thesis of Co-ZIF-8 crystals via solid-phase reactions, where the
Kirkendall effect induced by the unequal interdiffusion
between TM oxide precursors and organic ligands was identified
as the key mechanism for the reaction process. We demonstrate
precise control over Co concentration (0-80%), enabling tunable
synthesis of Co-N-C SACs. The optimized 3.3% Co-ZIF-8 pre-
cursor was pyrolyzed into a Co-N-C catalyst with exclusively
single-atom Co-N, active sites, ensuring high catalytic site
density and structural integrity. The optimized Co-N-C cath-
ode in a single PEMFC achieves a remarkable power density of
0.70 W cm ™2 and 0.39 W cm 2 under H,-O, and H,-air
conditions, respectively. More importantly, highly consistent
batch-to-batch ORR activities further demonstrate superior
reproducibility of the proposed solid-phase strategy. This
work establishes a generalizable and environmentally sustain-
able approach for large-scale production of high-performance
TM-N-C single-atom catalysts, paving the way for the next
generation of cost-effective PEMFC technology.

Results and discussion
Synthesis and structure of the Co-ZIF-8 precursor

We began by designing a solid-phase strategy for the scalable
synthesis of Co-ZIF-8, aiming to address the limitations of
conventional solvent-based precursor fabrication. Unlike wet-
chemistry methods, our approach eliminates organic solvents
while ensuring precise compositional control and kilogram-
scale production in a single batch. To achieve controlled Co
incorporation, we employed a direct solid-phase reaction
between 2-MIm and ZnO/Co;0,4 nanoparticles at 220 °C for 18
hours. The resulting Co-ZIF-8 precursors (mCo-ZIF-8, where
m% denotes the Co molar fraction) exhibited porous and
hollow morphology (Fig. 1a and Fig. S1). As the Co content
increased, the precursor color gradually transitioned from lilac
to dark purple and eventually to black (Fig. 1b), suggesting
progressive Co incorporation into the ZIF-8 framework. Powder
X-ray diffraction (XRD) (Fig. 1d) confirmed that, despite Co
doping levels ranging from 0 to 80%, the ZIF-8 crystallinity
remained intact, indicating successful atomic-level Co substi-
tution within the lattice. Through ball milling, the particle size
of the Co-ZIF-8 precursor can be reduced to ~50 nm (Fig. 1c),
accompanied by a 2.7-fold increase in its external surface area
from 40.2 to 110.0 m*> g~ * (Fig. S2 and Table S1). This is crucial
for maximizing the active site density and accessibility of the
subsequently prepared Co-N-C catalysts.*®

To assess the scalability of our process, we systematically
increased the reactant dosage and reactor capacity, achieving
kilogram-scale synthesis of the 3.3Co-ZIF-8 precursors in a
single batch (Fig. 1f). Notably, the crystallinity, morphology,
and compositional homogeneity remain unchanged, confirm-
ing that our method maintains structural and chemical fidelity
even at kilogram scales. This solid-phase strategy offers a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Digital photograph of the 3.3Co-ZIF-8 precursor particles, macroscopically showing loose and porous structure features. (b) Digital photos of

the mCo-ZIF-8 precursor powders with various Co doping concentrations. (c) SEM image of the ball-milled 3.3Co-ZIF-8 precursor. (d) XRD patterns of
the mCo-ZIF-8 series precursors. (e) XRD patterns of 2-MIm, ZnO, Coz0,4, and their reaction products (3.3Co%) with different reaction temperatures
(each temperature for 18 h). (f) Optical images of the 3.3Co-ZIF-8 precursors produced in a single batch with different reacting dosages. (g) The proposed
formation mechanism of the hollow-structure Co-ZIF-8 precursor particles.

practical and industrially viable route for large-scale fabrication
of MOF-derived Co-N-C -catalysts, overcoming the solvent
reliance and batch limitations of conventional wet-chemistry
routes.

To understand the driving forces behind the formation of
Co-ZIF-8, we conducted ex situ XRD analysis at different solid
reaction temperatures (Fig. 1le). The results reveal that the
lowest temperature for a fully developed Co-ZIF-8 structure
appear at above 145 °C, slightly exceeding the melting point
of 2-MIm (142 °C). This indicates that surface melting of the
2-MIm particles is a necessary condition for the solid-phase

© 2025 The Author(s). Published by the Royal Society of Chemistry

reaction to occur. Another interesting phenomenon observed is
that nearly all formed Co-ZIF-8 particles exhibit distinct hollow
structures, which were evolved from the original solid
2-MIm@ZnO/Co3;0, reactant particles (Fig. S3). The hollow
structure formation of the Co-ZIF-8 particles can be understood
here by the well-known Kirkendall effect, which is induced by
the unequal interdiffusion between solid ZnO/Co;0, nano-
particles and molten 2-MIm ligands during the reaction pro-
cess. Meanwhile, one should note that the presence of free
metal ions (Zn and Co ions for this work) in the reaction system
is a prerequisite for their self-assembly with 2-MIm ligands to
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form Co-ZIF-8 crystals. Therefore, during the solid-phase reac-
tion, the dissolution of Zn and Co ions from the ZnO/Co;0,
nanoparticle surface should occur simultaneously with the
interdiffusion process. Based on these analyses, we proposed
the formation mechanism of the hollow-structure Co-ZIF-8
precursor particle under solid-phase conditions as illustrated
by Fig. 1g.

Structure of the Co-ZIF-8-derived Co-N-C catalysts

The ball-milled mCo-ZIF-8 precursors were further pyrolyzed
into Co-N-C catalysts (marked as mCo-NC-T, T denoting the
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pyrolysis temperature) without any post-treatments. For the
1/2/3.3Co-NC-1100 series catalysts, no diffraction signals of
Co-based crystalline species can be observed in their XRD
patterns (Fig. S4), implying that Co atoms are highly dispersed
in these catalysts. The broadened diffraction peaks of the
graphite (002) crystal plane confirm their low graphitic crystal-
linity, as evident from the transmission electron microscope
(TEM) images (Fig. 2a and Fig. S5). While the molar fraction of
Co in the precursor reaches 5% or higher, metallic Co particles
began to appear, indicating that excessively doped Co tends to
aggregate during the pyrolysis. Meanwhile, the diffraction peak
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Fig. 2 Structural characterization of the synthesized Co—N-C catalysts. (a) TEM and (b) HAADF-STEM images of the 3.3Co—-NC-1100 catalyst, and Co
single atoms highlighted by bright yellow circles in (b). (c) STEM-EELS spectrum of the 3.3Co—-NC-1100 catalyst; the inset in (c) showing the enlarged Co
L-edge EELS. (d) STEM-EELS elemental mapping of the 3.3Co—-NC-1100 catalyst. TEM images of the (e) 5Co-NC-1100 and (f) 10Co—-NC-1100 catalysts.

(9) HAADF-STEM image of the 5Co-NC-1100 catalyst.
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of the graphite (002) crystal plane becomes sharper, which is
ascribed to the formation of carbon nanotubes (CNTs) or
hollow graphitic carbons (often encapsulating metal Co nano-
particles) as verified by both the SEM (Fig. S6) and TEM
(Fig. 2e-g) results.

Notably, the Zn content in the 3.3Co-NC-1100 catalyst
almost reaches zero while the Co content is ~0.94 at% as
determined by the energy-dispersive X-ray spectroscopy (EDS)
results (Fig. S7). The high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) image evi-
dences the formation of single atomic Co species in the 3.3Co-
NC-1100 catalyst (Fig. 2b). The distribution of Co as well as N in
the carbon matrix was further evidenced by the STEM-EELS
spectrum (Fig. 2c). STEM-EELS elemental mapping results
(Fig. 2d) further show the uniform distribution of both N and
Co on the catalyst surface, implying that the single atom Co
is likely coordinated with N, thus forming the well-known
Co-N,-C, moieties.””
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In addition to the distribution of single atomic Co species
and N, the pore structure is another key parameter for ORR
electrocatalysis in PEM fuel cells. SEM images of the 3.3Co-NC-
1100 catalyst (Fig. S8) exhibit the stacking of the macropores
due to the aggregation of primary catalyst particles. N, iso-
thermal adsorption/desorption results (Fig. S9 and Table S1)
further demonstrate the presence of a large number of micro-
pores in this catalyst, which is crucial for anchoring high-
loading single-atom Co sites on the catalyst surface.

To better understand the chemical states and local coordi-
nation environments of these single Co atoms, X-ray photoelec-
tron spectroscopy (XPS) and X-ray adsorption spectroscopy
(XAS) were further conducted. High-resolution N 1s XPS spectra
for all the Co-N-C catalysts (Fig. 3a and Fig. S10) were con-
volved into four peaks, including pyridinic N (398.5 eV), N
coordinated with a single Co atom (N,—-Co, 399.5 eV), graphitic
N (401.2 eV) and oxidized N (403.2 eV).*® Semi-quantitative
analysis shows that the 3.3Co-NC-1100 catalyst has the highest
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Fig. 3 Spectroscopic characterization of the Co—N-C catalysts. High-resolution (a) N 1s and (b) Co 2p XPS spectra. (c) Co K-edge XANES. (d) Co K-edge

Fourier transform of k*-weighted EXAFS spectra.
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relative content of N,—Co (25.7%) (Table S2). Co 2p XPS spectra
(Fig. 3b) show only one main peak with a binding energy of
780.8 eV and 796.0 eV in the Co 2pj;, and Co 2p,,, regions,
respectively, which can well be assigned to Co®".>° The presence
of the Co 2p3/, satellite peak at 786.1 eV further verifies the
oxidation states of the detected Co as +2.*° Notably, no Co°
signals were observed in the Co 2p XPS of the 5Co-NC-1100
catalyst, which seems to contradict with the XRD and SEM
results. This may be ascribed to the fact that the majority of
Co® metal nanoparticles in the 5C0o-NC-1100 catalyst are
encapsulated in multi-layer graphitic carbons/carbon nano-
tubes, whose thickness surpasses the effective detection depth
of XPS. High-resolution XPS spectra of other elements (C 1s, O
1s, Zn 2p) and their semi-quantitative analysis results are
given for reference in Fig. S11 and Table S3, respectively.
Interestingly, as the Co-doping concentration in the Co-ZIF-8
precursor increases, the residual Zn content in the pyrolyzed
catalyst shows a decreasing trend; especially when the Co
concentration reaches 3.3% or higher, no XPS signal of any
Zn species can be detected. This indicates that the residual Zn
(mainly in the form of single-atom Zn-N,)’ can be replaced by
Co atoms during the high-temperature pyrolysis and intend to
form Co-N, sites.**

Fig. 3c and Fig. S12a shows the Co K-edge X-ray absorption
near edge structure (XANES) of the mCo-NC catalysts. The edge
energies of the 1/2/3.3C0o-NC-1100 catalysts (~ 7735 eV) closely
match that of the Co"Pc reference sample, indicating that the
oxidation state of Co in these catalysts is predominantly Co>",""
consistent with the Co 2p XPS analysis. In contrast, the Co
K-edge absorption energy of the 5/10Co-NC-1100 catalysts
situate between Co° foil and Co"Pc, suggesting the average
oxidation states of Co between 0 and +2. This can be attributed
to the formation of a mixture of metallic Co and Co-N,
moieties, as supported by the XRD, TEM, and SEM results.
The Fourier transforms of the extended X-ray absorption fine
structure (EXAFS) (Fig. 3d and Fig. S12b) provide further
insights into the local coordination environments of Co atoms.
The 1/2/3.3Co-NC-1100 catalysts exhibit only one main peak at
~1.5 A in R space, which is assigned to the first-shell Co-N
scattering path.”” The EXAFS fitting results (Fig. S13 and S14
and Table S4) further show that the coordination number (CN)
of Co in these catalysts is around 4.0, thus strongly indicating
the presence of only atomically dispersed Co atoms in the
carbon matrix. In contrast, the 5/10Co-NC-1100 catalysts exhi-
bit two main peaks: one at ~1.5 A, and another at ~2.2 A
stemming from the Co-Co scattering path. This dual peak
pattern verifies the coexistence of Co-N,-C, moieties and
metallic Co in these catalysts, corroborating the structural
inferences from the above analyses.

Catalytical performance evaluation of the Co-N-C catalysts

The ORR activity of the synthesized Co-N-C catalysts was first
evaluated in 0.1 M HCIO, electrolyte using the rotating disk
electrode (RDE). The steady-state polarization plots in Fig. 4a
show that the 3.3Co-NC-1100 catalyst delivers the highest ORR
activity with a half-wave potential (E,/,) of 0.782 V, which is
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slightly higher than that of the 1Co-NC-1100 catalyst but much
higher than that of the 5Co-NC-1100 catalyst. This implies that
the excessive Co doping in the precursor results in a significant
decrease in the number of active sites (mainly the Co-N,-C,
moieties), which should be caused by the formation of metal Co
nanoparticles (ORR-inactive).

To elucidate the effect of the pyrolysis temperature on the
ORR activity, we systematically investigated the structural evo-
lution of Co sites during pyrolysis. The ORR activity of the
3.3Co-NC-T series catalysts presents a monotonically increas-
ing trend with rising pyrolysis temperature (Fig. S15). Notably,
the 3.3Co-NC-700 catalyst shows no measurable ORR current,
indicating the absence of active sites at 700 °C. A sharp increase
in activity is observed at 800 °C, suggesting that this is the
minimum temperature required for the formation of ORR-
active Co species, likely the Co-N,~C, moieties. Complemen-
tary XRD results (Fig. S16) confirm that the carbon framework
structure in the catalyst begins to form at 800 °C, underscoring
the critical role of the local coordination environment (both N
and C) in governing the intrinsic ORR activity of single-atom Co
sites. It is worth emphasizing again that no X-ray diffraction
signals of any Co-based crystalline species can be detected for
all the pyrolyzed products, further demonstrating the achieve-
ment of atomic-level Co doping in the ZIF-8 crystal structure
during the solid-phase reaction.

Inductively coupled plasma optical emission spectra (ICP-
OES) for these catalysts were quantitatively analyzed to inter-
pret the observed activity evolution profiles with pyrolysis
temperature. As shown in Fig. S17, a continuous increase in
Co doping contents with increasing temperatures, accompa-
nied by a progressive decrease in Zn content, suggests that
pyrolysis at a higher temperature facilitates the formation of a
larger number of active single-atom Co sites, thus enhancing
ORR activity. The ORR selectivity was further assessed by
rotating ring disk electrode (RRDE) measurements. As shown
in Fig. 4b, compared to the controlled NC-1100 catalyst, the
3.3Co-NC-1100 catalyst exhibits a significantly higher four-
electron selectivity with an H,0, yield of less than 5% across
the 0.5 V-0.7 V range. This performance is comparable to that
of the commercial Pt/C catalyst, highlighting the high ORR
selectivity of the Co-N4-C, moieties in the 3.3Co-NC-1100
catalyst.

Accelerated stress tests (ASTs) were conducted to evaluate
the operation stability/durability of the 3.3Co-NC-1100 catalyst.
As shown in Fig. 4c, the 3.3Co-NC-1100 catalyst exhibited
excellent operation stability, as evidenced by only 11 mV loss
of E,, after 10 000 square cycles between 0.6 and 1.0 V vs. RHE
in O,-saturated 0.1 M HClO, solution. Consistent with previous
studies,’* a slight increase in double-layer capacitance was also
observed for the AST-treated catalyst (inset of Fig. 4c), suggest-
ing that carbon oxidation may occur during the stability tests.
Long-term durability was then examined by holding the catalyst
at 0.7 V for 100 h, after which it retained 82.5% of its initial
current density (Fig. 4d), with a 39-mV loss of E;, (Fig. 4e). The
moderate increase in double-layer current (Fig. 4f) also sup-
ports carbon oxidation as a possible degradation mechanism

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical characterization (in 0.1 M HCIO4 solution) of the synthesized Co—N-C catalysts. (a) Steady-state ORR polarization plots. (b) ORR
selectivity (evaluated by the H,O, yield and electron transform number) of the NC-1100, 3.3Co—-NC-1100, and Pt/C catalysts. (c) Steady-state ORR
polarization plots of the 3.3Co-NC-1100 catalyst before and after square potential cycling (O,-saturated) between 0.6 and 1.0 V (holding 3 s at each
potential). The inset shows the corresponding CV curves before and after the AST. (d) Chronoamperometric curve (@0.7 V) of the 3.3Co-NC-1100
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calculated from (h).

during this AST process. Notably, despite the nearly identical
capacitance increase (~5%) following both AST protocols, the
degree of activity decay differs significantly (E;,, loss: 11 mV vs.
39 mV). This discrepancy emphasizes that except for the carbon
surface oxidation like the formation of oxygen-containing func-
tional groups, the leaching of single atom Co sites also results
in activity degradation especially under potentiostatic condi-
tions at high operation potential. HAADF-STEM images (Fig. 4g
and Fig. S18) reveal no Co oxide particles in the potentiostatic
AST-treated catalyst, demonstrating that the leached Co atoms
seem to diffuse into the electrolyte rather than re-depositing or
aggregating into secondary phases. This is analogous to the
case reported in Fe-N-C single-atom catalysts,'® further under-
scoring the challenges associated with improving the intrinsic
stability of Co-N4-C, active sites in acidic media.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Lastly, we prepared 9 parallel batches of the 3.3Co-NC-1100
catalyst (~24 g per batch, Fig. 4h inset) to evaluate the
reproducibility of the solid-phase strategy proposed in this
work. With the same testing conditions, the oxygen reduction
polarization curves (Fig. 4h) for the different-batch catalysts
were recorded. As can be seen, these curves exhibit a minimal
E,, variation range of only 5 mV, with the maximum at 0.784 V
and the minimum at 0.779 V (Fig. 4i). This fully demonstrates
the high reproducibility of the proposed strategy, representing
a critical advancement for enabling the scalable application of
Co-N-C single-atom catalysts.

To further evaluate the practicability of the best-performing
3.3Co-NC-1100 catalyst in PEMFCs, we tested its activity and
stability performance in a single PEMFC (electrode area 4 cm?),
which was assembled with 3.3Co-NC-1100 being the cathode
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comparison between 3.3Co-NC-1100 and the literature reported Co-based catalysts.

100-h life test at 0.7 V (Hy—air, backpressure 1.0 bar).

catalyst and commercial Pt/C the anode catalyst. As shown in
Fig. 5a and Fig. S19, the 3.3Co-NC-1100 catalyst-assembled
PEMFC exhibits respectable activity performance with a peak
power density of 0.70 W cm™?, which is far higher than that of
the controlled NC-1100 catalyst. When the reacting gas fed into
the cathode was switched to air, the peak power density can still
reach up to 0.39 W cm > (Fig. 5b), which is among the best
activity performances of Co-based catalysts reported in the
literature (Fig. 5¢). The PEMFC operation stability test for the
3.3C0o-NC-1100 catalyst was conducted at a practical voltage of
0.7 V for 100 h under H,-air conditions, and the polarization
plots before and after this life test were collected. As evident in
Fig. 5d, after such a relatively high voltage (i.e., 0.7 V) life test,
only around 54 mV voltage loss across most current density
ranges was observed in the polarization plots. By contrast, the
PEMFC assembled with a cathodic FeNC-1100 single-atom
catalyst (prepared by the solid-phase method proposed in this
work, Fig. S20 presenting its microstructural characterizations)
showed an average voltage loss of 170 mV after the same AST.
This result again consolidates the stability advantage of Co-N-C
single-atom catalysts over Fe-N-C.>"

EES Catal.

11.14.1535-35 () H,—air polarization plots before and after a

Conclusion

In summary, we have reported a solid-phase strategy for large-
scale production of Co-ZIF-8-derived Co-N-C single-atom elec-
trocatalysts, overcoming the scalability and environmental
limitations of conventional wet-chemistry methods. By directly
driving the reaction of the solid 2-MIm@ZnO/Co;0, mixture,
we synthesized kilogram-scale Co-doped ZIF-8 precursors via
the Kirkendall effect while achieving precise compositional
control (0-80% Co incorporation). Employing HAADF-STEM,
XPS, and XAS analyses, we establish that the final Co-N-C
catalyst structure strongly depends on the precursor composi-
tion—where excessive Co loading leads to metallic Co particle
formation, while optimized doping yields atomically dispersed
Co-N, active sites. We demonstrate that the optimized Co-N-C
catalyst achieves high ORR activity (E,, = 0.782 V), excellent
four-electron selectivity (H,O, yield <5%), and long-term
stability. When integrated into a PEMFC cathode, our cata-
lyst delivers respectable power densities of 0.70 W em™> and
0.39 W cm 2 under H,-O, and H,-air, respectively, both of
which are ranked among the best Co-based catalysts reported.
The superior PEMFC operation stability of our Co-N-C catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to that of Fe-N-C was also well demonstrated. Through
this work, we establish a scalable, environmentally friendly
approach for producing high-performance Co-N-C single-
atom electrocatalysts and we expect this strategy to accelerate
the practical deployment of TM-N-C catalysts in next-generation
fuel cells and beyond.
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