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ABSTRACT

Tailoring single-atom catalysts (SACs) is a never-ending topic for catalyst design, where support modifi-
cation plays a pivotal role. The support is conventionally porous, targeted to host high-density single
atoms and to allow effective mass transfer, particularly for electrochemical reactions. However, a subop-
timal porous structure with low connectivity and closed pores, may negatively impact the electrochem-
ical performance. Introducing cavity to hierarchical porous structures has recently emerged as a
promising approach, but the synthesis often relies on etchants which are usually destructive, whereas
the impact of hierarchical shell on electrocatalytic activity lacks detailed investigations. In this work,
we propose a “MOF-on-MOF” strategyby constructing high-density Co/Fe dual single-atom catalysts with
hierarchical porosity and hollow structure through one-step annealing. This approach simultaneously
achieves active sites with dense Co/Fe sites and optimizes support architecture, enabling efficient reac-
tion kinetics for oxygen reduction reactions (ORR)/oxygen evolution reactions (OER). The optimal
CogFe,-N/C-900°C catalyst demonstrates outstanding bifunctional activity in alkaline media. Density
functional theory (DFT) calculations reveal that the Co sites exhibit favorable adsorption of reaction inter-
mediates, and the Fe sites boast a lower energy barrier, which is ensured by high-density Co/Fe dual atom
sites through our approach. This work establishes a new route to SACs derived from ZIFs, offering a novel

solution for the field.
© 2026 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by
Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.

1. Introduction

temperature atomic migration strategy [10], electrodeposition
[11] and ZIFs-derivatives [12].

Single-atom catalysts (SACs) have attracted much attention
during the past decades [1,2]. The design of single-atom sites from
precise tailoring of supports and the maximized utilizations of
active atomic species have led to applications of SACs in thermo-
catalysis [3], electrocatalysis [4,5], and energy storage [6,7], etc.
Hence, optimizing SACs through support design, more importantly,
achieving desired structures through synthesis, are the corner-
stones of further applications. The synthesis approaches include
wet-chemistry methods [8], atomic layer deposition [9], high-
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SACs derived from ZIFs have the advantages of high surface
area, abundant active sites, and various combinations of non-
noble-metals, due to customizable structures made of transition
metals and tunable pore structures. Thereby, they have been
widely used for electrocatalysis [13], and are mainly pyrolyzed
through controlled annealing condition, precursor tuning, and post
treatment. Wang et al. investigated the impact of annealing condi-
tion by in situ TEM, revealing the microstructural evolution of ZIF-
67 during pyrolysis and thus proposing a general decomposition
route for ZIFs [14]. Moreover, tuning the Zn>*/Co?" ratio in the pre-
cursor has been reported to tailor the porous structure and
improve bifunctional activity [15]. To further optimize the porous
structure, additional etching agents are commonly required.
Waterhouse’s group reported a NaCl-assisted two-step pyrolysis
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method to synthesize Fe SACs with increased mesoporosity and
enhanced PEMFC performance [16]. Subsequently, Tang et al. con-
structed ligand-defective ZIF-8@ZIF-67 featuring abundant meso-
porous structures via acetic acid etching, enabling precise
modulation of active-site density and graphitization degree [17].

Another aspect of SACs synthesis focuses on increasing active
sites density through support design, where single atoms are not
only tuned by coordinating N/C, but are also close enough to inter-
act with each other. In the case of dual-single atoms, paired transi-
tion metals single atoms can optimize the adsorption/desorption
energy, thereby boosting the electrocatalytic activity [18,19]. From
this aspect, hollow structure emerges as a viable approach [20],
where the formation of the shell support from a solid precursor
substantially increases the density of transition metals. Addition-
ally, the shell shortens mass transport distances, whereas both
inner/outer surfaces are exposed, creating superior triple-phase
reaction interfaces [21]. Therefore, combining hierarchical pores
with hollow structures has become a current priority, with recent
works demonstrated on NHZ-112/900 [22], Pt/h-Co-NC [23] and
Fe/NS-C [24]. However, the synthesis approach either needs etch-
ing agent which deteriorates support structure [25], or involves
multiple annealing steps which add on energy consumption and
economic cost, making it unsuitable for scaling up [26,27].

In this work, we propose a “MOF-on-MOF” technique coupled
with one-step annealing to synthesize SACs with hierarchical hol-
low supports, and demonstrate on Co-Fe dual-single-atom cata-
lysts derived from ZIF-8, thereby adding a new pathway of
synthesizing SACs to previous work synthesizing metal particles
and compounds using the same approach [28-30]. By synthesizing
ZIF@CogFe, precursors with core-shell structures and annealing to
remove ZIF core, hierarchically porous shell supporting Co-Fe dual
single atoms is derived. The optimized CogFe;-N/C-900°C catalyst
exhibits superior ORR and OER performance relative to commercial
Pt/C and RuO,, and is successfully demonstrated on zinc-air batter-
ies (ZABs). Detailed characterizations using advanced electron
microscopy reveal high densities of single atoms located on the
shell, which optimize the adsorption/desorption energy as con-
firmed by DFT calculations. Additionally, we emphasize the sup-
port structure’s importance through detailed characterizations
and discussions. One-step annealing without etching agents avoids
destruction to the support structure, and the hierarchical pores
with both outer and inner sides exposed to reaction media acceler-
ate mass transport.

2. Experimental
2.1. Synthesis of ZIF-8

4,927 g 2-MIM and 2.97 g Zn(NOs),-6H,0 were separately dis-
solved in 50 mL methanol. The Zn?* solution was then poured into
the 2-MIM solution for magnetic stirring. The resulting mixture
was stirred at room temperature and 400 r min~! for 12 h, followed
by static aging for an additional 12 h. Afterwards, the precipitates
were collected through centrifugation, thoroughly washed with
methanol several times. The products were then dried at 60°C
overnight before properly stored.

2.2. Synthesis of ZIF@CogFe,

The as-synthesized ZIF-8 (150 mg) was dispersed in 50 mL
methanol and ultrasonicated for 30 min. Subsequently, 0.4656 g
Co(NO3),-6H,0 and 0.1112 g FeSO4-7H,0 were then added to the
suspension for magnetic stirring. 20 mL methanol solution con-
taining 0.656 g of 2-MIM was then poured into the suspension
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and continued stirring for 12 h. The resultant lilac powder was cen-
trifugally washed with methanol three times and then dried at
60°C under vacuum overnight.

2.3. Synthesis of CogFe,-N/C

Carbonization of the above-synthesized ZIF@CogFe, was carried
out in Ar. The powder was separately heated to 800, 900 and
1000°C at a heating rate of 2°C min~' and maintained for 1 h.
The samples were designated as CogFe,-N/C-800°C, CogFe,-N/C-
900°C and CogFe,-N/C-1000°C, respectively.

2.4. Others

Chemicals, synthesis of other samples, characterization meth-
ods, electrochemical tests, and theoretical calculations were
detailed in the supporting information.

3. Results and discussion

3.1. The investigation of Co/Fe dual single atoms as active sites at
atomic-scale

The synthesis of ZIF-8 derived target catalyst is illustrated in
Fig. 1(a), with details provided in experimental section. Starting
from ZIF-8 precursor, the surface was first coated by Co and Fe
via solution approach, named as “ZIF@CogFe,” as shown in
Fig. S1. Pyrolysis of the ZIF@CogFe, was then performed at 800,
900 and 1000°C, respectively, yielding CogFe,-N/C-800°C, CogFe,-
N/C-900°C and CogFe,-N/C-1000°C. The influence of annealing
temperature on the samples’ structures was first investigated.
The XRD patterns of CogFe,-N/C-800°C and CogFe,-N/C-900°C dis-
play only two broad peaks at 25° and 44° (Fig. S2), corresponding
to the (002) and (100) planes of graphitic carbon, suggesting the
presence of defective carbon without long-range order [31]. Addi-
tionally, the Raman spectra (Fig. S3) reveal that the intensity ratio
of the catalysts’ D and G bands (Ip/Ig) decreases from 1.13 to 0.99
with increasing temperature, indicating enhanced graphitization
and thus increased conductivity [32], as evidenced by EIS measure-
ments (Fig. S4, Table S1).

The edges of CogFe,-N/C-800°C and CogFe,-N/C-900°C are
enlarged in Fig. 1(b, ¢) as investigated by AC-STEM, clearly showing
the distribution of single atoms. However, when the annealing
temperature increases to 1000°C, nanoparticles precipitate
(Fig. 1d). The EDS mapping confirms Co/Fe enrichment in the par-
ticles (Fig. S5), and the lattice spacing of 2.0 A is consistent with the
(110) crystal plane of f.c.c. Co-Fe alloy (Fig. 1d). In order to confirm
the atomic species of single atoms in CogFe,-N/C-800°C and
CogFe,-N/C-900°C, EDS spectra were collected on the samples, as
shown in Fig. 1(e). The presence of C, N, Co, Fe, and Zn is confirmed,
with corresponding quantification provided in Fig. S6. Since
HAADEF-STEM is a Z-contrast imaging technique, the atomic distri-
bution at high magnifications in Fig. 1(b, ¢) can be confirmed to be
Co/Fe and possibly Zn. Additionally, the nitrogen content was also
examined since it influences the electrochemical performance
through anchoring single atoms and tuning M-N, active sites
[33]. As shown by the quantification of the EDS spectra, the
nitrogen content is found to be 9.9% in CogFe,-N/C-800°C, 7.4% in
CogFe,-N/C-900°C, and decreases sharply to 2.6% in CogFe,-N/C-
1000°C (Fig. S6 and Table S2). The loading of single atoms is critical
to the performance of the catalysts. According to ICP-MS/OES anal-
ysis, the Co and Fe contents in CogFe,-N/C-900°C are 1.52 wt.% and
2.08 wt.% (Table S3), respectively, achieving a high-loading single-
atom catalyst compared with methods reported in literature
[13,34-36].
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Fig. 1. Atomic-scale analysis of active sites. (a) Illustration of the synthesis of the CogFe,-N/C-900°C catalyst. (b-d) HAADF-STEM images and corresponding elemental
mappings of Co and Fe, (e) EDS spectra of CogFe,-N/C-800°C, CogFe,-N/C-900°C and CogFe,-N/C-1000°C, respectively. K-edge XANES spectra of (f) Co and (g) Fe. K-edge
Fourier-transformed EXAFS analysis in R space of (h) Co and (i) Fe.
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To focus on the local electronic structure and coordinative envi-
ronment of Co/Fe single atoms, X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine structure
(EXAFS) analyses were conducted on the CogFe,-N/C-900°C and
CogFe,-N/C-1000°C catalysts. The Co and Fe K-edge XANES spectra
for CogFe,-N/C-900°C and CogFe,-N/C-1000°C resemble those of
CoPc and FePc, respectively (Fig. 1f, g and Fig. S7), while the Co
and Fe K-edge absorption energies for both CogFe,-N/C samples
are slightly higher than that of CoPc and FePc, respectively. Hence
it can be confirmed that the valence states of Co and Fe in the Cog-
Fe,-N/C samples are approximately between +2 and +4 [37]. Nota-
bly, both Co and Fe K-edge absorption energies in Co8Fe,-N/C-
900°C are slightly higher than in Co8Fe,-N/C-1000°C, correspond-
ing to the precipitation of zero-valent alloy at 1000°C.

The Fourier-transformed (FT) k?-weighted EXAFS spectra of Co
for CogFe,-N/C-900°C (Fig. 1h) shows the main peak at 1.71 A,
which is slightly smaller than the bond length of Co-N in CoPc
(1.79 A). Similarly, EXAFS spectra for Fe are shown in the Fig. 1
(i). A peak at 1.76 A is identified in CogFe,-N/C-900°C, which over-
laps with the Fe-N bond in FePc, suggesting that the Fe site is rel-
atively more stable compared to the Co site. Meanwhile, both in
Fig. 1(h, i), CogFe,-N/C-1000°C exhibits a bond length (2.43 A) char-
acteristic of Co-Fe alloy, consistent with the bond length in Co/Fe
foil (Fig. S8). Furthermore, the wavelet transform (WT) contour
map of CogFe,-N/C-900°C exhibited only Fe-N and Co-N coordina-
tion, demonstrating an atomically dispersed structure with metals
bonded to N; meanwhile, M-M bonds were clearly observed in
CogFe,-N/C-1000°C (Fig. S9). According to the EXAFS-fitting results,
the coordination number of Co-N and Fe-N is about 4.4 and 3.8,
respectively (Fig. S10 and Table S4), confirming that the Co/Fe
atoms in CogFe,-N/C-900°C are atomically dispersed as Co-Ng4
and Fe-N4 configurations. Furthermore, the high-resolution N 1s
XPS spectra of CogFe,-N/C series catalysts can be deconvoluted into
five peaks, among which the M-N peak (399.8 eV) provides strong
evidence for N coordination of the active sites. As the temperature
increased, the metallic N content decreased from 18.3% to 8.1%,
indicating that Fe-N and Co-N coordination was disrupted, which
further led to the formation of alloy particles (Fig. S11). The results
presented strongly indicate that the Co/Fe sites in CogFe,-N/C-
900°C are atomically dispersed, offering a uniform and efficient
catalytic center for both ORR and OER processes.

3.2. Electrochemical performance

The ORR and OER performance of as-synthesized catalysts were
evaluated using a typical three-electrode system in an O,-
saturated 0.1 M KOH solution, and all potentials were referenced
to the reversible hydrogen electrode (RHE), see details in Supple-
mentary Information. As shown in Fig. 2(a), CogFe,-N/C-900°C
exhibits a higher half-wave potential (E;, = 0.894 V), compared
to CogFe,-N/C-800°C (Eqj2 0.862 V), CogFe,-N/C-1000°C
(E1j2 = 0.854 V) and commercial Pt/C (E;; = 0.861 V). The ORR
kinetic behavior of CogFe,-N/C-900°C was further assessed by the
Tafel plots (Fig. 2b). The Tafel slope for the CogFe,-N/C-900°C cat-
alyst is 59.3 mV dec™!, which is lower than those of commercial Pt/
C (62.5 mV dec™!), CogFe,-N/C-800°C (78.4 mV dec™!) and CogFe,-
N/C-1000°C (85.2 mV dec™!), and is thus indicative of a more rapid
ORR kinetics. The cycle stability of the aforementioned catalysts
was examined through accelerated durability test (ADT). After
10,000 cycles, the CogFe,-N/C-900°C catalyst exhibits only a slight
decline in its half-wave potential compared to commercial Pt/C
(Fig. 2c and Fig. S12). Furthermore, using the Koutecky-Levich (K-
L) equation and RRDE test, the electron transfer number for the
CogFe,-N/C-900°C catalyst was calculated to be 3.72-3.76, with
an H,0, yield of approximately 10% (Fig. 2d and Fig. S13), confirm-
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ing that the ORR process is dominated by the 4-electron pathway,
accompanied by only a minor 2-electron side reaction.

Additionally, the CogFe,-N/C-900°C catalyst also demonstrated
excellent oxygen evolution reaction (OER) activity in both 1 and
0.1 M KOH solutions. As shown in Fig. 2(e), the CogFe,-N/C-900°C
electrode delivers a 310 mV overpotential at the current density
of 10 mA cm™2 in 1 M KOH, outperforming RuO, (337 mV), CogFe,-
N/C-800°C (341 mV) and CogFe,-N/C-1000°C (357 mV). With
regard to its cycling stability, the overpotential shows a slight
degradation to 347 mV after 3000 cycles at a scan rate of
0.2 V s~!, which is close to or even lower than the initial perfor-
mance of the samples for comparison (Fig. S14). Fig. 2(f) displays
the OER performance of the CogFe,-N/C in 0.1 M KOH. The overpo-
tential of the CogFe,-N/C-900°C is about 530 mV at the current
density of 10 mA cm™, outperforming CogFe,-N/C-800°C
(577 mV) and CogFe,-N/C-1000°C (626 mV). After 3000 cycles,
the overpotential of CogFe,-N/C-900°C degrades to 582 mV, which
is still lower than that of CogFe,-N/C-800°C (622 mV) and CogFe;-
N/C-1000°C (649 mV) (Fig. S15).

To investigate the influence of single-atom density on catalytic
performance, x0.5-CogFe,-N/C-900°C and x1.5-CogFe,-N/C-900°C
were synthesized (Fig. S16a, b). In x0.5-CogFe,-N/C-900°C, the
Co/Fe sites remained as single atoms, whereas Co-Fe alloy and CoC,
phases emerged in x1.5-CogFe,-N/C-900°C (Fig. S16¢). The Co and
Fe contents in the catalysts increased accordingly with the feed
amount (Fig. S16d, e). With regard to ORR/OER performance, Cog-
Fe,-N/C-900°C also exhibited superior catalytic activity and stabil-
ity compared to x0.5-CogFe,-N/C-900°C (Eq), 0.858 V,
Eji-10 = 385 mV) and x1.5-CogFe,-N/C-900°C (E;, = 0.834 V,
Ej-10 = 361 mV) (Fig. S17). It is hence clear that insufficient active
site loading in x0.5-CogFe,-N/C-900°C and non-uniform metal par-
ticle precipitation in overloaded x1.5-CogFe;-N/C-900°C resulted in
inferior performance. Meanwhile, to demonstrate the impact of
hierarchical pores on catalytic performance, a hollow Co/Fe dual
single-atom catalyst with only micropores was synthesized
(Figs. S18 and S19) [38]. Despite its high specific surface area of
985.6 m? g~!, microporous-CoFe-N/C exhibits inferior ORR/OER
activity (Eyj2 = 0.836 V, Ej-10 = 355 mV) and limiting current density
compared to CogFe,-N/C-900°C, manifesting the critical role of
hierarchical porous structures (Fig. S20).

In summary, CogFe,-N/C-900°C demonstrates a superior ORR
half-wave potential and a lower OER overpotential before and after
cycle, which indicates its excellent bifunctional electrochemical
activity (Fig. 2g). To further quantify the bifunctional catalytic
activity of CogFe,-N/C catalyst, the potential difference AE between
Eqj» for ORR and Ej-qo for OER was evaluated (Fig. 2h), where a
smaller value of AE (calculated as AE = Ej.;o — E12) indicates higher
activity. CogFe,-N/C-900°C shows the lowest AE of 0.86 V, com-
pared to CogFe,-N/C-800°C (0.95 V) and CogFe,-N/C-1000°C
(1.02 V). This phenomenon can be attributed to the low electrical
conductivity of CogFe,-N/C-800°C, while the precipitation of alloy
particles in CogFe,-N/C-1000°C leads to decreased activity.

CogFe,-N/C-900°C catalysts were further set up for potential
applications as air electrodes for ZABs, as schematically illustrated
in Fig. 3(a). Details can be found in Supplementary Information. As
shown in Fig. 3(b), ZABs using CogFe,-N/C-900°C as cathode pro-
vide an open circuit potential (OCP) of 1.432 V, outperforming that
of Pt/C (1.368 V). The higher open-circuit potential of the CogFe,-N/
C-900°C catalyst indicates its superior catalytic activity, thereby
contributing to enhanced energy output under operating condi-
tions. The discharge/charge polarization curve reveals that the
ZABs utilizing CogFe,-N/C-900°C exhibit an overpotential of merely
0.49 V at a current density of 10 mA cm™2, notably lower than that
of Pt/C cathode (0.89 V) (Fig. 3¢), and thus indicates an accelerated
kinetic process. The rate performance of the ZABs was further
examined at various current densities. As presented in Fig. 3(d),
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Fig. 2. Electrochemical performance of CogFe,-N/C. (a) ORR LSV curves of CogFe,-N/C-800°C, CogFe,-N/C-900°C, CogFe,-N/C-1000°C and Pt/C at a rotating rate of 1600 r min~".
(b) Associated Tafel plots derived from the ORR LSV curves. (c) ORR LSV curves of CogFe,-N/C-900°C and Pt/C before and after 10,000 cycles. (d) ORR LSV curves of CogFe,-N/C-
900°C at different rotating rates. (e) OER LSV curves of CogFe,-N/C-800°C, CogFe,-N/C-900°C, CogFe,-N/C-1000°C and RuO, in 1 M KOH. (f) OER LSV curves of CogFe,-N/C-
800°C, CogFe,-N/C-900°C and CogFe,-N/C-1000°C in 0.1 M KOH. (g) Summary of ORR/OER catalytic performance of the above catalysts before and after cycles. (h) LSV curves
of CogFe,-N/C-800°C, CogFe,-N/C-900°C and CogFe,-N/C-1000°C catalysts across the full OER/ORR region in 0.1 M KOH.

the ZABs with CogFe,-N/C-900°C cathode exhibit a higher dis-
charge plateau compared to Pt/C, regardless of the current density
applied. Notably, after enduring high current density discharge of
50 mA cm~2 and reverting to 1 mA cm™2, the discharge plateau
remains unchanged compared to initial measurement. The ZAB
also operated stably for 450 cycles at a current density of 5 mA cm™
(Fig. S21), demonstrating its superior catalytic activity and stabil-
ity. Moreover, when tested at current density of 10 mA cm™2, the
specific capacities normalized to the consumed Zn mass for the
CogFe,-N/C-900°C and Pt/C catalysts are 815.7 and 736.4 mA h g7,
respectively (Fig. 3e). The maximum power density is measured to
be 241.1 and 144.0 mW cm™2 for CogFe,-N/C-900°C and Pt/C,
respectively (Fig. 3f). Furthermore, in order to reveal the advan-
tages of our optimized catalysts in enhanced ZAB performance,
H-Fe-N/C and H-Co-N/C (Fig. S22a, b) and CoFe-N/C (Fig. S23a)
were synthesized, and the atomic dispersion of active sites in the
as-synthesized catalysts are confirmed (Figs. S22c-e and S23b-
d). At the same catalyst loading and electrode fabrication, CogFe,-
N/C-900°C exhibits lower overpotential but higher OCP, maximum
power density and specific capacity compared to mixed H-Fe-N/C/
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H-Co-N/C and CoFe-N/C, demonstrating superior rate performance
(Fig. S24). This again confirms that both the synergistic effect
between Co and Fe sites and the presence of the hollow structure
are crucial for enhancing device performance. Finally, we com-
pared the performance of our device with that reported in litera-
ture, and summarized the power density, specific capacity, and
discharge/charge overpotential in Fig. 3(g, h). ZABs using CogFe,-
N/C-900°C as cathode surpass commercial Pt/C electrode and most
Co/Fe single-atom catalysts reported in literature (Table S5) [39-
53].

3.3. Boosted performance by unique structure design

In order to understand the performance enhancement of our
ZIF-derived Co/Fe bimetallic single-atom catalyst, we first calcu-
lated the Gibbs free energy changes (AG) by density functional the-
ory (DFT), where the corresponding thermodynamic processes of
OER and ORR are schematically shown in Fig. 4(a).

According to previous results (Fig. S13), the ORR process goes
through a 4e™ pathway in an alkaline environment. As illustrated
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Fig. 3. Electrochemical performance of assembled zinc-air battery. (a) Schematic diagram of the liquid ZABs configuration. (b) Open circuit potential plot with the inset
showing a stable OCP. (c) Discharge/charge polarization curves, (d) rate performance, (e) specific capacity curves of ZABs normalized with the Zn consumed, and (f)
polarization and power density plots using CogFe,-N/C-900°C and Pt/C as catalysts. (g, h) Comparison of power density, specific capacities, and overpotential from this work

with Co/Fe single-atom catalysts reported in literature [39-53].

by red arrows in Fig. 4(a), this process begins with the adsorption
of O, from the electrolyte, leading to the formation of the peroxide
intermediate (OOH™*). Subsequently, this intermediate gains elec-
tron to form O* and OH* species, and the OH* intermediate is fur-
ther reduced to produce OH™ (OER process is reversed as indicated
by green arrows). All four conditions were calculated, i.e., Co-site of
Co/Fe dual-single-atoms (abbreviated as (CoFe)-Co site), Fe-site of
Co/Fe dual-single-atoms (abbreviated as (CoFe)-Fe site), Co-single-
atom and Fe-single-atom. As shown in Fig. 4(b) and Tables S6-S10,
when converting O, to OOH* at the equilibrium potential
(U = 1.23 V vs. RHE), compared to other site configurations,
(CoFe)-Fe site exhibits a reaction free energy less than 0 eV, which
means the reaction at this site is spontaneous and more efficient.
The result thus indicates that the presence of Co effectively modu-
lates the electronic environment around the Fe sites, thereby
reducing the reaction energy barriers and enhancing catalytic
activity. Unexpectedly, while the (CoFe)-Co site requires the low-
est energy for the non-spontaneous OH*—OH™ step (0.198 eV), in
the specific step of O, conversion to OOH*, AG for the (CoFe)-Co
site (0.396 eV) is slightly higher than that of the Co-site
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(0.256 eV). In summary, the Co-Fe bimetallic site demonstrates
overall advantages compared to single metal sites in catalyzing
both ORR and OER. The (CoFe)-Fe sites spontaneously promote
the O,—OOH* conversion, whereas (CoFe)-Co sites require the
lowest energy for the OH*—OH™ transformation, despite sacrificing
part of their inherent catalytic activity in the specific step. This
phenomenon also reveals that the synergistic effect between Co/
Fe dual single-atom sites doesn’t involve simultaneous enhance-
ment of catalytic activity, but rather optimizes the reaction
pathway.

We further investigated the optimization of electronic structure
introduced by co-presence of Co and Fe sites. Charge density differ-
ence analysis shows that Fe-N4 sites possess strong localized
charge polarization, effectively modulating adsorbate electronic
structures to enhance reactivity, whereas Co-N, sites show a more
uniform charge distribution (Fig. S25). This electronic structure dif-
ference induces charge redistribution, optimizing the adsorption
and activation of reaction intermediates. For both sites, electronic
states near the Fermi level are dominated by transition metal
d-orbitals, indicating that metal center reactivity during the ORR
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Fig. 4. Coordination environment, reaction mechanism and structural analysis of CogFe,-N/C. (a) Schematic diagram of electrochemical process reaction (red arrow
corresponds to ORR, green arrow corresponds to OER). (b) Reaction energy change and (c) DOS of Co site, Fe site, (CoFe)-Co site and (CoFe)-Fe under U = 1.23 V. (d) SEM and

(e) TEM images of CogFe,-N/C-900°C.

(f) Cross-sectional view of CogFe,-N/C-900°C reconstructed from 3D electron tomography and shown in xy, xz and yz planes. (g) 3D

reconstruction of CogFe,-N/C-900°C showing its cavity. (h, i) N, adsorption-desorption isotherms and pore-size distribution curve of CogFe,-N/C-800°C, CogFe,-N/C-900°C
and CogFe,-N/C-1000°C. (j) Comparison of mesopore and micropore ratios between CogFe,-N/C and previously reported catalysts in the literature [36,55-62].

process is mainly governed by the d-orbital electronic structure
(Fig. S26a). In the presence of Fe sites, the d-band center of Co sig-
nificantly shifts from 0.678 to —0.526 eV, indicating the binding
strength between Co sites and reaction intermediates is weakened,
thereby optimizing the adsorption of reaction intermediates
(Fig. 4c and Fig. S26b). At the same time, the d-band center of Fe
in the presence of Co shows a positive shift from -0.741 to
—0.247 eV. Since it is closer to the Fermi level, electrons are easier
to transfer from the catalyst surface to the reaction intermediates
[54]. In summary, the overall electronic structure of the Co/Fe dual
single-atom catalyst is enhanced, where the Co site is more favor-
able for the adsorption of reaction intermediates and the Fe site
better facilitates the conversion of catalytic reactants.

Back to fundamentals of electrochemical performance, the reac-
tion is not solely dependent on the active sites, whereas the sup-
port structure is equally crucial by enhancing mass transfer.
Hence the microstructure of CogFe,-N/C was examined in detail
in Fig. 4(d, e). To reveal the internal structure of catalysts, the sam-
ples are pulverized by ultrasonic cell disruptor and studied by
scanning electron microscopy (SEM) as shown in Fig. 4(d). The cat-
alyst retains dodecahedral structure with surface wrinkles, attrib-
uted to the inward depression of the surface and convex edges.
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The yellow circle highlights cavity at a damaged corner of the sup-
ports. TEM image of Fig. 4(e) confirms the cavity by a lighter con-
trast in the center compared to the edges. The internal structure
was further analyzed by 3D electron tomography. Fig. 4(f) displays
the cross-section view of CogFe,-N/C-900°C in xy, yz and xz planes
(see Video S1) and Fig. 4(g) presents the reconstruction in 3D,
clearing reveal the inner hollow structure.

N, adsorption-desorption curves (Fig. 4h) demonstrate that all
three samples exhibit type IV isotherms, which are characterized
by rapid growth at low relative pressures (P/Py < 0.05) and a unique
hysteresis loop at high relative pressures (P/Py > 0.4), indicative of
abundant mesopores and micropores. The Brunauer-Emmett-
Teller (BET) specific surface areas for CogFe,-N/C-800°C, CogFe,-
N/C-900°C and CogFe,-N/C-1000°C are measured as 354.1, 400.4,
and 496.8 m? g~!, respectively. Furthermore, the pore size distribu-
tions (Fig. 4i) reveal that the samples annealed at different temper-
atures all have dominant peaks corresponding to micropores
(<2 nm) and mesopores (2-5 nm), respectively. Notably, the rela-
tive intensity of mesopore peak increases with rising temperature,
raising the mesopore proportion from 16% to 49%, demonstrating
the formation of abundant hierarchical porous structures
during pyrolysis. A chart is presented to compare the micropore
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to mesopore ratio of our samples to those reported in literature
[36,55-62], clearly demonstrating the enrichment of mesopores
in our catalyst (Fig. 4j).

To elucidate the formation mechanism of the hollow structure
and hierarchical pores in ZIF@CogFe, during annealing,
temperature-ramping experiments were performed from 300 to
700°C based on thermogravimetric analysis (TGA) (Fig. S27a).
XRD patterns show that a weak signal corresponding to CoFe alloy
appeared at 44.8° under 500°C, which gradually intensified as the
temperature increased to 700°C (Fig. S27b). Additionally, peaks at
41.3° and 47.9° corresponding to the ZnO phase were observed
at 600°C, indicating the initiation of Zn evaporation and the signal
disappeared at 700°C, implying the ZnO decomposition. Based on
the aforementioned characterization results, when the tempera-
ture was increased to 800°C and 900°C and maintained for 1 h,
the CoFe alloy particles gradually disappeared, leaving a hierarchi-
cal porous structure and Co/Fe dual single-atom sites [63,64]. Sub-
sequently, samples at different temperatures were characterized
by STEM and EDS mapping (Fig. S27c-h). As the temperature grad-
ually increased to 500°C, the support structure remained intact and
alloy particles precipitated (Fig. S28). At 600°C, localized hollow
structures appeared inside the support, and ZnO was observed on
its surface (Fig. S29), indicating that the formation of the hollow
structure is associated with Zn evaporation. As the temperature
increased, Zn species further volatilized, ultimately leading to the
formation of a complete hollow structure within the support. Thus,
the formation and dispersion of CoFe alloy particles and the evap-
oration of Zn species during the annealing process are responsible
for the formation of hierarchical pores and hollow structures in
CogFe,-N/C-900°C without the need for additional etchants.

Moreover, structural characterization was conducted on the
catalyst after 3000 OER cycles. Despite being partially etched, the
post-cycled CogFe,-N/C-900°C maintained its initial dodecahedral
structure (Fig. S30). At the same time, the XPS spectra of the initial
and cycled samples of CogFe,-N/C-900°C were compared (Fig. S31).
The O 1s spectrum indicates that the increase in C-0 (533.2 eV) is
attributed to gradual carbon surface oxidation under the strong
OER environment, where original C=0 (532.0 eV) groups may be
further oxidized or undergo bond cleavage to form more stable
C-0 species (Fig. S31b). Besides, Fe® (706.7 and 719.5 eV) and
Co®(778.2 and 793.4 eV) signals remained undetectable after cycle
(Fig. S31c, d), confirming the stability of single-atom sites during
the electrochemical process, while performance degradation after
OER cycle is primarily attributed to carbon support damage.

To summarize, the featured microstructure of our catalyst fur-
ther boosts the electrochemical performance from two aspects.
Firstly, the “MOF-on-MOF” strategy followed by one-step anneal-
ing results in an open-structure with cavity, which not only
increases the exposed surface area, but also increase the density
of Fe/Co sites by maximizing the use of precursor. Secondly, this
unique strategy generates a hierarchical porous structure enriched
with mesopores, which significantly facilitates the mass transport.
This approach demonstrates the advantages of energy-saving by
one-step annealing and achieves an ideal structure without intro-
ducing additional pore-forming agents.

4. Conclusions

In summary, the CogFe,-N/C-900°C catalyst was designed and
synthesized in this work via a “MOF-on-MOF” strategy. It exhib-
ited a high ORR half-wave potential of 0.894 V and a low over-
potential of 310 mV for the OER process at a current density of
10 mA cm~2, which indicates its excellent bifunctional electro-
catalytic activity. When used as ZAB cathodes, CogFe,-N/C-
900°C demonstrate lower overpotential of 0.49 V at a current

density of 10 mA cm™2, a higher specific capacity of
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815.7 mA h gz!, and a high power density of 241.1 mW cm™2,
which outperforms most Co/Fe single-atom catalysts reported
in literature. DFT calculations show that the presence of Co
effectively modulates the electronic structure surrounding the
Fe sites, thereby reducing the reaction energy barriers and
enhancing catalytic activity. Moreover, this method utilizes the
evaporation of Zn and the precipitation/dispersion of CoFe alloy
to simultaneously constructs hierarchically porous hollow struc-
tures, while introducing bimetallic active sites, without requiring
additional etching agents. This approach significantly accelerates
mass transport dynamics, while maximizing exposure of reactive
active sites, thus substantially improving the electrochemical
performance of CogFe,-N/C-900°C. It reduces process complexity
and offers valuable insights for designing support structures in
high-performance catalyst systems.
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