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ARTICLE INFO ABSTRACT

Keywords: The sluggish kinetic process of oxygen conversion reaction directly limits the energy density of Zn-air batteries
Multi-layered active sites (ZABs), construction of multi-layered catalytic active sites to promote dioxygen fragmentation is an urgent need
Hemin

for high-performance ZABs. Herein, a bead-like 1D/3D hierarchical conductive network catalyst (Fe/Co-NC) is
fabricated, where polypyrrole nanotubes served as skeleton, its surface was coated with polymerized Hemin
which have the first active site and double propionic groups as the adsorption sites for the formation of second
site precursor of ZIF-67. We defined the Fe/Co-Ny derived by pyrolysis dispersed in 1D/3D structure as multi-
layered active sites. Fe/Co-NC catalyst exhibits excellent catalytic performance (E;/2 = 0.86 V) and stability
(the Eq /2 loses 0.21 mV after 5000 cycles). After assembling to ZABs, the results show an inspiring peak power
density of 238.6 mW cm ™2, which is 1.8 times that of Pt/C catalyst. Density functional theory (DFT) indicates
that multi-layered active sites can promoting dioxygen fragmentation rate — determining steps at higher limiting
potential of 0.70 V. Partial density of states further demonstrates that multi-layered active sites with a downshift
of the d-band center (-0.95 eV) weakens the adsorption of oxygen intermediates. Combined with conductivity

Oxygen intermediates
Dioxygen fragmentation

calculations, density of states can reach higher levels, facilitating 4-electron transfer process.

1. Introduction

The limited reserves fossil fuels and increasingly serious environ-
mental pollution problems have promoted the rapid demand and
development of green, sustainable and clean energy. [1,2] Dioxygen
(O2) reactions are broadly regarded as the most promising electro-
chemistry conversion method because of its renewable resources and
zero pollution. [3] Generally, the conversion of O involves two reaction
processes, dioxygen fragmentation (O, reduction reaction, ORR) and
dioxygen formation (O3 evolution reaction, OER); For example, Zn-air
batteries can reduce Oy into HyO during the discharge process in the
presence of cathode catalysts, which realize the conversion between
chemical energy and electrical energy. [4] The discharge performance of
the ZABs is affected by the rate-limiting processes of the Oy reaction
happened at the cathode catalyst. The kinetics of the dioxygen frag-
mentation is the rate-determining step during the discharging of Zn?",
which is controlled by the influence of an efficient catalyst. High-loading
Pt is required to overcome the kinetic sluggish kinetics of dioxygen
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fragmentation reaction with 4H"/4e” multi-step reactions. [5-6] How-
ever, the scarcity and instability of Pt-based catalysts become an
obstacle for the large-scale commercial application ZABs catalysts. [7]
Hence, designing low-cost, high-performance and stable platinum group
metals (PGM) -free catalysts substitutes is at present an urgent problem
to be solved. [8].

Among the cases reported in the literatures, transition metal-based
N-doped porous carbon materials (M—NC, M = Fe, Co, Ni, etc.), [9]
transition metal oxides [10] and other PGM-free catalysts have been
studied as ORR catalysts. It is concluded that an ideal catalyst with high-
efficiency ORR activity has two obvious advantages: i) the reactive
active sites of catalysts have good ability to activate the O-O bond. ii)
The catalyst should be conductive network-structured materials with
high porosity, which facilitates mass transfer efficiency and diffusion of
oxygen as well as rapid transfer of electrons. [11-12] In addition, ac-
cording to the Sabatier principle, the dioxygen fragmentation perfor-
mance is mainly determined by the adsorption-energy scaling
relationship between the active sites and oxygen intermediates. [5,13]
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The design of ideal M—NC catalyst should have the right amount of
binding strength between oxygen-containing intermediates and active
sites. Therefore, it is crucial to optimize the adsorption and desorption
behavior of oxygenated intermediates during dioxygen fragmentation.
[14] Previous studies have shown that except regulating the coordina-
tion environment of the active site by introducing heteroatoms and the
introduction of bimetallic active sites is an effective way to synergisti-
cally adjust the adsorption energy of the d-band center and oxygen with
the active site. This adjustment results in the elongation of the dioxygen
bond length, thereby promoting the fragmentation of Oy. [15-17].

As we all know, the Fe-Ny species stand out as one of the most effi-
cient active centers for oxygen conversion, which can effectively induce
changes of local charge density and accelerate the process of Oj
adsorption and reduction. [3,18] However, the construction of Fe-Ny
active site usually requires carbonization treatment, while the metal
ions tends to form aggregates of metal nanoparticles, leading to the poor
ORR performance and stability. [19] An effective method to alleviate the
accumulation of metal ions is to achieve greater uniform dispersion
through coordination protection between organic ligands and metal ions
or pore-limiting effect of carbon structures. [20] For example, Mai et al.
proposed a ZIF-mediated strategy to obtain catalysts with Co-Ny and Co
nanocrystals monodisperse anchored on phenolic resin-derived carbon
nanorods, which exhibited decent oxygen reduction performance in
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alkaline media. [21] Hemin as the most popular precursor of iron spe-
cies, can relieve the Fe accumulation because the Fe>* is located in the
center of a highly conjugated planar structure with four pyrrole mole-
cules coordination to allow the formation of uniform dispersion of Fe
sites. [22] MOFs-based derivative materials are also important metal
complex, such as ZIF-67 is an attractive of precursors with high nitrogen
content, abundant hierarchical pores, and dispersed Co sites. It is also
frequently used to construct metal active site centers. [23-25] However,
large particles ZIF-67 cause the high resistance and stability of calcined
catalyst. [26] One effective method is to address the issues by adding
conductive additives and constructing conductive carriers. [27] There-
fore, the construction of a special conductive network backbone with
multi-layered active sites, achieve synergy of active sites is the key to the
development for efficient ZABs.

Herein, we constructed a 1D/3D hybrid conductive electrocatalyst
Fe/Co-NC, which features bead-like structure. The Hemin-coated PPy
nanotubes (serve as the support skeleton) is characterized by a 1D
conductive network and an Fe-Ny active site. It is worth mentioning that
double propionic groups of Hemin serve as an effective adsorption site
facilitates to trap Co>", this feature was exploited to introduce a 3D
conductive network and Co-Ny active site. Upon carbonization, we
achieved multi-layered active sites synergistic catalysis and porous 1D/
3D conducting backbones act as a highway for fast electron and ion
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Fig. 1. (a) Schematic illustration of the Fe/Co-NC multi-layered active sites electrocatalyst. High-resolution XPS spectroscopy of Fe 2p of the formed precipitate by
(b) adding or (c) not adding Co(NO3),-6H,0 to the solution of methanol mixed with PPy@Hemin sample, the appropriate amount of NaOH solution was added to its
centrifuged solution. (inset: Optical photographs of the precipitation formation). (d) HAADF-STEM images of PPy@Hemin/ZIF-67 and corresponding elemental maps
of C, N, Fe and Co, respectively. (e) Schematic illustration of the diffusion of Fe ions into solution.
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transport. The Fe/Co-NC catalyst exhibits highly efficient dioxygen
fragmentation catalytic performance and superior stability in an alka-
line medium, comparable to commercial Pt/C catalyst. Moreover, we
demonstrate excellent electrochemical performance of assembled
aqueous ZABs with Fe/Co-NC air cathodes that surpasses that of the Pt/C
catalyst.

2. Results and discussion

The synthesis schematic diagram of multi-layered sites encapsulated
in 1D/3D hierarchical conducting network backbone catalyst Fe/Co-NC
is illustrated in Fig. la. Polypyrrole nanotubes were employed as the
foundational skeleton in the first layer, its surface was subsequently
coated with polymerized Hemin. Within the second layer, Hemin-
derived Fe-Ny species acted as active sites. The double propionic
groups of Hemin functioned as robust adsorption sites, exhibiting a
strong affinity towards Co?" ions. This strong binding interaction
facilitated the growth of ZIF-67 in the third layer. Hemin-functionalized
PPy linked cubic particles ZIf-67 together and effectively reduce inter-
particle resistance and aggregation. A bead-like 1D/3D hierarchical
conducting network structure Fe/Co-NC catalyst with multi-layered
sites was formed by calcination at 900 °C.

The morphologies of different catalysis were investigated by scan-
ning and transmission electron microscope (SEM and TEM) measure-
ments. Based on our previous work, [28] PPy nanotubes and
PPy@Hemin composites were successfully fabricated as shown in
Fig. S1-2a, b, the PPy surface changed to rough after coating Hemin.
The results can also be demonstrated by Fourier transform infrared
spectroscopy (FTIR) (Fig. S3). While providing Fe-Ny sites, Hemin can
serve as a bridge between PPy and ZIF-67, the PPy nanotubes were
functionalized with highly conjugated structural properties, and the
strong polar group of double propionic groups contained effectively
captured Co®* for further formation of ZIF-67 nanocrystals. The suc-
cessful preparation of PPy@Hemin/ZIF-67 sample was confirmed as
shown in Fig. S2¢, d. A smooth surface ZIF-67 (diamond-shaped 12-
hedron, 900 nm approximately) was in-situ grown on the outer wall of
PPy@Hemin and featured bead-like structure.

Interestingly, Fe element was not only dispersed on the surface of the
nanotubes but also uniformly present in the ZIF-67 nanoparticles. This
indicated that some Fe ions of PPy@Hemin were diffused into the sol-
vent and replaced Co ions during the formation of ZIF-67 nanoparticles
on the PPy@Hemin surface. This was further demonstrated by elemental
mapping analysis (Fig. 1d), which visualized the existence and uniform
distribution of C, N, Fe and Co elements in the PPy@Hemin/ZIF-67
nanobead material. The phenomenon of Fe ions diffusion was demon-
strated by comparative experiments. Co(NOs3)2-6H0 was added to a
methanolic solution containing PPy@Hemin samples that were homo-
geneously dispersed. The experimental conditions for ZIF-67 growth
were simulated, and the resulting filtrate was obtained by centrifuga-
tion. To investigate the role of Co(NO3),-6H20 in the process, NaOH
solution was dropwise added to both filtrates. The filtrate with Co
(NO3)2:6H20 added formed a brown precipitate, while the filtrate
without the addition of Co(NO3),-6H20 produced a white precipitate
(Fig. 1b, c). High-resolution XPS spectroscopy was used to analyze the
resulting precipitates. The precipitate formed by the filtrate with Co
(NO3)2-6H20 addition showed the appearance of Fe 2p diffraction
peaks, while the precipitate formed by the filtrate without Co
(NO3)2-6H20 addition did not detect any Fe element. This phenomenon
indicates that the addition of Co salts led to the diffusion of Fe ions,
which were introduced into ZIF-67 and substituted a portion of Co
species due to the higher oxidizing properties of Co than those of Fe ions,
via an anion exchange reaction. [29] The mechanism of Fe ion diffusion
is depicted schematically in Fig. 1e. Additionally, similar elemental in-
formation of Fe was detected by XPS by adding other cobalt salts such as
CoCly-6H20, CoSO4, and Co(OAc)2-4H,0 as cobalt sources (Fig. S4).

The morphology of the multi-layered sites encapsulated in 1D/3D
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hierarchical conducting network backbone sample Fe/Co-NC was
further analyzed. As shown in Fig. 2a, b, SEM and TEM images Fe/Co-
NC catalyst inherited the PPy@Hemin/ZIF-67 uniform size and bead
structure, except that the catalyst surface became rougher after calci-
nation. Specifically, the existence of the many fine black dots that can be
clearly observed on the Fe/Co-NC catalyst (Fig. 2¢). Small clusters of Fe
metal encapsulated on carbon nanotubes were observed. This suggests
that high temperature calcination causes aggregation of Fe2* in Hemin
to form monomers. [30] They are covered by graphitic carbon layers
with a lattice stripe of 0.341 nm (Fig. 2d). The result illustrates nano-
particles catalyzing graphitization on the surface of Fe/Co-NC, which
observed graphite carbon area echoed the X-ray diffraction (XRD) result
C (002) (Fig. 3a). High-resolution transmission electron microscopy
(HR-TEM) images of the ZIF-67 particles in Fe/Co-NC sample demon-
strate clearly resolved lattice stripe and calculated to be 0.205 nm
(Fig. 2e, f), corresponding to the face-centered cubic metallic Co (111)
(JCPDS: no. 05-0806). [31].

Fe/Co-NC sample with multi-layered active sites were successfully
prepared and confirmed by XRD characterization (Fig. S6a). The XRD
diffraction peak of the PPy@Hemin/ZIF-67 sample basically simulated
of the ZIF-67, implying that ZIF-67 has successfully in-situ grown on the
PPy@Hemin outer wall. It is consistent with the SEM and TEM infor-
mation. Fig. 3a displayed all the diffraction peaks of Fe/Co-NC sample
matching ZIF-67 disappeared, and new diffraction peaks appeared at
44.22°,51.52° and 75.85°, corresponding to (111), (200) and (220) for
a metallic Co, respectively. The lattice plane shows that the modification
of Co nanoparticles on Fe/Co-NC, which is consistent with the peak
position of Co-NC. No crystal signal of Fe species in XRD, which is
consistent with the observation of morphological characterization.
High-angle annular dark-field scanning TEM (HAADF-STEM) images
and the corresponding elemental mapping images indicate that C, N, Fe
and Co are homogeneously dispersed throughout the catalysts (Fig. 2g),
which was consistent with the information of EDS spectrum (Fig. S5).
This indicated that Fe species may be uniformly dispersed in a bead-like
1D/3D hierarchical conducting network backbone as single atoms or
clusters. The presence of Fe oxides of Fe-NC sample may be attributed to
being oxidized during the experiment. [22] The appearance of the C
(002) peak in Fig. S6b illustrated the PPy@Hemin/ZIF-67 was con-
verted to graphitized Fe/Co-NC-X (700-1000) by pyrolysis.

The graphitic degrees of the Fe/Co-NC catalysts were further inves-
tigated by Raman spectroscopy (Fig. 3b).Two obvious sharp peaks
appear at 1340 cm ! (D-band) and 1599 c¢m ™! (G-band), which can
reflect the structure, defects and lattice properties of the samples. [32]
The degree of carbon material defects is measured by the intensity ratio
of the Ip/Ig. [33] The lower Ip/Ig (1.25) of Fe/Co-NC sample compared
to Co-NC (1.45) and Fe-NC (1.40) samples implies that the construction
of 1D/3D hierarchical conducting network backbone structure can
enhance graphitization and improve conductivity. [34] In addition, the
graphitization of the Fe/Co-NC samples were increased until calcination
to 1000 °C (Fig. S6¢). Ny adsorption-desorption measurements of Fe/
Co-NC were shown in Fig. S6d-g (Table S1). Fe/Co-NC-900 catalysis
exhibits a large specific surface area of 278.7 m? g~! and a smaller
average pore size of 4.1 nm. Unique structural features of 1D/3D hier-
archical conducting network-structured Fe/Co-NC catalyst not only
exposed more active sites and fully wetted with the electrolyte, but also
accelerated the mass transfer rate of electrons/ions and reduced the
diffusion resistance. [32] Meanwhile, the surface area of Fe/Co-NC-
1000 decreased to 181.7 m? g~! with the average pore size of 6.5 nm,
indicating that pore structure of the material was collapsed at 1000 °C.
In addition, the results can also be confirmed by SEM (Fig. S6h, i). [35].

We further explored the chemical composition and states of the Fe/
Co-NC catalysts with multi-layer active sites by X-ray photon spectros-
copy (XPS). Fig. S7 indicated that C, N, Fe, Co elements were also
detected in Fe/Co-NC samples, corresponding to the results of mapping
and EDS (Fig. 2g, S5 and Table S2). Meanwhile, the elemental infor-
mation of NCNT, Fe-NC and Co-NC samples were displayed on Fig. S8.
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Fig. 2. (a) SEM images and (b, ¢) TEM images of Fe/Co-NC. (d, e) HR-TEM images of Fe/Co-NC. (f) Line profile analysis for Fe/Co-NC. (g) HAADF-STEM images of
Fe/Co-NC and corresponding elemental maps of C, N, Fe and Co, respectively.
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of binding energy.
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The high-resolution N 1 s spectra of Fe/Co-NC sample (Fig. 3c) can be
fitted and deconvolved into Pyridine N, Pyrrole N, Graphite N, Graphite
oxidized N, and Fe/Co-Ny species. [36-37] The relative content was
summarized in Table S3. Fe/Co-based coordination compound precur-
sor of the PPy@Hemin/ZIF-67 sample are decomposed after pyrolysis to
form multi-layered active sites Fe-Ny and Co-Ny. For most catalysts, the
coordination between the metal and the N atom is regarded as the
effective active site of the ORR. [38] In comparison with the Fe-NC and
Co-NC samples (Fig. S9), the Fe/Co-NC sample demonstrated the
highest doping level and homogeneous Fe-Ny and Co-Ny active sites
introduced (Fig. 3d and Table S3), which are expected to contribute
significantly to the performance due to incorporating the advantages of
multi-layered active sites Fe-Ny and Co-Ny. Furthermore, the Graphite N
and Pyridine N were considered to promote the dioxygen fragmentation.
The generation of Graphite N types can facilitate the adsorption of Oy
and promote the process of electron transfer during the ORR reaction,
and the limit current density is improved. [39-40] The lone pair of
electrons contained in Pyridine N causes the delocalized = orbit of the C
framework to contain more electrons to enhance the basicity of the
material and the n electrons are prone to nucleophilic attack on O,.
Higher content of Pyridine-N, Graphite-N and Fe/Co-Ny could endow
Fe/Co-NC-900 catalyst with better ORR catalytic activity (Fig. S10-11
and Table S4).

The peak at 781.8 eV in the high-resolution spectrum Co 2ps,, of Fe/
Co-NC (Fig. 3e) was attributed to Co-Ny species. The doping effect of
nitrogen was further proved by the analysis of Fe/Co-Ny sites in the N 1s
spectrum and the presence of the Co-Ny sites was confirmed. In addition,
the peak of Co 2p is resolved into five components: a doublet of Co 2p3,2
and Co 2p; 2 at 783.4 eV and 796.0 eV, respectively. The peaks repre-
sent the surface oxidation of Co?*, the presence Co nanoparticles and
peaks mixture of Co>*, [41-42] which corresponds to the Co 2p spectral
peak position of Co-NC. It has been reported that the Co-Ny species can
facilitate the activation of the dioxygen molecular bond and reduce the
onset potential for ORR. [15] The results show that Fe/Co-NC were
exhibited that the highest Co-Ny contents in the Fe/Co-NC-X (700-1000)
samples (Fig. S12 and Table S5). The formation of Fe-Ny species of Fe/
Co-NC sample in the corresponding high-resolution spectrum of Fe 2p
was evidenced by peak at 708.1 eV (Fig. 3f).The four sub-bands 713.9,
725.0,711.4 and 721.0 eV respectively represent the Fe>* and Fe?* of Fe
2ps3,2 and Fe 2p; /5 orbital, which corresponds to the peak position of the
Fe-NC sample. [43] The literature pointed out that Fe-Ny species can
boost the reduction of intermediates, reducing O, to H,O for the 4-elec-
tron pathway. [44] The high Fe-Ny contents (9.7%) of Fe/Co-NC
(Table S6) was expected to significantly increase the ORR activity in
Fe/Co-NC-X (700-1000) samples (Fig. S13).

In order to insight into the synergy and interplay between the multi-
layered active sites Fe/Co-Ny of Fe/Co-NC sample, high-resolution XPS
analysis was performed on different samples, as shown in Fig. 3e, f.
Relative to isolated active site (Co-NC or Fe-NC), Fe/Co-NC sample
exhibited energy shifts for binding energies of Co 2p and Fe 2p spectra.
The obvious change from 779.07 eV (Co-NC) to 779.67 eV (Fe/Co-NC), a
positive shift of about 0.6 eV for Co 2p, which represents the loss of
electrons in Co relative to the original state. A positive energy transfer
about 0.6 eV from 713.3 eV (Fe-NC) to 713.9 eV (Fe/Co-NC). It also
indirectly proves the introduction of the multi-layered active sites (Fe/
Co-Ny) changed the local electron density near the isolated active site
(Co-Ny or Fe-Ny) with a synergistic effect. [37,45-46].

Based on the unique physical characterization information above,
the dioxygen fragmentation performance of as-prepared materials was
evaluated in alkaline media. The dioxygen fragmentation electro-
catalytic capability of Fe/Co-NC sample was measured by cyclic vol-
tammetry (CV) and rotating disk electrode (RDE) measurements.
Fig. S14a shows the comparison with CV test curves of Fe/Co-NC
samples collected under different aeration conditions (Ny-saturated/
O-saturated) in 0.1 M KOH (scan rate of 50 mV s V). Obviously, a
cathodic peak (0.82 V vs. RHE) was observed under Os-saturated
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conditions, indicating an ORR reaction with O,. [47] Compared to the
other samples and different pyrolysis temperature catalysts, the CV test
curves of Fe/Co-NC catalyst exhibited high-efficiency dioxygen frag-
mentation capability (Fig. S15 and Table S7). Linear sweep voltam-
mograms (LSV) were tested using RDE in an Os-saturated alkaline
medium, Fig. 4a illustrates the polarization curves of Fe/Co-NC catalyst
with a positive onset potential (Egpset = 1.01 V), the most positive half-
wave potential (E;,2 = 0.86 V) and the maximum limit current density
(-5.21 mA cmfz), which were substantially better than performance of
Fe-NC, Co-NC, NCNT samples, and even surpassed the latest Pt/C cata-
lyst (JM 20%) (E;/2 = 0.82 V, -4.76 mA cm~2). The RDE polarization
curves of the different catalysts at 1600 rpm clearly observed that the
worst performance was PPy-derived N-doped carbon nanotubes, which
implied that conductive network is not the key for a superior catalytic
performance of the dominant material. The electrochemical perfor-
mance of the Fe-NC and Co-NC catalysts were similar, which are lower
than those of Fe/Co-NC catalyst with the multi-layered active sites (the
specific data is summarized in the Table S8). This implied that the
electrocatalytic performance of material can be improved due to the
isolated metal nitrogen of the comparison samples, but the maximum
catalytic efficiency cannot be achieved. Highly efficient catalytic capa-
bility of Fe/Co-NC sample can be attributed to the synergistic effect Fe/
Co-Nyx multi-layered active sites and construction of 1D/3D hierarchical
conducting network backbone structure, given to make the active sites
of the catalyst more dispersed, shorter mass transfer distance, and
enhanced electrocatalytic performance. Furthermore, the excellent ki-
netics of Fe/Co-NC sample could be further evidenced by the lowest
Tafel slope (56 mV dec'l) than Pt/C catalysis (88 mV dec'l) and com-
parison samples (Fig. 4b). A small slope indicated that part of the
electrode process in the hybrid zone is less hindered in the LSV polari-
zation curve, so the smaller the applied potential, the greater the limit
current density J, which is verified in Fig. 4a. Compared to the Fe-Ny or
Co-Ny, the results proved that the synergy of Fe/Co-Ny multi-layered
active sites could enhance the ORR activity. Fig. S14b displayed the
kinetic process of Fe/Co-NC sample under the conditions of rotating disk
electrodes at 400-2500 rpm. The LSV polarization curves showed that
the increase in the limiting current density value was accompanied by an
increase of revolutions of the working electrode. This phenomenon ac-
counts for the reduction in the diffusion distance of O,. The diffusion
limiting current density displayed a straight curve in the 0.1 M KOH
electrolyte solution, which exhibited that O, undergoes a 4-electron
oxygen reduction reaction on Fe/Co-NC catalyst. The Koutecky-Levich
(K-L) plots of the four catalysts were linearly fitted to similar parallel
lines and indicated the first-class dynamics kinetics towards dioxygen
fragmentation. Moreover, the kinetic current density (Jy@0.85 V) of Fe/
Co-NC was calculated to be 4.99 mA cm ™2, which are 1.81, 6.3 and 3.46
times larger than the Jx values of Pt/C, Co-NC and Fe-NC samples,
respectively (Fig. 4c). Fig. 4d radar plot shows the most outstanding
performance of Fe/Co-NC catalyst compared with other comparison
catalysts. Furthermore, we compared catalytic behavior of Fe/Co-NC
with previously reported bimetallic catalysts, which demonstrated that
the Fe/Co-NC exhibits outstanding ORR activity due to the synergistic
interactions between the Fe/Co-Ny multi-layered active sites and con-
struction of 1D/3D hierarchical conducting network backbone structure
(Table S9).

Subsequently, the oxygen reduction electron transfer number n and
HO:3 yield of Fe/Co-NC, Pt/C catalyst and contrast samples were tested
and calculated by rotating ring disk electrode (RRDE). Fig. 4e and
Fig. S14c observed that Fe/Co-NC catalyst has the smallest HO3 yield of
about 1.37% and consistent with the Pt/C 4-electron transfer number,
which indicates that the Fe/Co-NC catalyst is typical the 4-electron
process reduces Oy to H2O. In addition, the electrocatalytic stability of
the catalyst and methanol tolerance are also important indicators of
cathode materials. The sensitivity of Fe/Co-NC and Pt/C catalysts to
methanol were investigated in the same test conditions by chro-
noamperometry (Fig. S14d). It is worth mentioning that the current
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surements of Fe/Co-NC and Pt/C.

density of the Pt/C catalyst immediately responded tremendously. Af-
terwards, it gradually decreases and tends to be gentle when 5 M
methanol was added in 600 s. However, a negligible slight change in the
current density J of the Fe/Co-NC sample was observed, which clarified
that it has better methanol resistance. The electrochemical stability of
Fe/Co-NC sample was also tested using chronoamperometry measure-
ment as shown in Fig. 4f. Fe/Co-NC held long-term stability with 88.4%
(compared with 53.3% for Pt/C) retention of initial current after 50000
s. Thus, the Fe/Co-NC also exhibited better ORR stability. In addition,
the cycle stability of the Fe/Co-NC sample also was assessed by the
accelerated durability test (ADT) as shown in Fig. S14e, f, the E; /5 value
of the Fe/Co-NC catalyst hardly changed, which was lower than the
change value of E; » for Pt/C catalyst (15 mV of negative shift). The HR-
TEM, XRD, and XPS of Fe/Co-NC after 5000 cycles were characterized to
further study the stability of the catalyst. [48] The detailed results are
shown in Fig. §16, which revealed that the samples after long-cycle
testing showed similar properties to the as-prepared Fe/Co-NC,
including the morphology, phase and component, suggesting that the
Fe/Co-NC was stable with no significant change during the catalytic
ORR process. The Fe/Co-Ny sites at 399.2 eV, the Co-N species at 781.8
eV and the Fe-Ny species at 711.4 eV are all well-preserved after the
long-term catalysis, indicating that Fe/Co-NC catalyst active sites have
good stability. The excellent electrochemical stability of the Fe/Co-NC
sample was attributed to its stable 1D/3D hierarchical conducting
network backbone structure and stable bonding between PPy@Hemin
and ZIF-67.

We further determined the electrochemical surface area (ECSA) of
different catalysts by recording CV curves from 0.95 to 1.05 V vs. RHE at
different scan rates. The various rates of CV curves for different rates for
Fe/Co-NC, Fe-NC and Co-NC samples are shown in Fig. S17a-c,
respectively. The ECSA of catalysts is shown in Fig. S17d. The ECSA of
Fe/Co-NC sample is 7.94 mF cm™2, which is higher than that of Fe-NC
(0.51 mF ecm %) and Co-NC (5.51 mF cm 2). Those results indicate
that Fe/Co-NC catalyst has a large electrochemical surface area con-
taining a high number of active sites. The above results illustrate the Fe/
Co-NC catalysts possess excellent ORR activity.

To further confirm the role of the multi-layered active sites Fe/Co-Ny,
the SCN™ poison experiments was carried out. It is well known that

thiocyanate anions bind strongly and selectively to metals in the form of
nanoparticles and atomic dispersions, blocking access to the metal
active center and decreasing the electrocatalytic activity. [49-50]
Fig. 18 manifesting that the E; /5 of Fe/Co-NC catalyst was negatively
shifted by 48 mV and the electrode diffusion limit current density liquid
was significantly reduced after the introduction of 10 mM KSCN. After
activation under O»-saturated conditions the SCN™ on the Fe/Co-NC was
replaced by oxygen bulging and the ORR activity was almost restored to
its original performance. [51] It suggests that the multi-layered active
sites Fe/Co-Ny play an important part in catalytic ORR. It is known that
metal-N active sites and dispersed Co atoms dispersed N-doped graphitic
carbon layers can be formed in Co-MOF derivatives during high tem-
perature pyrolysis. [52] To further verify whether the excellent catalytic
capacity of the Fe/Co-NC sample is attributed to the synergistic catalytic
effect of multi-layered active sites or the Co atom particles. We
immersed the Fe/Co-NC samples in 6 M hydrochloric acid for 3 days at
100 °C in order to etch out the Co particles and noted as E-Fe/Co-NC
(Fig. S19a). SEM images of E-Fe/Co-NC revealed that the bead-like
hybrid conductive network structure was still maintained after HCIL
etching (Fig. S19b, c). As shown in Fig. S19d-e, most of the remaining
Co element exists in the form of Co-Ny, and only small amount of Co
particles embedded in the thick carbon layers. Table S10 reveals that
the weight percentage of Co element in the E-Fe/Co-NC sample is 1.2%,
which is only 10% of the Co content in the Fe/Co-NC sample by using
inductively coupled plasma emission spectrometer (ICP). This indicated
that a large number of Co metal particles in the E-Fe/Co-NC sample were
effectively removed. Fig. S19f points out that weak characteristic peaks
of metallic Co for E-Fe/Co-NC were appeared and compared with Fe/Co-
NG, indicative of a low content of crystalline cobalt particles. The results
of RDE and RRDE electrochemical tests on E-Fe/Co-NC and Fe/Co-NC
catalysts show that they have similar electrocatalytic activities
(Fig. S19g-i). Therefore, it can be inferred that the synergistic effect of
the multi-layered active sites Fe/Co-Ny is the main reason for the
excellent performance.

In addition, the Fe/Co-NC samples were explored for electrochemical
activity at different pyrolysis temperatures. The dioxygen fragmentation
performance of the catalyst is optimized by annealing with different
temperature. The surface active-material of the catalyst and the local
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structure of carbon (including porosity and graphitization degree) may
be changed because of the pyrolysis temperature, implying that could
affect the ORR activity. [53] The RDE polarization curves of Fe/Co-NC-X
(700-1000) samples were shown in Fig. S20a which reveals that the
multi-layered-sites Fe/Co-NC-900 sample was exhibited high-efficiency
catalytic performance (Table S7). The K-L plots of different samples at
-0.45 V were fitted with reflected good linearity and near parallelism,
which indicated the first-class dynamical kinetics towards dioxygen
fragmentation. The ORR electron transfer number of the Fe/Co-NC-X
(700-1000) catalyst at -0.45 V were calculated. The ORR electron
transfer number (3.95) of Fe/Co-NC-900 is closest to the 4-electron
transfer mechanisms of Pt/C catalyst (Fig. S20b), which is the domi-
nant ORR reaction pathway. The kinetic current density (Jx@0.85 V)
and Ej/5 of Fe/Co-NC-X (700-1000) were shown in Fig. S20c, it is
noteworthy that Fe/Co-NC-900 has the largest Jx@0.85 V and Ej o,
which were considered to the most excellent performance and illus-
trated the optimal heat treatment temperature of Fe/Co-NC sample
approximately 900 °C.

To investigate the role of multi-layered active sites synergistic effect
in the superior dioxygen fragmentation catalytic activity of Fe/Co-NC
sample, we performed DFT calculations using the computational
hydrogen electrode model. [54] Generally, the ORR reaction process
consists of four basic reaction steps, in which ORR generates *OOH by
adsorption of Oz and further reduces to *O and *OH. Based on the
structural and electrochemical analysis, three different models, Fe/Co-
NC, Co-NC, and Fe-NC, were constructed (Fig. 5e, S21). Adsorption
configurations and the corresponding adsorption Gibbs free energies
(eV) of the reaction intermediates *OOH, *O, and *OH were analyzed.
Besides, it shows that the diagrams of adsorption configurations and the
corresponding adsorption Gibbs free energies (eV) of the reaction in-
termediate *OOH, *O, and *OH. It can be found that the catalytic cycle
was initiated by adsorption of oxygen onto catalyst surface, followed by
4e” reduction steps, which accepted 1le’, respectively. As shown in
Fig. 5a-c, the three different model catalysts possess consistent downhill
energy paths at an external U = 0 V in alkaline media, indicating that all
electron transfer steps can be performed spontaneous exothermic pro-
cesses. [55] Among which, calculated and compared from the free
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energies of each step, the rate-determining steps were both the fourth
reduction step (desorption of the *OH intermediate) due to the small
Gibbs free energy. Generally, there is a maximum U (denoted as the
limiting potential) to ensure that the ORR steps remain exothermic. [38]
Fe/Co-NC model displays a maximum limiting potential of 0.70 V, su-
perior to Fe-NC (0.49 V) and Co-NC (0.68 V) models (Fig. 5a-c). In
addition, the Co clusters model was further constructed to calculate the
free energy of the corresponding ORR process. The result showed that
the maximum limiting potential of the Co clusters model was 0.59 V,
which was lower than that of the Fe/Co-NC model (Fig. S22a, b). They
prove that Fe/Co-NC has a lower overpotential. The synergistic catalytic
effect of the multi-layered Fe and Co active sites was mainly responsible
for its outstanding activity towards the ORR. Further insights were
gained by comparing the partial density of states (PDOS), as the d-band
center is highly associated with the metal adsorbate interaction. [56] In
Fig. 5d, a downshift of the d-band center was observed in Fe/Co-NC
(-0.95 eV) compared with Fe-NC (-0.55 eV) and Co-NC (-0.80 eV),
resulting in fewer electrons being occupied in the antibonding orbital.
[57] This demonstrates the positive influence of multi-layered active
sites synergistic effect, thus Fe/Co-NC has optimal catalytic activity. All
models showed metallic characters with the density of states (DOS)
crossing over the Fermi level. Fe/Co-NC had a higher DOS (5.8 /eV) near
the Fermi level, superior to Fe-NC (4.0 /eV) and Co-NC (3.9 /eV),
proving enhanced electron mobility and higher activity. Therefore,
these account for the high dioxygen fragmentation activity of multi-
layered active sites synergistic effect. In the meantime, the proposed
catalytic mechanism of dioxygen fragmentation with Fe/Co-NC sample
is depicted in Fig. 5e. By comparing the free energy of the ORR process
between the two different models constructed Fe/Co*-NC (O is
adsorbed to the Co atom) and Fe*/Co-NC (O, is adsorbed to the Fe
atom). (Fig. S22¢, d) O3 molecule is first adsorbed on the Fe active sites
with electron-rich, and then it gradually transfers to intermediates with
the increase of the applied potential and finally to OH". The synergy of
multi-layered Fe/Co-Ny sites can effectively modify the electronic filling
state of the d-band center, facilitate the desorption process of oxygen
species intermediates, and decrease the energy of controlling steps, thus
ensuring good dioxygen fragmentation performance.
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Fig. 5. Free energy diagram for ORR processes of (a) Fe*/Co-NC, (b) Co-NC, and (c) Fe-NC. (d) The density of state, partial density of states, and d-band center for Fe-
NC, Co-NC, and Fe*/Co-NC. (e) Scheme of the transition states in mechanism of ORR at Fe*/Co-NC from DFT. (blue, gray, white, red, orange, and pink balls represent

the N, C, H, O, Co, and Fe atoms, respectively.).
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with Fe/Co-NC and Pt/C catalyst. (h) The performance compared with recently reported performances of ZABs cathode electrocatalysts.

In order to characterize the optimal dioxygen fragmentation per-
formance, the aqueous Zn-air battery (ZABs) is assembled based on Fe/
Co-NC powder coated on carbon paper as the positive electrode
(Fig. 6a). As shown in Fig. 6b, the Fe/Co-NC catalyst delivers an open-
circuit voltage (OCV) up to 1.46 V after 4000 s, which is similar to
OCV of Pt/C catalyst (~1.46 V). The output power density of ZABs is
evaluated by recording the discharge polarization curve. Fig. 6¢ shows
that Fe/Co-NC sample obtained a peak power density of 238.6 mW cm 2
at the current density corresponding to 391.9 mA cm 2. It is 1.8 times
that of Pt/C catalyst (corresponding to 131.8 mW cm™2 at 221.7 mA
cm~2), which explains the Fe/Co-NC catalyst for ZABs has excellent
output performance. In addition, Fe/Co-NC sample has a very small
voltage drop in constant current discharge measurement at a current
density from 5 to 80 mA cm~2 The discharge will be reversible to
recover once the current density is reduced to 5 mA cm2, indicating
that excellent discharge rate performance (Fig. 6d, e). The discharge
specific capacity of the ZABs with Fe/Co-NC catalyst was tested at 5, 10,
20, and 50 mA cm 2 (Fig. 6f and S23a). When normalized to the
consumed Zn mass at 5 and 10 mA cm™2, the specific capacity of ZABs
based on Fe/Co-NC sample is 819 mA h g'zln and 810 mA h g'Zln, which
exceed the specific capacity of Pt/C sample as the cathode is 723 mA h gz,

! (at 10 mA cm2). Even at a large discharge current density, it maintains
792 mA h g'Zln (at 20 mA cm'z), 752 mA h g'zln (at 50 mA cm®) corre-
sponds to 96.6% and 91.7% utilization of the calculated theoretical
capacity, reflecting the superior discharge ability. The charge-discharge
polarization diagram (Fig. S23b) reflected that Fe/Co-NC catalyst pos-
sesses a smaller gap value compared with Pt/C catalyst. Moreover, the
Nyquist plots also suggest a small charge transfer resistance of Fe/Co-NC
catalyst (Fig. S23c¢), revealing the lower charge transfer resistance. [58]
The cyclic discharge ability was further investigated at 10 mA cm ™2 with
a recurrent galvanostaticpulse for 15 min of discharge followed by 15
min of charge (Fig. 6g). The battery driven by Fe/Co-NC demonstrates
superior cycling stability compared to Pt/C catalysis. For the Fe/Co-NC
cathode, the voltage decay is only 0.06 V and its energy efficiency rea-
ches an ultra-stable level of 49% after 300 h of testing, reflecting the
superior dischargeability. Two ZABs in series can light LED for a testing
period of at least 2 days (Fig. S23d). Moreover, the performance
compared with recently reported performances of ZABs cathode elec-
trocatalysts (Fig. 6h, Table S11) once again proves the potential
application of Fe/Co-NC catalyst in ZABs. Based on these results, the
multi-layered active sites synergistically optimize the catalytic activity
and conductivity in Fe/Co-NC catalysts, resulting in outstanding
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performance. The bead-like structure provides both carbon and nitrogen
sources, while double propionic groups of Hemin serve as the adsorption
site for the in-situ growth of ZIF-67, providing multi-layered active sites
and reducing electrical resistance and aggregation between ZIF-67
nanoparticles. Moreover, the porous 1D/3D hierarchical conducting
network backbone offers sufficient exposed area for reaction sites and
shortens the transport path of ions and electrons, ensuring the catalyst’s
stability.

3. Conclusions

In summary, an efficient and durable electrocatalyst was fabricated
for the dioxygen fragmentation by encapsulating multi-layered active
sites Fe/Co-Ny in a 1D/3D hierarchical conducting network of N-doped
cubic carbon particles and carbon nanotubes (Fe/Co-NC). PPy nano-
tubes as a conductive framework are functionally encapsulated through
the conjugation of Hemin, the double propionic groups act as an
adsorption site for the formation of ZIF-67 precursor with the second
site. This results in a robust and porous conductive network structure
with highly dispersed multi-layered active sites that exhibit significant
catalytic activity towards dioxygen fragmentation, as demonstrated by
an Egpset of 1.01 V and E; » of 0.86 V, as well as negligible variations in
durability and methanol tolerance in the alkaline medium. We assem-
bled aqueous ZABs with the synthesized catalysts, which exhibit
remarkable energy density and specific capacity compared to Pt/C
catalyst. The excellent electrochemical activity of the catalyst is attrib-
uted to the synergistic contribution of the multi-layered active sites Fe/
Co-Ny that promote the 4-electron reaction of dioxygen fragmentation.
Moreover, the bead-like 1D/3D hierarchical conducting network struc-
ture of Fe/Co-NC provides additional active sites and facilitates the
ion-electron transport process, thereby enhancing the electrocatalytic
performance. This novel structure with its special features, high stability
and dioxygen fragmentation catalytic activity, holds great promise for
use in diverse energy conversion and storage systems.
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