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facile and cost-effective strategy is proposed for the scalable synthesis of atomically dispersed Fe—N—C
derived from petroleum asphalt (Fe—N—C@PA) as a reinforced catalyst for ORR. The Fe—N—C@PA is fab-
ricated through a layer-by-layer cladding template and subsequent pyrolysis method. Intercalating
appropriate amount of petroleum asphalt not only improves the graphitic degree to reinforce the atomic
Fe—Ny active sites, but also increases mass yield of the catalyst (~220%) compared with the Fe—N—C
Fe—N—C catalyst counterpart. Serving as an ORR electrocatalyst, the optimized Fe—N—C@PA-1:4 provides almost a four-
Petroleum asphalt electron transfer pathway (3.96) and exhibits superior electrocatalytic activity with a half-wave potential
Oxygen reduction reaction (E1/2) 0of 0.90 V to the commercial Pt/C catalyst (E;, = 0.86 V), as well as promoted durability and metha-
Zinc-air battery nol tolerance in alkaline medium. Moreover, the zinc-air battery based on Fe—N—C@PA-1:4 cathode
delivers a high power density of 166.7 mW cm 2. This work may help the massive production of robust
atomically dispersed non-noble metal catalysts for ORR and provide a new avenue for the high value-
added utilization of petroleum asphalt.
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1. Introduction

The rapid economic development based on traditional fossil
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pollution and energy crisis. Therefore, developing sustainable
energy storage and conversion technologies is of great significance.
Among the developed energy-related devices, fuel cells and
rechargeable metal-air batteries show great potential owing to
the high specific energy and environmental friendliness [1-4].
However, one of the main factors that hinders the commercializa-
tion and large-scale application is the sluggish kinetics of oxygen
reduction reaction (ORR) occurring on their cathodes [5]. At pre-
sent, Pt/C is commonly employed as the ORR catalyst, which still
suffers from high price, scarce resource of platinum, and suscepti-
bility to poisoning [6-8]. There is an urgent call for seeking high-
performance, durable, and low-cost electrocatalysts for ORR.

In recent years, transition metal-nitrogen-carbon materials
(M—N—C, M = Fe, Co, Ni etc.), especially Fe—N—C catalysts, have
been triggered intensive attention as promising alternatives to
Pt-based noble catalysts for ORR [9-14]. Among them, with iso-
lated metal atoms stabilized on carbon matrices, atomically dis-
persed Fe—N—C catalysts not only maximize the utilization
efficiency of metal atoms, but also modulate the electronic struc-
tures via electron interaction between the metal and support, lead-
ing to even superior catalytic performance to Pt/C catalyst [15-17].
For instance, Zhang et al. fabricated 2D porous carbon nanosheets
with atomically-dispersed Fe—N,—C active sites and large specific
surface area based on regenerated silk fibroin. The Fe—N,—C cata-
lyst showed superior electrochemical activity toward ORR with a
half-wave potential (E ;) of 0.853 V and remarkable stability with
11 mV loss in E;; after 30,000 cycles [15]. Sun et al. developed an
atomically dispersed Fe—N—C catalyst through a dual-MOFs (in-
cluding ZIF-8 and MIL-101(Fe)) pyrolysis strategy, which exhibited
a comparable ORR activity with the commercial Pt/C possessing a
Eq2 of 0.78 V in acids, as well as excellent methanol tolerance
and stability [18]. Kuang et al. reported an ORR electrocatalyst with
atomically dispersed Fe—N, sites anchored on 3D hierarchically
ordered porous nitrogen-doped carbon by pyrolysis of ferrocene-
encapsulated ZIF-8. The catalyst showed an outstanding ORR activ-
ity (E1;2 = 0.875 V) and stability (changed 2 mV after 10,000 cycles)
in alkaline medium, outperforming commercial Pt/C [19]. As to
atomically dispersed Fe—N—C catalysts, the spatial confinement
and electronic interaction induced by the substrates greatly affect
the refined structure and catalytic property of Fe—N, active sites
[11]. Therefore, rational design of the carbonaceous substrates is
crucial to further improve the electrocatalytic activity and stability.
Moreover, complicated procedure or low yield of the catalysts may
restrict the scalable synthesis and practical applications. Massive
production of cost-effective but efficient atomically dispersed
Fe—N—C catalysts is still urgently desired.

As a by-product of oil refining process, petroleum asphalt is
generally utilized in basic paving and building industry due to its
high viscosity and hydrophobic nature. In fact, petroleum asphalt
is rich in large cyclic aromatic compounds, which can be readily
crosslinked and carbonized under heat treatment, leading to por-
ous carbon, carbon nanosheet, carbon fiber, and other functional
carbon materials [20,21]. In particular, petroleum asphalt-based
carbon materials with porous structure and high degree of graphi-
tization serve as suitable substrates for catalytic active species
[22-24]. Through rational design of the material structure, efficient
ORR catalysts derived from petroleum asphalt with low cost and
high yield can be developed [25].

Herein, a petroleum asphalt-derived atomically dispersed iron
catalyst (Fe—N—C@PA) was fabricated for the first time and served
as a reinforced catalyst for ORR. Iron precursor was firstly anchored
on the surface of nano-MgO template, which was further coated
with highly viscous petroleum asphalt. Such layer-by-layer clad-
ding structure can suppress metal agglomeration in subsequent
pyrolysis process, leading to the controllable synthesis of atomic
Fe—N, moieties. Intercalating appropriate amount of petroleum
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asphalt also significantly increases the graphitic degree and mass
yield of the catalyst. The influence of coating amount of petroleum
asphalt, metal precursor structure, and template type were sys-
tematically studied. Owing to the highly active and strengthened
Fe—Ny species, the optimized Fe—N—C@PA-1:4 exhibits superior
electrocatalytic activity, promoted durability, and excellent metha-
nol tolerance for ORR under alkaline condition. The Fe—N—C@PA-
1:4 catalyst also presents excellent performance when utilized as
the cathode for zinc-air battery.

2. Experimental
2.1. Chemicals

Petroleum asphalt was obtained from China National Petroleum
Corporation. MgO nanoparticles (50 nm), ZnO nanoparticles
(50 nm), TiO, nanoparticles (50 nm), SiO, nanoparticles (50 nm),
HCl (36-38 wt%) KOH (99 wt%) and KSCN (99 wt%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Toluene (99 wt%), fer-
rous acetate (99 wt%), 1,10-phenanthroline (99 wt%), 2,2'-dipyridyl
(99 wt%), 1,2-diaminobenzene (99 wt%), phthalocyanine (99 wt%)
and methanol (90 wt%) were purchased from Aladdin Industrial
Corporation. All reagents were used as received without further
purification.

2.2. Synthesis

Initially, 0.106 g Fe(OAc), and 0.330 g 1,10-phenanthroline
were dissolved in ethanol and stirred for 2 h. Then, 3.16 g nano-
MgO template was added into the solution and mixed evenly with
ultrasound for 30 min to anchor the iron precursor. The mixed
solution was heated at 60 °C to remove the solvent, followed by
mixing into a toluene solution containing 0.79 g of petroleum
asphalt. After intensive stirring, the colloid was dried at 70 °C
and carbonized at 800 °C under nitrogen atmosphere for 2 h with
a heating rate of 2 °C min~'. The powder was immersed into 1 M
HCI solution and stirred for 6 h to remove the residual template.
The obtained Fe—N—C@PA-1:4 was washed with water until neu-
tral and dried under vacuum at 60 °C. According to the mass ratio
of petroleum asphalt/template, Fe—N—C@PA-1:3 and Fe—N—-
C@PA-1:5 catalysts were prepared. For comparison, Fe—N—C was
prepared through the same procedure except for the addition of
petroleum asphalt. Fe—N—C/NT was prepared in the absence of
template and petroleum asphalt. MgO, ZnO, TiO,, and SiO,
nanoparticles with the same size were utilized as the template to
obtain Fe—N—C@PA-Mg0O, Fe—N—C@PA-ZnO, Fe—N—C@PA-TiO,
and Fe—N—C@PA-SiO,, respectively. To investigate the influence
of metal precursor structure, nitrogen-containing organics
including 1,10-phenanthroline (L1), 2,2’-dipyridyl (L2), 1,2-
diaminobenzene (L3), and phthalocyanine (L4) were employed
as the ligand to obtain Fe—N—C@PA-L1, Fe—N—C@PA-L2,
Fe—N—C@PA-L3, and Fe—N—C@PA-L4, respectively.

2.3. Characterization

Scanning electron microscopy (SEM) images were recorded on a
Hitachi S-4800 instrument. Transmission electron microscopy
(TEM) images and energy dispersive X-Ray spectroscopy (EDX)
were recorded on a JEM-2100 microscope operating at 200 kV.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were carried out on a spherical
aberration corrected Titan 80-300 operated at 300 kV. The nitrogen
adsorption-desorption isotherm measurement was obtained at
77 K on a sorptometer (Micromeritics, ASAP 2020). Raman analysis
was tested on an Advantage 785TM Raman spectrometer. X-ray
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photoelectron spectroscopy (XPS) analysis was conducted on a
Kratos Axis Ultra instrument. The metal loading was measured
on by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, AGILENT730ES). X-ray absorption near edge structure
(XANES) and extend X-ray absorption fine structure (EXAFS) were
performed at TW1B station in Beijing Synchrotron Radiation Facil-
ity (BSRF). Electrochemical impedance spectroscopy (EIS) tests
were conducted on a CHI760E electrochemistry workstation at a
frequency range of 100 KHz to 10 MHz with an AC voltage ampli-
tude of 5 mV.

2.4. Electrochemical measurements

Electrochemical measurements were performed on a CHI760E
electrochemical workstation with a standard three-electrode cell
system. A rotating ring-disk electrode (RRDE) with a glassy carbon
disk (GCE, 4 mm in diameter) was loaded with the as-prepared cat-
alysts, serving as the working electrode. Ag/AgCl (saturated KCl)
electrode and Pt wire were used as the reference electrode and
counter electrode, respectively. Specifically, 2 mg catalyst was dis-
persed in 0.8 mL of ethanol and 5 pL of Nafion solution (5 wt%) to
get a homogeneous catalyst ink, 15 pL of which was loaded onto
the GCE and dried in air. As a control, commercial Pt/C (20 wt%)
was prepared by the similar method with the same catalyst loading
of 0.30 mg cm 2. The potentials are referred to a reversible hydro-
gen electrode (Erue = Eagjager + 0.0591 pH + 0.197 V). Cyclic voltam-
metry (CV) tests were conducted in an O, saturated 0.1 M KOH at a
scan rate of 0.1 V s~!. Linear-sweep voltammetry (LSV) measure-
ments were performed at a scan rate of 5 mV s~! under an elec-
trode rotation rate of 1600 rpm. The poisoning experiment was
performed by the addition of 5 mM KSCN into the electrolyte. Sta-
bility tests were conducted by the chronoamperometry measure-
ments at the potential of 0.45 V for prolonged 200,000 s. For the
methanol tolerance tests, 47.5 pL methanol was dissolved in
1 mL of 0.1 M KOH and added to the electrolyte at 300 s, and the
current was collected at 0.565 V vs. RHE.

The peroxide percentage (H,0,%) and the electron transfer
number (n) are determined by the following equations:

H,0,% = 200 x (Ig/N)/(Ip + Iz/N) (1-1)

n=4xIp/(Ip + Ig/N) (1-2)

where Ip is the disk current, Iy is the ring current, and N is current
collection efficiency of the Pt ring. N is determined to be 0.40.

2.5. Zinc-air battery tests

Liquid zinc-air batteries were assembled to test the practical
application of the catalysts. A zinc foil was used as the anode,
and a carbon cloth (2 cm x 2 cm) loaded with catalyst loading
amount of 1.0 mg cm™2 was employed as the air cathode, with
6 M KOH solution containing 0.2 M zinc acetate as the electrolyte.
All the measurements were carried out with a CHI760E electro-
chemical workstation.

3. Results and discussion

The Fe—N—C@PA catalyst was facilely synthesized through a
layer-by-layer cladding template and subsequent pyrolysis strat-
egy, as shown in Fig. 1. Specifically, the iron precursor [Fe(phen),,
phen = 1,10-phenanthroline] was firstly anchored and distributed
on the surface of nano-MgO template, which was further coated
with a thin layer of highly viscous petroleum asphalt. The layer-
by-layer cladding structure can efficiently suppress metal migra-
tion and agglomeration in subsequent pyrolysis process, leading
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Fig. 1. Schematic illustration for the preparation procedure of Fe—N—C@PA.

to the controllable synthesis of atomic Fe—Ny moieties. After acid
etching of the spherical template, atomically dispersed
Fe—N—C@PA catalyst for four-electron ORR with a hollow nano-
shell structure was readily fabricated. As a control, the Fe—N—C
counterpart was also prepared with the same procedure expect
for the addition of petroleum asphalt.

The morphology of Fe—N—C and Fe—N—C@PA-1:4 was firstly
observed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images. SEM images of Fe—N—C and
Fe—N—C@PA-1:4 both exhibit a honeycomb nanoarchitecture con-
sisted of abundant pores with a diameter around 50 nm, in accor-
dance with the size of the nano-MgO template (Fig. S1). The TEM
images further exhibit the porous characteristic of Fe—N—C and
Fe—N—C@PA-1:4 with curved graphene walls (Fig. 2a, b). Magni-
fied TEM images disclose the absence of visible particles in the
samples, as can be seen from the insets of Fig. 2a, b. Thus, the metal
distribution was further monitored by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM).
As shown in Fig. 2c, isolated Fe atoms are clearly identified by
the bright dots marked with pink circles in the Fe—N—C sample.
Interestingly, Fe—N—C@PA-1:4 also displays the existence of single
Fe atoms (marked with yellow circles) with a higher loading den-
sity (Fig. 2d). This is confirmed by the fact that the iron loadings
in Fe—N—C and Fe—N—C@PA-1:4 are determined to be 1.05 wt%
and 2.49 wt% respectively according to inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) measurements
(Table S1). The results illustrate that coating of petroleum asphalt
can facilitate the formation of more atomically dispersed Fe sites
on the carbon matrix. Moreover, without employing any template,
Fe—N—C/NT shows a bulk structure with numerous agglomerated
particles encapsulated in carbonaceous matrix (Fig. S2). The
agglomerated particles should be iron oxide species generated in
the pyrolysis process, which cannot be removed through acid etch-
ing due to the intimate coating of carbon layer on the surface,
resulting in absolute shielding of the iron active species. The por-
ous structure of Fe—N—C and Fe—N—C@PA-1:4 is further investi-
gated by nitrogen adsorption/desorption analysis, which exhibits
type IV isotherms with hysteresis loops (Fig. S3a). Fe—N—C@PA-
1:4 shows a high BET surface area of 404.5 m? g~!, which is smaller
than that of Fe—N—C (606.3 m? g~ !). Corresponding pore distribu-
tion results reveal the existence of micropores, mesopores, and
macropores in the two samples (Fig. S3b). Whereas the introduc-
tion of petroleum asphalt would block part of the micropores
and result in the formation of more macropores, accounting for
the reduced surface area of Fe—N—C@PA-1:4. Therefore, the
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Fig. 2. TEM images of Fe—N—C (a) and Fe—N—C@PA-1:4 (b). HAADF-STEM images of Fe—N—C (c) and Fe—N—C@PA-1:4 (d). TEM image and corresponding EDX elemental

mapping of Fe—N—C@PA-1:4 with C, N, O, and Fe elements (e).

nano-MgO template mainly provides a pore-forming effect
and results in hierarchical pore structure of Fe—N—C and
Fe—N—C@PA-1:4, which not only leads to the well exposure of
the iron-based active sites, but also facilitates the transportation
of O, and electrolyte during the electrocatalytic ORR process
[26-27]. Fig. 2e shows a homogeneous distribution of C, N, O,
and Fe elements on the carbon skeleton of Fe—N—C@PA-1:4. Since
the above results have excluded the presence of iron oxide species,
the O element should be mainly originated from oxygen doping to
the carbon matrix.

X-ray photoelectron spectroscopy (XPS) analysis was conducted
to study the surface composition and chemical valence state of the
samples. Full range XPS spectra show the appearance of C, N, O,
and Fe signals both in Fe—=N—C and Fe—N—C@PA-1:4 (Fig. 3a).
The Fe signal in Fe—N—C is not that clear probably due to its low
content. High-resolution C 1s XPS spectrum of Fe—N—C@PA-1:4
shows a major sp? C=C peak centered at 284.3 eV, with three other
peaks at 285.6, 286.2 and 288.4 eV corresponding to the binding
energy of C—N, C—0O and O0—C=0, respectively (Fig. 3b) [28]. The
functionalized oxygen-containing groups (C—0 and O0—C=0) on

the carbon matrix, which is further supported by the O1s XPS spec-
trum result (Fig. S4), can accelerate the contact between the elec-
trolyte and electrode and facilitate mass transfer to the active sites.
While the existence of C—N affords abundant coordination sites for
Fe ions. This is confirmed by the N 1s XPS spectrum, which shows
four peaks at 398.1, 400.3, 401.0 and 404.0 eV correspond to pyri-
dinic N, pyrrolic N, graphitic N and oxidized N, respectively
(Fig. 3¢) [29]. The Fe—N peak located at 399.1 eV verifies the for-
mation of Fe—Ny active species [12]. As shown in Fig. 3d, the Fe
2p spectrum can be deconvoluted into spin-orbit doublets of
Fe** 2pyj, at 725.5 eV and Fe** 2p;p; at 713.1 eV, as well as Fe
2p1j2 (723.2 eV) and Fe 2psp; (709.7 eV) peaks of Fe?*, with addi-
tional satellite peaks of Fe observed at 717.4 and 732.1 eV [30].
Accordingly, Fe** and Fe3* species both exist in the Fe—N—C@PA-
1:4 sample. Table S2 lists the elementary composition of Fe—N—C
and Fe—N—C@PA-1:4. By contrast, Fe—N—C@PA-1:4 shows obvi-
ously higher contents of N (3.52 atomic%) and Fe (0.48 atomic %)
than those of Fe—N—C (2.36 atomic% and 0.39 atomic%, respec-
tively), suggesting the more Fe—N, species in Fe—N—C@PA-1:4,
in line with the above ICP-AES result. This phenomenon should
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Fig. 3. Full range XPS spectra of Fe—=N—C and Fe—N—C@PA-1:4 (a). High-resolution C 1s (b), N 1s (c) and Fe 2p (d) XPS spectrum of Fe—N—C@PA-1:4.

be resulted from the layer-by-layer cladding strategy, during
which the highly viscous petroleum asphalt can prevent the
decomposition of nitrogen-containing ligands and agglomeration
of metal ions in the pyrolysis process, leading to the controllable
formation of atomically dispersed Fe—N, moieties [31].

To validate the single atom nature of the Fe—N, active sites in
Fe—N—C@PA-1:4, X-ray absorption spectroscopy (XAS) including
X-ray absorption near edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectra were further con-
ducted. Fig. 4a shows the XANES curve of Fe—N—C@PA-1:4, along
with the Fe foil, Fe304 and Fe,03 references. From the inset of
Fig. 4a, the magnified image reveals the absorption edge of
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Fe—N—C@PA-1:4 is much higher than that of Fe foil and located
between Fe;0, and Fe,Os. Therefore, the average oxidation state
of Fe in Fe—N—C@PA-1:4 is between 2+ and 3+, in well accordance
with the XPS results [32]. A further compassion of the Fourier-
transform k3-weighted EXAFS curves reveals the presence of a pri-
mary peak located at 1.63 A for Fe—N—C@PA-1:4, corresponding to
the Fe—N coordination (Fig. 4b) [33]. The Fe—O peak at 1.48 A and
Fe—Fe peak at 2.23 A are neglectable, suggesting the absence of
FeOy or metallic Fe in Fe—N—C@PA-1:4 [34]. The above results
reveal that Fe coordinated with N to achieve atomic level Fe—N,
species have been successfully obtained as catalytic active sites
for ORR.
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Fig. 4. XANES spectra at the Fe K-edge of Fe—N—C@PA-1:4, Fe foil, Fe30,4 and Fe,0s, and the inset is magnified image of the pre-edge XANES spectra (a). Fourier-transform

EXAFS spectra of Fe—N—C@PA-1:4, Fe foil, Fe304 and Fe,03 (b).
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In order to explore the influence of petroleum asphalt on the
material structure, Raman tests of Fe—N—C and Fe—N—C@PA-1:4
were further performed (Fig. 5a). The Raman spectra illustrate
the presence of the D band at 1340 cm™' associated with structure
defects and disordering of carbon, as well as the G band at
1590 cm ™! corresponding to stretching vibration mode of graphite
crystals [35]. Both Fe—N—C and Fe—N—C@PA-1:4 show Ip:I; values
of around 1.0, reflecting relatively high graphitic degree of the
samples, which might be ascribed to the catalytic graphitization
effect of the nano-MgO template. A further study reveals the Ip:Ig
value of Fe—N—C@PA-1:4 decreases from 1.02 to 0.98, suggesting
the even less disorder/defects with the addition of petroleum
asphalt [36]. Moreover, the broad 2D region ranging from 2500
to 3100 cm™! is mainly consisted of two distinguishable peaks at
2700 and 2860 cm™!, which is similar to that of graphite or gra-
phene oxide with multi defects [37]. The more prominent peak
of Fe—N—C@PA-1:4 demonstrates higher graphitic degree of the
carbon skeleton resulted from the petroleum asphalt-derived car-
bon layer, which would provide a conjugated electronic substrate
for the trapping of atomic Fe—Ny sites. Remarkably, as shown in
Fig. 5b, the obtained Fe—N—C@PA-1:4 achieves a dramatically
enhanced mass yield of ~20% compared with the Fe—N—C counter-
part. Therefore, the intercalation of petroleum asphalt not only
facilitates the formation of atomically dispersed Fe—Ny sites on
the carbonaceous substrate with high graphitic degree, but also
provides a feasible and cost-effective avenue for the scalable syn-
thesis (gram-scale and beyond, shown in Fig. S5) of non-noble
metal catalysts for ORR.

The ORR electrocatalytic behaviors of the samples were firstly
evaluated using cyclic voltammetry (CV) tests on a rotating ring-
disk electrode (RRDE) in 0.1 M KOH solution (Fig. S6). Under
0,-saturated conditions, Fe—=N—C and Fe—N—C@PA-1:4 exhibit
obvious cathodic ORR peaks at 0.76 and 0.74 V (vs. RHE), respec-
tively, suggesting effective oxygen reduction processes [38]. The more
positive peak of Fe—N—C manifests its relatively higher catalytic
activity than Fe—N—C@PA-1:4. Linear sweep voltammetry (LSV)
measurements of the samples were further conducted. As seen in
Fig. 6a, both Fe—N—C and Fe—N—C@PA-1:4 show comparable
onset potentials (Eqpser) to that of commercial Pt/C (~1.05 V) cata-
lyst. Especially, the half-wave potential (E;/;) of Fe—N—C@PA-1:4
is measured to be 0.90 V, which is nearly comparable to Fe—N—C
(0.91 V) and 40 mV higher than that of Pt/C (0.86 V), indicating
superior electrocatalytic ORR activity [39]. Moreover, Fe—N—C
and Fe—N—C@PA-1:4 also afford higher limiting current densities
than Pt/C due to their abundant porous structure. As a control,
Fe—N—C/NT shows a poor ORR activity due to its bulk structure
with absolute shielding of the iron active species. To evaluate the
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influence of coating amount of petroleum asphalt, Fe—N—C@PA-
1:3 and Fe—N—C@PA-1:5 were also prepared and tested. As can
be seen, Fe—N—C@PA-1:3 shows much inferior Eqnser and Eq > than
that of Fe—N—C@PA-1:4, which should be attributed to partial
shielding of the catalytic active sites induced by the excess of pet-
roleum asphalt. Whereas insufficient petroleum asphalt would also
cause incomplete surface coating of the template, leading to a
reduced activity for Fe—N—C@PA-1:5. These results demonstrate
the significant influence of coating amount of petroleum asphalt
on the ORR performance, among which Fe—N—C@PA-1:4 stands
out. As shown in Fig. 6b, the average electron transfer number
(n) of Fe—N—C@PA-1:4 is calculated to be 3.96, with an ultralow
H,0, yield below 0.5% in the potential window from 0.2 to 0.6 V.
While the average n of Fe—N—C@PA is only 3.76, and the yield of
H,0, is kept in the range of 0.8% to 1.5%. Therefore, in spite of
showing a slightly lower E;;; than Fe—N—C, Fe—N—C@PA-1:4
exhibits a promoted four-electron transfer pathway for selective
reduction of O, to OH™ rather than H,0,, which is of great
significance for the application in fuel cell and metal-air battery
devices [40].

As previously reported, the metal precursor structure may
affect the fine structure of resulting Fe—Ny and makes an impact
on the ORR performance [41]. Thus, Fe—N—C@PA samples were
synthesized by employing various precursors with different
nitrogen-containing ligands to coordinate with Fe ions, as illus-
trated in Fig. S7. According to the Egnsec and Eq 5, the Fe—N—C@PA
samples show good to excellent ORR catalytic activities compared
with Pt/C (Fig. 6¢). Among them, 1,10-phenanthroline serves as a
dominant ligand to construct a stable coordination structure, facil-
itating the generation of favorable atomically dispersed Fe—Ny spe-
cies. Moreover, to further evaluate the influence of template on the
catalytic performance, MgO, ZnO, TiO,, and SiO, nanoparticles with
the same size were utilized as the template to obtain Fe—N—C@PA-
MgO, Fe—N—C@PA-ZnO, Fe—N—C@PA-TiO,, and Fe—N—C@PA-
SiO,, respectively. As shown in Fig. 6d, Fe—N—C@PA-MgO presents
the maximum Egnser and E;j, values among the catalysts. Fe—N—
C@PA-ZnO shows similar Egpser and Eqj; to that of Fe—N—C@PA-
MgO and presents a much higher limiting current density, which
must be assigned to the multi micropores induced by zinc under
high temperature, promoting internal mass diffusion in the ORR
process [42]. In contrast, Fe—N—C@PA-SiO, and Fe—N—C@PA-
TiO, show inferior catalytic activities towards ORR, which should
be attributed to the weaker interaction of SiO, and TiO, with the
metal precursor, resulting in tendentious formation of metal
aggregations in the pyrolysis process [43]. Hence, besides the basic
pore-forming effect, the template plays a crucial role on the active
structure and catalytic performance [31]. Thereinto, MgO is
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LSV curves of Fe—N—C@PA prepared with different templates and Pt/C (d).

determined to be a prominent template for the synthesis of
efficient catalysts towards ORR.

Long-term stability of the catalyst is one of the most important
parameters for ORR applications. The stability for Fe—N—C@PA-
1:4, Fe—N—C and Pt/C catalysts were evaluated by the chronoam-
perometry measurements at the potential of 0.45 V. As shown in
Fig. 7a, Fe—N—C and Pt/C catalysts present a rapid fading of the
current density within 50,000 s, resulting in a retention rate of
88% and 72%, respectively. By contrast, Fe—N—C@PA-1:4 displays
remarkable stability and delivers a 92% current retention rate with
prolonged 200,000 s. That is to say, with the coating of petroleum
asphalt-derived carbon layer, the active sites of Fe—N—C@PA-1:4 is
reinforced and displays a promoted durability than Fe—N—C and
Pt/C. Additionally, as anti-methanol interference ability is another
important parameter for cathode catalysts in methanol fuel cells,
the methanol tolerance tests of Fe—N—C@PA-1:4, Fe—N—C and
Pt/C were conducted (Fig. 7b). When methanol is added into the
electrolyte at 300 s, the current density of Pt/C shows an obvious
disturbance, and a slight decrease can be observed for Fe—N—C.
Whereas no visible change occurs for Fe—N—C@PA-1:4, unraveling
its promoted methanol tolerance property.

In order to gain insights into the reaction mechanism, poisoning
experiment was carried out to understand the intrinsic activity of
Fe—N—C@PA-1:4. Compared with the catalytic performance of
Fe—N—C@PA-1:4, a sharply declined activation area is shown in
the CV curve after the addition of KSCN (Fig. S8). The LSV result fur-
ther reveals the severely fading of Eqnsec and E;, with the presence
of SCN~ (Fig. 7c). This result demonstrates that the mono-
dispersed Fe—Ny species are the dominant active centers for the
efficient electrocatalytic oxygen reduction [44]. Electrochemical
impedance spectroscopy (EIS) measurements were also employed
to evaluate the kinetics of ORR over the catalysts. As shown in

Fig. 7d, Fe—=N—C@PA-1:4 shows a much smaller diameter of semi-
circle in the high-frequency region than Fe—N—C, indicating the
reduced interfacial charge transfer resistance [45]. This should be
assigned to the higher graphitic degree and enhanced conductivity
arising from the introduction of petroleum asphalt. Additionally,
the slope of Fe—N—C@PA-1:4 is much higher than that of Fe—N—C
in the low frequency region, which reflects that it’s more conve-
nient for ion diffusion across the catalyst [46]. Therefore, the versa-
tile nanostructure and reinforced Fe—N, species endow
Fe—N—C@PA-1:4 as a remarkable catalyst for ORR.

Considering the superior ORR catalytic performance, liquid
zinc-air batteries were further assembled by employing carbon
cloth loaded with the catalysts as the air cathode and zinc foil as
the anode. As shown in Fig. 8a, the zinc-air batteries based on
Fe—N—C@PA-1:4 and Fe—N—C cathodes show ultrastable open-
circuit voltages of 1.442 V and 1.414 V within 50,000 s, respec-
tively. The Fe—N—C@PA-1:4 based battery achieves a high maxi-
mum power density of 166.7 mW cm 2, which is also much
larger than that of Fe—N—C (123.5 mW cm™2), as shown in
Fig. 8b. Additionally, the Fe—N—C@PA-1:4-based zinc-air battery
delivers a stable charge and discharge potentials in a long term test
of 100 h at a current density of 10 mA cm~2 (Fig. 8c). These results
further reveal the significant role of petroleum asphalt and the
reinforced ORR performance of Fe—N—C@PA-1:4 compared with
the Fe—N—C counterpart. Additionally, Table S3 presents the per-
formance comparison of Fe—N—C@PA-1:4 with recent reported
Fe—N—C materials. Compared with the reported catalysts,
Fe—N—C@PA-1:4 exhibits prominent electrocatalytic activity for
ORR and provides an outstanding power density when utilized as
the air cathode for a zinc-air battery, demonstrating great potential
for the practical application of Fe—N—C@PA-1:4 in energy storage
and conversion devices.
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To sum up, atomically dispersed Fe—N—C@PA has been success- metal precursor and template. With an optimized petroleum
fully fabricated through the layer-by-layer cladding template asphalt/template mass ratio of 1:4, the graphitic degree and
method. Fe(phen)y and MgO are considered to be the preferable conductivity of the carbon skeleton can be efficiently increased,
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affording a conjugated electronic substrate to strengthen the
atomic Fe—N, moieties. Owing to the fascinating porous structure
with reinforced Fe—N, active sites, Fe—N—C@PA-1:4 provides
almost a four-electron transfer pathway (3.96) and comparable
electrocatalytic activity to the Fe—N—C counterpart with an E;,
of 0.90 V, outperforming the commercial Pt/C catalyst
(E1/2 = 0.86 V) in alkaline medium. Meanwhile, Fe—N—C@PA-1:4
exhibits superior durable stability and methanol tolerance to the
Fe—N—C and Pt/C catalysts, delivering a high 92% current retention
rate with prolonged 200,000 s. When employed as the air cathode
in a zinc-air battery, the Fe—N—C@PA-1:4 catalyst delivers an out-
standing power density of 166.7 mW cm™2. Interestingly, the inter-
calation of petroleum asphalt achieves an impressive ~20% mass
yield of the catalyst compared with Fe—N—C, providing a feasible
avenue for the scalable synthesis of atomically dispersed catalysts
towards ORR and the high value-added utilization of petroleum
asphalt.

4. Conclusion

In summary, we have demonstrated a facile and cost-effective
strategy for the scalable synthesis of atomically dispersed Fe—N—C
derived from petroleum asphalt. Surface coating with appropriate
amount of petroleum asphalt not only improve the graphitic
degree and conductivity of the carbon skeleton to strengthen the
atomic Fe—Nj active species, but also significantly increases mass
yield of the catalyst. The highly active and reinforced Fe—N, spe-
cies endows Fe—N—C@PA-1:4 a robust electrocatalytic catalyst
towards ORR. The Fe—N—C@PA-1:4 provides almost a four-
electron transfer pathway and exhibits superior electrocatalytic
activity to the commercial Pt/C catalyst, as well as reinforced dura-
bility and excellent methanol tolerance in alkaline medium. The
Fe—N—C@PA-1:4 catalyst also presents remarkable performance
when utilized as the cathode for a zinc-air battery. The results
demonstrate the promising prospect for the scalable synthesis of
cost-effective but efficient non-noble metal electrocatalysts for
ORR and is waiting for practical applications in energy storage
and conversion devices.
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