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A facile synthesis of hierarchically porous carbon
derived from serum albumin by a generated-
templating method for efficient oxygen reduction
reactiony

Xiaobin Cai, Hanyu Li, “2* Xinliang Guo, Fangcheng Qiu, Ronghai Liu and Xin Zheng

Hierarchically porous carbons (HPCs), with large specific surface area, abundant porous channels and
adequate anchor points, act as one type of ideal carbon supports for the preparation of single-atom
electrocatalysts. In this study, the blood plasma-derived HPC with an interconnected porous framework
is constructed via a generated-template method, with the formation of ZnS nanoparticles from the
abundant disulfide bonds (-S—-S-) in serum albumin. After the thermal activation with heme-containing
molecules (also from the bovine-blood biowaste), the HPC exhibits high-exposure and low-spin-state
Fe(1)—N,4 atomic active sites, and thereby presents a superior oxygen reduction reaction activity (the half
wave potential of 0.87 V) and excellent stability (a 4 mV negative shift after 3000 potential cycles), even
comparable with the benchmark Pt/C. This work delivers a new insight into the design and synthesis of
porous carbons and carbon-based electrocatalysts to develop bio-derived materials in the field of clean

rsc.li/rsc-advances energy conversion and storage.

1. Introduction

Porous carbons, owing to their large specific surface area and
abundant porous channels, present a wide range of applications
in the field of energy conversion/storage devices and adsorption
technologies.’® Compared with single-sized porous carbons,
hierarchically porous carbons (HPCs) with interconnected
multimodal pores (macro-, meso- and micropores) exhibit
superior properties in terms of large surface area, high mass
transfer efficiency and obviously synergistic effect in numerous
practical applications.*® The presence of mesopores favors
multilight scattering/reflection, resulting in the enhanced har-
vesting of the exciting light and thus improved photocatalytic
activity.>*® In addition, a hierarchical porosity composed of
mesopores connected with micropores (or macropores) facili-
tates fast mass transport, resulting in improved electrochemical
performance for ORR and OER electrocatalyst supports,
hydrogen storage, Li-O, batteries, Li-ion batteries, electric
double layer capacitors and dye-sensitized solar cells.*"*” In the
field of energy conversion systems, HPCs recently present
unique advantages in the construction of single-atom cata-
lysts.®*?* The defects and edges within abundant micropores
could provide adequate anchor points to construct high-density
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atomic active sites; meanwhile, the retained mesopores and
macropores in HPC skeletons would also ensure the rapid
transfer of reactants and products.> Owing to these inimitable
advantages, HPCs trigger an improvement in the electro-
catalytic performance of the atomic M-N-C electrocatalysts
towards the oxygen reduction reaction (ORR), which is an
important cathodic reaction for fuel cell and metal-air battery
technologies.”*>*

The traditional strategy for synthesizing HPCs is via chem-
ical activation or template methods, resulting in the micropore
or macro-/mesopore dominant structure, respectively.”>*® Due
to the high dosage of the activation agents (e.g., KOH), the gross
activation always leads to a monotonous bottleneck micropo-
rous structure without the interconnected frameworks from
mesopores and macropores, which would impede the mass
transfer on the electrode surface. On the other hand, the
expensive template agents and the risky template-removal
process (by using a concentrated alkali or hydrofluoric acid)
were also huge challenges for the feasibility of the environment
and economy. Therefore, it is highly desirable to develop
a sustainable and efficient strategy to synthesize carbonaceous
materials with an interconnected hierarchically porous
structure.

In this case, we proposed a bio-derived and sustainable
strategy on the rational transformation from the abundant
disulfide bonds (-S-S-) of bovine serum albumin (BSA) into the
biomass-derived HPC and the corresponding carbonaceous
electrocatalysts for ORR.>” As a major by-product of the food
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industry, bovine blood accounts for 4-8% of the total cattle
weight, while most of such resource is not disposed properly.*®
The inappropriate process of the blood waste not only leads to
the waste of commercial value but also adds extra cost for
dealing with environmental pollution, attributed to its poor
biological stability and potential pathogenicity. In this context,
we utilized the bovine blood plasma (Fig. S17T), whose principal
ingredients are BSA and NaCl, for the preparation of N-doped
HPC with interconnected multimodal pore nanocasting by
residual NaCl in the plasma (for macropores), the generated
ZnS particles from the -S-S- bond of BSA (for mesopores), and
the etching of Zn ions (for micropores). After thermal activation
with the heme-containing molecules (HM, obtained from red
blood cells of the bovine-blood biowaste by cell disruption), the
plasmas-derived HPC skeleton was adorned with atomic Fe-N,
active sites (denoted as Fe-N-HPC) and employed as the single-
atom electrocatalyst for ORR (Fig. 1).

2. Experimental
2.1 Synthesis of HPC

In a typical procedure, the fresh bovine blood (purchased from
Yuandadu grocery market in Beijing) was subjected to centri-
fuge to separate the blood plasma and red blood cells, followed
by drying to powder, respectively. First, 6.25 g of the bovine
serum albumin powder was dissolved into 67 mL of deionized
water, denoted as solution A. 9.38 g of ZnCl, was dispersed in
67 mL deionized water, denoted as solution B. Then, solution B
was added dropwise into solution A and the mixture was
vigorously stirred at 60 °C for 10 min. Subsequently, 12 mL of
5 M NaOH was added dropwise and the mixture was vigorously
stirred for 30 min. Then, the mixture was filtered to remove
excess NaOH and dried at 80 °C for 24 h. The as-prepared
sample (denoted as serum/ZnCl,) was carbonized/activated at
800 °C for 2 h under Ar atmosphere at a ramping rate of
2.5 °C min ™. After cooling to room temperature, the obtained
product was washed with 2 M HCI, rinsed with distilled water,
and dried at 80 °C, generating the HPC material.

2.2 Synthesis of Fe-N-HPC

The as-obtained red blood cell powder (10 g) was dissolved into
100 mL deionized water under vigorous stirring. The solution
was added dropwise into 100 mL acetic acid dissolved with 1 g
Nacl, followed by stirring for 20 min at 105 °C. After the solu-
tion cooled to room temperature, it was transferred into

Bovine blood

Fig. 1 Schematic for the synthetic process of the Fe-N-HPC
electrocatalyst.
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a refrigerator and stood overnight. Then, the precipitate was
obtained by centrifugation and rinsing with water. After drying
at 80 °C for 24 h, the heme-containing molecules (HM) were
obtained. The as-prepared HM (5 mg) and HPC (200 mg) were
stirred and sonicated in a dimethylformamide solution (100
mL) for 3 h at room temperature. After drying the solution at
130 °C, the HPC adsorbed with HM (HM-HPC) was prepared.
Subsequently, the HM-HPC was pyrolyzed at a ramping rate of
5 °C min~" to 900 °C, holding for 3 h, with 2 h under Ar
atmosphere and 1 h under NH; atmosphere. After cooling to
room temperature, the obtained product was washed with 2 M
HC], rinsed with distilled water, and dried at 80 °C, generating
Fe-N-HPC.

3. Results and discussion
3.1 Characterization of Fe-N-HPC

The as-synthesized HPC was observed via field-emission scan-
ning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). The typical FE-SEM and TEM images (Fig. 2a
and b) show that the as-prepared HPC presented a hierarchi-
cally porous texture with honeycomb macropores and inter-
connected mesopores. The non-porous carbon and closed-
porous carbon (denoted as non-PC or CPC, also confirmed by
further nitrogen adsorption-desorption analysis) were prepared
via direct pyrolysis or gross activation, and the macropores and
mesopores are inconspicuous for non-PC and CPC from the
SEM and TEM observation (Fig. S2 and S37). The pronounced
open pores were further confirmed by the nitrogen adsorption—
desorption measurement (Fig. 2c). The isotherm curves of HPC
showed a steep nitrogen uptake (P/P, < 0.1) and a distinct
hysteresis loop (P/P, > 0.4), which exhibited the type IV isotherm
characteristic for the co-existence of micropores (d < 2 nm) and
mesopores (2 nm < d < 50 nm).>® However, the CPC and non-PC
presented typical type I and type II characteristics, demon-
strating microporous and nonporous structures, respectively.*®
It was worth noting that the CPC sample exhibited inverse H2
hysteresis from the bottleneck structure, which is opened by the
generated-template method (i.e., HPC). The open pore system
(H3 hysteresis) of HPC was further investigated by the pore size
distribution calculated from the density functional theory (DFT)
analysis.** HPC exhibited a well-defined hierarchically porous
structure with the micropores (the diameter centered at 0.8-2
nm) and mesopores (2-6 nm), while the CPC only revealed
a micropore-dominant characteristic with a rather dense
morphology (Fig. 2d). In addition, an obviously increased total
pore volume for HPC (0.75 cm® g~') compared with CPC (0.49
cm?® g 1) was observed (Table S11), ascribing to the generated
mesopores to form an interconnected open porous system. The
abundant micropores could provide abundant anchoring sites
for active single-atom sites, while the mesopores were able to
facilitate the diffusion of ORR reactants and products (e.g., O,,
H,0, and OH).*?

The powder X-ray diffraction (XRD) patterns of HPC
(Fig. S41) show broad peaks at 22.8° and 42.9°, corresponding to
the C (002) and C (100) planes, respectively.*® Compared with
the patterns of CPC and non-PC, about 1° negative shift

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Typical (a) SEM and (b) TEM images of HPC. (c) Nitrogen
adsorption—desorption isotherms and (d) corresponding DFT pore size
distributions of non-PC, CPC and HPC.

occurred for the (002) plane, indicating the enlarged carbon
layer distance. The Raman curves (Fig. S47) of the samples were
deconvoluted into four peaks of I-line (1142 cm '), D-line
(1331 em™ ), D"-line (1500 cm™ "), and G-line (1595 cm™ %),
which were ascribed to the heteroatom-doped defects, disor-
dered sp® carbon, stacking layer defects and E,, vibration of
graphitic carbon, respectively.** The large relative area of D"-
line illustrated abundant interfacial defects in coincidence with
the XRD results. In addition, the elemental C and N in HPC were
investigated by X-ray photoelectron (XPS)
measurements. High-resolution C 1s spectra (Fig. S4t) were
deconvoluted into C=C, C-N, -COOH and adsorbed CO,. The
relatively high percentage of C-N bond and -COOH groups
proved the existence of defects caused by heteroatoms doping
within the carbonaceous materials. The high N content in HPC
(12.2 at%, Table S21) composed of pyrrolic N, pyridinic N,
graphitic N and oxidized N species (Fig. S4t). Numerous pyrrolic
nitrogen and pyridinic nitrogen species were suitable for the
preparation of Fe-N-C atomic sites as sufficient anchor points
for active Fe atoms.* Benefitted by the unique porous structure,
HPC also exhibited much lower charge transfer resistance (R.)
and diffusion resistance (Ry) compared with non-PC and CPC
(Fig. S5 and Table S37).

To explore the mechanism for the pore formation of HPC,
multiple characterizations were carried out. After reaction with
zinc ions at 60 °C, the BSA proteins showed a conformation
change in the FT-IR spectra due to the -S-S- bonds broken by
Zn** (Fig. S67). In addition, the signal of sulfur for BSA/Zn>*
became much more indistinct than that for BSA in the high-
resolution XPS spectra of S 2p (Fig. S71). It inferred that S-
containing groups within proteins were entirely transferred
into the sulfur-free protein-coated sulfides. Subsequently, the

spectroscopy
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formation of ZnS nanoparticles were confirmed by the XRD
patterns (Fig. S8t). A small peak at 28.5° emerged in the BSA/
Zn>" composite, which is attributed to the (002) plane of ZnsS,
suggesting the generation of ZnS nanoparticles. With the
increase in the pyrolysis temperature, BSA/Zn>* showed a more
obvious ZnS characteristic peak intensity attributed to a gradual
increase in the particle size. However, as shown in Fig. S9,t ZnS
particles were hardly formed after the gross physical mixture of
BSA and ZnCl,, resulting in a microporous structure of CPC.
They reconfirmed the effect of the ZnS template on the regula-
tion of mesopores. The carbonization procedure was also
measured by the TG curve (Fig. S81). Compared with BSA, BSA/
Zn>* showed a rapid weight loss at temperatures above 600 °C.
At the temperature of 790 °C, an obvious endothermic peak was
observed due to the decomposition of ZnO, which was in
coordination with the dramatically weakened ZnO peak in the
XRD upon 800 °C. Fig. 3a and b show the nitrogen adsorption-
desorption isotherms and corresponding DFT pore size distri-
butions of HPC at different pyrolyzed temperatures. Due to the
etching effects of zinc ions from the decomposition of ZnO,
a rapidly enhanced specific surface area (SSA) was observed
upon 800 °C. In addition, the presence of an obvious H3
hysteresis loop in all the HPC samples indicated the effect of the
ZnS template on the regulation of the open porous structure
again. On the basis of the above results, the interconnected
micropores and mesopores of HPC were attributed to the
synergistic effect of Zn>" etching and ZnS generated template

(Fig. 3c¢).
Owing to its highest SSA and lowest R4, HPC at 800 °C was
further utilized to prepare Fe-N-HPC electrocatalysts,

compared with the non-PC and CPC samples. After HM
absorption and further pyrolysis processes, Fe-N-HPC still
inherited the porous characteristic of HPC without any obvious
metal nanoparticles (Fig. 4a); however, several Fe agglomera-
tions were observed in the closed-porous structure (Fig. S2 and
S107t). The powder XRD patterns of Fe-N-HPC (Fig. S117) show
broad peaks at 22.8° and 42.9°, corresponding to the C (002) and

(a) (b)
o —e—HPC-600 —A— HPC-700 8
& 500 " }ipc-800 —s— HPC-900 108 B g
5 14555m’ g* <08 v HPC:BOD
= 400 4 g —e—HPC-900
@ 13702m’g” .
8 4
E 300 9228m’g
<
aE> 200 826.1m’g"
=
S
S 100

00 02 04 06 08 1.0
Relative Pressure (P/Po)

©-6-0

O ZnS template

0-0

@ Zn?* etching

10
Pore Diameter (nm)

C

om@

Fig. 3 (a) Nitrogen adsorption—desorption isotherms and (b) corre-
sponding DFT pore size distributions of HPC synthesized at different
temperatures. (c) Schematic for the formation process of HPC.
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Fig. 4 (a) Typical TEM image of Fe-N-HPC. (b) Magnified HAADF-
STEM images of Fe—N-HPC. (c) Fe K-edge XANES and (d) Fourier
transforms of the k?-weighted EXAFS spectra of Fe—-N-HPC, FeO,
Fe,Oz and Fe foil.

C (100) planes. It is worth noting that no peaks assigned to Fe-
based crystalline phases (e.g., Fe;C, Fe, and Fe,N) are observed.
As shown in Fig. S12,7 Fe and N elements were homogeneously
distributed on the carbon skeleton in the Fe-N-HPC sample,
implying the probable formation of Fe-N, moieties embedded
in the carbon frameworks during the pyrolysis of HM-adsorbed
HPC. The Fe-related sites were further observed via high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM, Fig. 4b), confirming the isolated single atomic
distribution of the Fe element without any obvious aggrega-
tion.***” The highly dispersed Fe-N, moieties combined with an
interconnected porous structure are favorable in increasing the
density of accessible active sites and therefore enhancing the
ORR catalytic activity.

The local and electronic structures of iron-based species in
Fe-N-HPC were investigated via the X-ray absorption fine
structure (XAFS) measurement. Fig. 4c showed the Fe K-edge X-
ray absorption near edge structure (XANES) spectra of Fe-N-
HPC, with FeO, Fe,0; and Fe foil as references. The absorption
edge of Fe-N-HPC was between FeO and Fe,O3, but closer to the
former, indicating the dominating existence of ferrous irons for
Fe-N-HPC.*® The pre-edge peak centered at about 7114 eV for
Fe-N-HPC indicated the existence of non-square-planar Fe-N,
moieties.?*»* As the Fourier-transformed k*>-weighted Fe K-edge
extended X-ray absorption fine structure (EXAFS) spectra
showed (Fig. 4d), the peak at 1.5 A assigned to the Fe-N, coor-
dination was identified for Fe-N-HPC.*' Remarkably, the peak
corresponding to the Fe-Fe bond (2.2 ]&) was absent for Fe-N-
HPC, which explicitly confirmed Fe-related species as atomi-
cally dispersed Fe-N, moieties without any aggregation.*” To get
a deeper insight into the electronic states of Fe-N, moieties, the
>’Fe Mossbauer spectroscopy was carried out for Fe-N-HPC
(Fig. S13t). The Mdssbauer spectrum of Fe-N-HPC was decon-
voluted into two doublet peaks, assigned to the D1 site (low-spin
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Fe(u)-N, moiety) and D2 site (intermediate-spin Fe(u)-N,
moiety), respectively.* Compared with the D2 site with the
completely filled 3d,- orbital, the D1 site was proved to be highly
active for ORR due to the unoccupied 3d,: orbital of Fe(u) ions,
which was able to bind oxygen by the end-on adsorption
mode.** The higher percentage of active D1 (79.9%) could be
helpful for Fe-N-HPC to achieve a higher ORR activity.

The formation of Fe-N-HPC from HPC was further investi-
gated via multiple characterizations. After the adsorption of
heme-containing molecules, the HM-adsorbed HPC showed
a decreased surface area of micropores compared with HPC
(Fig. S14 and Table S47), indicating that HM was adsorbed into
the partial micropores of HPC. After the high temperature
pyrolysis, an evidently enlarged surface area of Fe-N-HPC
(2559.1 m* g~ ') was ascribed to the intense activation of NHj. It
should be noted that although the surface area (especially for
the micropores) of Fe-N-HPC was higher than that of HPC, type
IV isotherm with the H3 hysteresis loop was still inherited from
the open-porous structure of HPC; meanwhile, the almost
unchanged isotherm type was observed in both Fe-N-CPC
(close pores) and Fe-N-nonPC (no pores, Fig. S157). In addition,
as shown in Fig. S16,1 the Raman curves of HPC and Fe-N-HPC
were deconvoluted into four peaks of I-line (1142 cm™ '), D-line
(1331 ecm ™), D”-line (1500 cm™ "), and G-line (1595 cm™'). The
existence of I-line in Fe-N-HPC indicated that Fe-N, moieties
were successfully embedded in carbon frameworks. Besides, the
increased relative area of D-line (63.4%, Table S5%) for Fe-N-
HPC (HPC: 50.2%) indicated that the implant of Fe-N, moieties
would lead to more defects within the graphitic carbon plane.
The elemental nitrogen structure of Fe-N-HPC was investigated
by XPS measurements. The nitrogen content decreased from
12.2 at% to 3.0 at% for Fe-N-HPC (Table S21). The high-
resolution N 1s spectra indicated the existence of pyrrolic N,
pyridinic N, graphitic N and oxidized N in Fe-N-HPC
(Fig. S171). The higher content of pyrrolic nitrogen and pyr-
idinic nitrogen guaranteed more sufficient anchor points for
iron() ions. On the other hand, graphitic N also has been
considered to be favorable for the catalyst to promote the ORR
activity, which was attributed to a relatively positive charge on
adjacent carbon atoms.*

3.2 Electrochemical performance of Fe-N-HPC

To evaluate the electrochemical performance of the electro-
catalysts for ORR, we first performed cyclic voltammetry (CV)
measurements in an N,- or O,-saturated 0.1 M KOH electrolyte
(Fig. S187). In contrast to the CV curves in the N,-saturated
solution, the well-defined cathodic peaks from 0.70 to 1.00 V
versus the reversible hydrogen electrode (vs. RHE, the same
below) appeared for all samples in the O,-saturated solution.
The Fe-N-HPC electrode showed a more positive ORR peak
potential at 0.90 V than that of Fe-N-CPC (0.81 V) and Fe-N-
nonPC (0.76 V), indicating a better catalytic activity. The supe-
rior ORR activity of Fe-N-HPC was reconfirmed by the onset
potential (Eqnset, 1.02 V) and half-wave potential (E;,, 0.87 V) in
the linear sweep voltammogram (LSV) curve (Fig. 5a), which
exhibited 60/60 mV and 110/120 mV positive shifts than those of

This journal is © The Royal Society of Chemistry 2020
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Fe-N-CPC and Fe-N-nonPC, respectively. Compared with the
commercial Pt/C catalysts, Fe-N-HPC also showed a better ORR
performance with 30 and 20 mV positive shifts of Eysec and Ey 5,
while the kinetic current density (/) of Fe-N-HPC was
measured as 2.9 mA cm 2 at 0.90 V, which was 1.8-fold
improvement compared with commercial Pt/C. To further
explore the kinetics of the oxygen reduction process caused by
different porous structures, the potentials at different percent-
ages of the limiting current (four-fifths and nine-tenths poten-
tial, E,s and Eo/o) were extracted (Fig. 5b). As closer to the
limiting current, the larger potential gap between Fe-N-HPC
and the closed-porous/nonporous samples was observed. It
indicated that the open-porous structure could benefit the rapid
ORR kinetics in the diffusion-control area.*® Similar with Pt/C,
the small Tafel slope (63 mV dec™ ') demonstrated that Fe-N-
HPC also possessed a high intrinsic activity and rapid ORR
kinetic process in the electrochemistry-control area (Fig. 5¢).*

The rotating ring-disk electrode (RRDE) measurement was
further conducted to evaluate the transfer electron number (n)
and peroxide yield (% HO, ). The calculated n was close to 4
and the ultralow percentage (<1%) of % HO, "~ of the Fe-N-HPC
sample showed a direct four-electron pathway in the oxygen
reduction process, which was similar with the commercial Pt/C
(Fig. 5d). Considering that the electrochemical stability and
methanol tolerance were important for the practical application
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Fig. 5 (a) Cyclic voltammograms of Fe—N-nonPC, Fe-N-CPC and
Fe—N-HPC. (b) LSV curves of Fe~N-nonPC, Fe-N-CPC, Fe-N-HPC
and the commercial Pt/C in O-saturated 0.1 M KOH at a scan rate of
5mV s~ and rotation rate of 1600 rpm. (c) Tafel plots derived from the
corresponding LSV data of (b). (d) The electron transfer number and
peroxide percentage calculated from the corresponding RRDE curves
(scan rate: 5 mV s, ring potential: 1.5 V). (e) LSV curves of Fe=N—HPC
and Pt/C in O,-saturated 0.1 M KOH before and after 3000 cycles
between 0.6 and 1.1 V. (f) LSV curves of Fe-N-HPC and Pt/C in O,-
saturated 0.1 M KOH with or without the addition of 1 M methanol.
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of fuel cells, we conducted the accelerated durability test (ADT)
via CV scanning between 0.6 and 1.1 V at a scan rate of 100 mV
s~ in the N,-saturated KOH solution. As shown in Fig. 5e, Fe-
N-HPC exhibits a superior electrochemical durability with only
4 mV negative shift of E;, after 3000 potential cycles, even much
better than the commercial Pt/C (27 mV negative shift after the
identical test). Furthermore, the methanol tolerance of Fe-N-
HPC and commercial Pt/C were tested by the LSV curves with
and without the addition of methanol in the alkaline electrolyte.
After the addition of 1 M methanol, slight vibration was detec-
ted in the ORR curve of Fe-N-HPC, but not for the commercial
Pt/C catalysts, suggesting a superior methanol tolerance of Fe—
N-HPC (Fig. 5f). These results highlighted the outstanding ORR
performance of the Fe-N-HPC in the practical application.

4. Conclusions

In summary, a bio-derived strategy was developed for the
preparation of high-exposure Fe-N, modified open-porous
carbon materials by fully utilizing the bovine blood waste. The
generated ZnS nanoparticles play an important role in con-
structing the open and multimodal pores. Compared with the
closed-porous or non-porous electrocatalysts, Fe-N-HPC shows
the uniform dispersion of Fe-N, active sites, which enhanced
mass transfer and rapid ORR kinetic process. The superior ORR
activity and stability of Fe-N-HPC provide a promising appli-
cation in numerous ORR-involving devices to replace the
commercial Pt/C catalysts. The carbonaceous electrocatalysts
and the strategy developed in this work provide a new routine to
utilize abandoned biomass to prepare valuable and functional
carbons in other electrochemical application.
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