H23% 42
2017 4% 4 J

WAL
JOURNAL OF ELECTROCHEMISTRY

Vol. 23 No.2
Apr. 2017

DOI: 10.13208/j.electrochem.161242
Cite this: J. Electrochem. 2017, 23(2): 110-122

Artical ID:1006-3471(2017)02-0110-13

Http://electrochem.xmu.edu.cn

Recent Progress in Template-Assisted Synthesis of
Nitrogen-Doped Porous Carbons for Oxygen Electroreduction

Wenhan Niu', Ligui Li", Shaowei Chen'**

(1. New Energy Research Institute, School of Environment and Energy, South China University of
Technology, Guangzhou Higher Education Mega Centre, Guangzhou 510006, China; 2. Department of
Chemistry and Biochemistry, University of California, 1156 High Street, Santa Cruz,
California 95064, United States)

Abstract : Nitrogen (N)-doped porous carbons are potential alternatives to precious metal catalysts for oxygen reduction reaction
(ORR) at the cathodes of proton exchange membrane fuel cells and metal-air batteries. Template-assisted synthesis has been used
extensively as a robust and versatile method in the preparation of such carbon catalysts, where the ORR activity has been found to
be dependent on various structural parameters, such as the concentrations and molecular configurations of the dopants, and the
porosity, surface accessibility and electrical conductivity of the carbon materials. In this review, we summarize recent progress in
this area of research focusing on the design, preparation and engineering of N-doped porous carbons, as well as their ORR catalytic

activity. Future trends in the development of N-doped porous carbons are also pointed out.
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Heteroatom-doped carbons have emerged as vi-
able catalysts for oxygen reduction reaction (ORR), a
critical process taking place at the cathodes of proton
exchange membrane fuel cells and metal-air batteries
that has been recognized as a major bottleneck limit-
ing the device performance!™. Of these, N-doped car-
bons are of particular interest because of their re-
markable ORR activity, as compared to other het-
eroatom-doped carbons, and hence, are deemed as a
promising alternative to Pt for ORR®® The ORR ac-
tivity of N-doped carbonsis mostly dictated by two
factors: (a) the concentration and molecular configu-
ration of the nitrogen dopants; and (b) the accessibili-
ty of ORR active sites that governs the transport of
ORR relevant species such as H', OH", O,, H,O, etc.,
as manifested by the specific surface area and porosi-
ty of the carbon structures®'?. Normally, a high con-
tent of homogeneously distributed active nitrogen

dopants in the carbon catalysts is desired to ensure a
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high ORR activity. However, to date it remains un-
clear which nitrogen dopant is responsible for the
ORR activity because multiple nitrogen doping con-
figurations are formed in the carbon molecular skele-
tons, e.g., pyrrolic N, pyridinic N and graphitic N.
Wei et al.l"! proposed that the active sites for ORR
were carbon atoms adjacent to both pyridinic and
pyrrolic N. Recently, Nakamura et al.' suggested that
the ORR active sites were the carbon atoms directly
bonded to pyridinic N alone by examining the ORR
activity of highly oriented pyrolytic graphite (HOPG)
with controlled N-doping. More recently, Dai and
co-workers!claimed that graphitic N was responsi-
ble for the ORR activity of N-doped graphene
nanoribbon networks.

In addition to the uncertainty about the identifi-
cation of the ORR active sites of N-doped carbons,
controllable synthesis of active nitrogen dopants via

direct pyrolysis of N-containing carbonaceous precur-
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sors is another challenge!?. For maximal surface acces-
sibility, a high specific surface area of the carbon cat-
alysts is generally desired and produced by implant-
ing abundant hierarchical porous textures into the
carbon matrix that serve as mass transport channels
for ORR-relevant species!" . In the large number of
literature studies, N-doped porous carbons are typical-
ly synthesized by the following methods: (i) chemical
activation, physical activation, or a combination of
both; (ii) template-assisted synthesis; and (iii) direct
carbonization of intrinsic porous precursors such
as metal organic frameworks (MOFs) or covalent or-
ganic frameworks (COFs)!' 8 Among these, tem-
plate-assisted synthesis is a robust and versatile
method which has been extensively used in the
preparation of porouscarbon catalysts for ORR with
controllable pore structures!>#,

Therefore, in the present review, we will sum-
marize recent progress in the template-assisted prepa-
ration of N-doped porous carbons for ORR, with a
focus on methods based on conventional rigid/soft
templates and novel thermally removable templates.
Comparisons among these template-assisted methods

are also included.
1 Template-Assisted Synthesis of N-

doped Porous Carbons

1.1 Conventional Rigid-Template Method

In a typical rigid-template method, carbona-
ceous precursors are injected into preformed nanos-
tructured templates, and then subjected to high-tem-
perature carbonization. The rigid templates prevent
the collapse of the carbon matrix during pyrolysis.
After pyrolysis, the rigid templates are removed by,
for instance,chemical etching, leading to the for-

(2271 For example,

mation of a porous structure
Silva et al.™ utilized mesoporous silica SBA-15 as
rigid templates to prepare N- and O-doped meso-
porous carbons (Figure 1). The synthetic process is il-
lustrated in Figure 1, where aniline was anchored and
in situ polymerized within the channels of meso-
porous silica that had been pre-functionalized with
diaminosilane,

/SBA-15 hybrids were then subjecte d to thermal

the resulting polyaniline (PANI)

treatment under an inert atmosphere, and removal of
the silica frameworks by chemical etching led to the
formation of a porous carbon matrix.

In another study,Liu and co-workers"™ used or-
dered mesoporous silica SBA-15 as rigid templates
which were filled with a N-containing aromatic
dyestuff, N,N'-bis(2,6-diisopropyphenyl)-3,4,9,10-
perylenetetracar boxylicdiimide, and then underwent
high-temperature pyrolysis. Subsequent removal of
the SBA-15 templates by HF etching led to the pro-
duction of N-doped ordered mesoporous graphitic ar-
rays, which showed a high surface area of 510 m?- g
with a very narrow pore-size distribution centered at
about 3.8 nm, a graphitized framework with a moder-
ate nitrogen content, and a high ORR electrocatalytic
activity in an alkaline electrolyte, along with an ex-
cellent long-term stability, and a strong resistance to
fuel crossover.

More recently, Feng and coworkers™also used
the rigid-template method to synthesize metal-free,
highly active N-doped, hierarchical porous carbon

electrocatalysts for ORR. As depicted in Figure 2,
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Fig. 1 Schematic illustration of the syntheses of N" and O-
doped mesoporous carbons with or without metal

dopants. Reprinted with permission from Ref..
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they firstly polymerized o- phenylenediamine (oPD)
on the surface of colloidal silica in the presence of
ammonium peroxydisulphate (APS). The resultant
PoPD/SiO, nanocomposite was then pyrolyzed in a
nitrogen atmosphere, and the SiO, template was re-
moved by NaOH etching to yield mesoporous N-doped
carbons (meso-PoPD), which might be further activat-
ed by NH; treatment forming meso/micro-PoPD cata-
lysts. This protocol allows for the simultaneous opti-
mization of both porous textures and functionaliza-
tion of the N-doped carbons.

Wei et al."synthesized N-doped carbon nano-
sheets by using a different rigid template, where col-
loidal
grown on the surface of graphene oxide by hydrolysis

silica nanoparticles were homogeneously

of tetraethylorthosilicate, and then coated with poly-
dopamine via in situ polymerization of dopamine and
subsequently pyrolyzed at the controlled tempera-
tures. Removal of the silica nanoparticles by HF etch-
ing yielded the mesoporous N-doped carbon nano-
sheets with abundant pores of 22 nm, which exhibit-
ed a more positive ORR half-wave potential than that
of commercial Pt/C catalyst with a diffusion-limited
current comparable to that of Pt/C in alkaline media.
In a separate study, Hu and co-workers™! pre-
pared cubic-like N-doped carbon nanocages (NCNCs),
where by N-containing carbonaceous precursors such
as pyridine were directly polymerized and pyrolyzed
on the surface of MgO nanocrystals derived in situ
from basic magnesium carbonate (4MgCO;-Mg(OH),*
5H,0) at high temperatures. The resulting NCNCs

() O
oooo a  polymerization
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b 1. Pyrolysis
2. Etching

C NH, activation

Meso/micro-PoPD Meso-PoPD

Fig. 2 Scheme for the preparation of meso/micro-PoPD ele-

ctrocatalyst. Reprinted with permission from Ref..

showed a large specific surface area of ca. 900 m?-g’!
and a high nitrogen content, leading to an excellent
ORR catalytic activity in an alkaline solution that was
comparable to that of commercial Pt/C catalyst. Inter-
estingly, the thus-synthesized carbon nanocages could
also be used as templates to prepare Fe- and N-codoped
nanocages for further enhancement of the ORR activ-
ity
1.2 Conventional Soft-Template Method

Porous carbons may also be prepared by using

{30]

soft templates based on organic polymers. For
instance, Sun et al.P" reported a simple soft template
method for the fabrication of graphene sheets
sandwiched by nanoporous N-doped carbon layers.
Experimentally, a triblock copolymer, Pluronic
F127,was used as the template to guide the growth of
a nanoporous phenol-melamine-formaldehyde(PMF)
prepolymer on the graphene sheets. After carboniza
tion at 700 °C, a sandwich structure (G-PMFs) was
obtained (Figure 3), which exhibited a large specific
surface area, an excellent electrocatalytic activity, a
good electrochemical stability and a high selectivity
for ORR in an alkaline electrolyte. In some other
studies, mesoporous N-doped carbons with pore sizes
larger than 10 nm were successfully prepared by us-
ing various high-molecular-weight block polymersas
soft templates, such as polystyrene-block-poly (ethy-
lene oxide) (PS-b-PEO), polyisobutylene-block-PEO
(PIB-b-PEO), PS-block-poly(4-vinylpyridine) (PS-b-
P4VP), and PEO-block-poly (methyl methacrylate)
(PEO-b-PMMA)P**1 In another study'™!, using the
micelles of a high-molecular-weight block polymer
PS-b-PEO as soft templates, Tang and co-workers de-
veloped a facile route to prepare the N-doped meso-
porous carbon spheres with small particle size of ca.
200 nm and large pore size of ca. 16 nm. The resul-
tant mesoporous N-doped carbon nanospheres showed
an excellent electrocatalytic activity toward ORR in
an alkaline electrolyte. It is worthy to note that in the
preparation process, they used the PDA/PS-b-PEO
composite spheres (where PDA denotes polymerized
dopamine) as the precursor.The stable pre-formed

PS-b-PEO micelles served as a sacrificial pore-form
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Fig. 3 A. Schematic illustration for the synthesis of nanoporous N-doped carbon modified graphene sheets (G-PMFs); B. A typi-

cal TEM image of G-PMFs; C.RDE voltammograms of G-PMF electrodes at a scan rate of 10 mV -s* and a rotation rate

of 1600 r+min™ in an O,-saturated 0.1 mol- L' KOH solution. Adapted with permission from Ref B!,

ing agent which were thermally removed during the
carbonization process, leaving abundant mesopores
in the final carbon nanospheres.

Separately, Wei et al.”? developed a simple orga-
nic-phase acid-assisted self-assembly route to synthe-
size nearly uniform mesoporous carbon nanospheres
(MCNs) by direct hydrothermal treatment of triblock
copolymers Pluronic F127 and phenol-formaldehyde-
resol in a 2 mol - L' HCI aqueous solution, followed

by high-temperature carbonization. Because both

% 2MHCOY
Hydrothermal !ea tment

Stcp 3

F127 and resol were partly protonated in HCI, the hy-
drogen-bonding interaction between resol and F127
was enhanced by Coulombic interactions with CI" as
a mediator, which impeded the crosslinking rate of
resol molecules trapped in the triblock copolymer mi-
celles, and thus, the macroscopic phase separation
during the hydrothermal process (Figure 4). The re-
sultant MCNs displayed a high surface area of 596
m?-g’,

a large pore volume of 0.77 cm’-g", along

with a highly controllable diameter by changing the
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Fig. 4 A. Schematic illustration for the preparation of uniform mesoporous carbon nanospheres (MCNs): Step 1) the polymeriza-

tion of resol induces the phase separation of F127 to form spherical micelles with a PPO core and PEO shell, where the

resol is located in the PEO shell due to the strong Coulombic interactions between the protonated resol and PEO via the

I'X'S" mechanism; Step 2) the further polymerization of resol induces the aggregation of composited spherical micelles to

polymer nanospheres; and Step 3) carbonization under an inert atmosphere to selectively remove F127 and form a carbon
framework; B. A typical TEM image of MCNs; C. The ORR activity of commercial Pt/C and Fe-N/MCNs at 1600 r-min’
in O-saturated 0.1 mol- L' KOH solution. Adapted with permission from Ref.%.
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mass ratio of the template to resol. With their various
unique structural characteristics, such as uniform
spherical morphology, small diameter, high surface
area and mesoporous structure, MCNs were further
modified with Fe and N species to produce non-
precious Fe-N/MCN catalysts, which exhibited a high
catalytic activity, enhanced stability and excellent
methanol tolerance, as compared to commercial Pt/C
catalyst under alkaline conditions.

Alternatively, sheet-like polymers with aromatic
backbones, such as polypyrrole and polyaniline, have
also been used as structural templates for the prepara
tion of carbon nanosheets!”. For instance, very recent-
ly, Xu et al. developed a novel approach to the fabri-
cation of 3D carbon superstructures by thermal pyrol-
ysis of flower-like microstructures derived from hier-
archical assembly of fine-tunable polyimide nano-
sheets. These flower-like microstructures were em-
ployed as soft templates and their morphology was
dependent on the concentration of the intermediate
product of polyamic acid. Thanks to the high specific
surface area as well as hierarchical porous structure,
the thus-synthesized flower-like N-doped 3D carbon
superstructures exhibited outstanding catalytic activi-
ty toward ORR in an alkaline electrolyte and an ex-
cellent capacitive and charge-discharge cycling per-
formance as supercapacitor electrode materials®”.

One may note that the aforementioned conven-
tional template-assisted methods generally entail mul-
tiple time- and energy-consuming procedures, such as
the preparation of nanostructured templates, homoge
nous dispersion/impregnation of preformed templates,
tedious wet-chemical etching, sample separation and
purification, which complicate the synthesis process
and make it difficult for efficient mass production®*,
Furthermore, the post-synthesis removal of sacrificial
templates by harsh acid/base etching may compro-
mise ORR activity because part of the active compo-
nents is inevitably removed.

Furthermore, despite great effort in the develop-
ment of N-doped porous carbon catalysts by using
conventional template methods, most of these cata-
lysts still exhibit ORR activity inferior to that of com-

mercial Pt/C catalysts in both alkaline and acidic
electrolytes®™. This suggests that there is room for fur-
ther improvement in the ORR activity of N-doped car
bons. As mentioned above, it is of paramount signifi
cance to maximize the electrochemical surface area,
especially the contribution from mesopores, so that
the transport of ORR-relevant species may be facili-
tated and the ORR catalytic activity can be enhanced
and even optimized"**?, Considering the drawbacks
of conventional “rigid template” and “soft template”
methods, it is highly desired to develop novel tem-
plate-assisted routes in the preparation of mesoporous
N-doped carbons with a high surface area, where a
large number of homogeneously distributed nano
scale templates can be formed in situ in the synthesis
of carbonaceous precursors and subsquently removed
during the thermal carbonization of precursors at high
temperatures, as detailed below.

1.3 Thermally Removable Template Met-
hod

We have recently developed a novel template
method for the preparation of N-doped porous car-
bons with thermally removable nanoparticles. As
shown in Figure 5, 2-fluoroaniline was firstly poly-
merized in the presence of FeCl; by a hydrothermal
method to form a poly(2-fluoroaniline) matrix embed-
ded with a large number of homogeneously distribut-
ed FeO(OH) nanorods. Pyrolysis of the thus-prepared
poly ( 2-fluoroaniline ) yielded mesoporous N-doped
carbon catalysts without post-synthesis removal of
the templates. The FeO(OH) nanocrystals not only act-
ed as rigid templates to prevent the collapse of poly
(2-fluoroaniline) during carbonization,but also fa-
cilitated the formation of mesopores in the car-
bonized skeletons by thermal decomposition and e-
vaporation at high temperatures. The reactions in-
volved in the thermally removable template method

were proposed as follows™*J,

Fe* + 3H,0 — Fe(OH), +3H' (1)
Fe(OH); — FeO(OH) + H,0 1 )
2FeO(OH) — Fe,0, + H,0 1 3)

3F6203 + 4H2(CH4, CO, C) —)2F304 +
4H,0(CO,, CO) 1 @)
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Fe;O, +4C — 3Fe +4CO t (5) ited a specific surface area up to 934.8 m?-g". In ad-
F F F dition, electrochemical measurements showed a high-

NH NH NH ivi ili
+®— e O @— v ~}~ e er ORR activity and durability for the mesoporous
c1- c1- Fe-N/C catalyst than that of commercial Pt/C catalyst
C+H,1+HCIT +NH; t+HFt +CH,t (6) in alkaline media (Figure 6). These results highlight
Fe;0; + 6HCl — 2FeCl; T +2H,0 1 (7)  the unique potential of using thermally sacrificial

In the aqueous solution of FeCl; and 2-fluo-
roaniline, FeCl; was hydrolyzed to form an amor-
phous Fe(OH); sol in the presence of alkaline 2-fluo-
roaniline (Eq. 1), and concurrently 2-fluoroaniline was
protonated by hydrochloric acid that resulted from
FeCl; hydrolysis. The protonated 2-fluoroaniline was
hydrothermally polymerized into poly (2-fluoroani-
line) sheets doped with HCI, where the amorphous
Fe(OH); sol was also converted into homogeneously
distributed FeO(OH) nanocrystals (Eq.2) in the poly-
mer matrix. During the pyrolysis process, the FeO(OH)
nanocrystals were converted to Fe,O; (Eq. 3), and
polymers of low molecular weights were partially
degraded. At higher temperatures (> 700 °C), most
polymers were degraded to form graphitic carbons
with the release of a series of volatile species, such as
HCI, HF, NH;, H,, and CH, (Egs. 4-6). HCI reacted
with Fe,O; to generate volatile FeCl; (Eq 7), hence,
leading to the formation of abundant holes/cavities in
the carbonized matrix.

The resulting mesoporous N-doped carbon cata-
lysts with a trace amount of iron(Fe-N/C-800) exhib-

Hydrothermal
polymerization _

templates in the synthesis of highly porous carbons
and their applications in ORR electrocatalysis.

In a later study,Wang and co-workers™ used ZnO
nanocrystals as alternative thermally sacrificial tem-
plates, instead of FeO(OH) compounds used above, to
prepare hierarchically porous N-doped carbon nano-
fibers (HP-NCNFs). The ZnO nano-templates were
in situ generated and homogeneously embedded in
the precursor fibers by electro-spinning. When the
N-containing precursor with a number of ZnO nano-
crystals was thermally treated at high temperatures,
ZnO nano-templates acted as a thermally removable
template because they were decomposed into ZnCl,
and readily evaporated, hence, minimizing negative
effects of residual metals on the active sites. The
eventual HP-NCNFs showed a high specific surface
area of 829.5 m?-¢g"' with a 3D hierarchically porous
structure. Moreover, the HP-NCNFs showed better
stability and stronger resistance against methanol
crossover than commercial Pt/C catalyst in an alka
line electrolyte.

Whereas excellent ORR performance of N-doped

Pyrolysis

Fig. 5 Preparation of N-doped mesoporous carbon catalyst (Fe-N/C) with thermally removable nanoparticles. Reprinted with

permission from Ref.”..
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Fig. 6 A-B. Cyclic and RRDE voltammograms; C. Plots of H,0O, yield and number of electron transfer of a glassy carbon elec-

trode modified with Fe-N/C-800 and Pt/C catalysts at the rotation speed of 1600 r-min™. Reprinted with permission from

Ref.l),

porous carbon catalysts can be obtained through the
thermally removable template method, the catalysts
generally lack long-term durability under practical
working conditions due to low graphitization of the
carbon materials! ", Therefore, in the preparation of
carbon-based ORR catalysts, maximizing the degree
of graphitization is highly desired. This may be
achieved by incorporating reduced graphene oxide as
a conductive substrate to improve the electrocatalytic
activity and durability of porous carbon catalysts ™,
Note that reduced graphene oxides are easily
restacked/aggregated after reduction by strong reduc-
ing agents such as hydrazine and NaBH,, or high-tem-
perature thermal treatment because of the strong -
interactions between the graphene sheets.This may
compromise the electrochemical surface area that is
of importance in catalysis!'+*****%, To mitigate restack-
ing of graphene sheets, several methods have been
proposed in the literature. For example, deposition of
porous carbon derived from polymers onto the sur-
face of graphene represents an effective route. Unfor-
tunately, this method usually involves multiple organ-
ic synthesis/polymerization processes. In addition, di-
rect carbonization of the polymer/graphene precur-

sors generally leads to severe diminishment of the

Hydrothermal reaction

N-MC/rGO-precursor

Low temperature
heat treatment

surface area due to collapse of pores at high tempera-
tures.

Within this context, in a recent study we showed
that a sandwich-like plolymer/graphene oxide/poly-
mer structure might be produced by hydrothermal
polymerization of 2-fluroaniline on the surface of
graphene oxide sheets, with a large number of amor-
phous Fe-containing species embedded in the result
ing poly(2-fluroaniline), as depicted in Figure 71,
These amorphous Fe-containing species were con-
verted into nanoparticles during the pyrolysis process,
and finally removed through the generation of
volatile FeCl;, FeCl, and other gaseous compounds,
leading to the formation of a sandwich-like N-MC/
rGO composite with rich nitrogen self-doped active
sites and large specific surface areas. The preparation
process is simple, based on direct carbonization of
polymer/graphene oxide hybrid precursors without
any additional foreign template and post-synthesis
treatments. The resultant N-MC/rGO catalyst not on-
ly exhibited a high specific surface area, but also ap-
parent ORR activity and substantially higher stability
in alkaline electrolytes, as compared to that without
the addition of reduced graphene oxides (Figure 8)%.
The excellent ORR performance of N-MC/rGO was

High temperature
pyrolysis

N-MC/rGO-T

Fig. 7 Schematic illustration for the preparation process of N-MC/rGO-T catalysts by the thermally removable template method.

Reprinted with permission from Ref.®!,
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attributed to the synergistic effect between the
graphene and nitrogen doped porous carbon layer: the
in situ formation of a sandwich-like structure effec-
tively prevented the restacking of graphene sheets,
and hence, exposed active sites to ORR relevant
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species; in addition, the highly crystalline, conductive
graphene sheets served as efficient 2D conductors for
electrons, as well as an anti-corrosion coating layer
for porous carbons.

The key point in the above thermally removable
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Fig. 8 A. TEM image of N-MC/rGO-800; B. Rotating disk electrode voltammograms; C. Plots of hydrogen peroxide yield
and electron transfer number of Pt/C, N-MC/rGO-T (T=700, 800 and 900); D. Chronoamperometric curves of Pt/C,
Fe-N/C-800 and N-MC/rGO at 0.70 V versus RHE. Reprinted with permission from Ref.*!.
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Fig. 9 Schematic illustration for the preparation of nitrogen-doped honeycomb-like porous carbons. Reproduced with permission

from Ref.®Y,
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template method is to form nanosheet precursors em-
bedded with a high concentration of volatile nan-
otemplates. This is non-trivial, as typically the load-
ing of nanoscale templates in polymer nanofibers and
nanoparticles is rather limited. Furthermore, hydroth-
ermal polymerization is generally needed to prepare
N-containing polymer nanosheets, in which reaction
vessels that can withstand high temperatures and high
pressures are required, and hence, the process is diffi-
cult to be scaled up. Therefore, it remains desired to
develop facile methods for the preparation of

high-performance porous carbon-based ORR cata-
lysts that do not entail a solvo- or hydrothermal pro-
cess and are viable for mass production®".

Very recently, we have developed a novel route
for the rational design and readily scalable fabrication
of N-doped honeycomb-like porous carbons (HPCs)
with abundant hierarchical macro- and meso-pores by
direct pyrolysis of polypyrrole nanosheets doped with
FeCl; that were prepared by interfacially confined
polymerization of pyrrole on the surface of NaCl
crystals (Figure 9)®Y. The homogeneously distributed
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Fig. 10 TEM images showing the evolution of Fe-containing species in polypyrrole nanosheets prepared at room temperature (A),
300 °C(B), 500°C(C); TEM image of HPC-800 (D); RDE voltammograms (E) and plots of H,O, yield (F) and number of
electrons transferred (n) of HPC-800, PC(NF)-800, PC(Sp/Sh)-800 and 0.2 mg - cm? of Pt/C in O, -saturated 0.1 mol-L"

KOH solution at a rotation speed of 1600 r-min™. The potential sweep rate was 10 mV -s™; G. Typical galvanostatic dis-

charge curves of a Zn-air battery with HPC-800 and Pt/C as air-diffusion cathode at various current densities (1, 10, and

100 mA -cm?); H. Long-time galvanostatic discharge curves of a Zn-air battery using HPC-800 as the air-diffusion cath-

ode; I. ‘Recharging’ the Zn-air battery using HPC-800 as the cathode catalyst by refilling the Zn anode and electrolyte.

The catalyst loading in air cathode was 2.0 mg-cm? for HPC-800 and 1.0 mg-cm? for Pt/C, and the electrolyte for Zn-air

cell measurements was 6.0 mol- L' KOH. Reproduced with permission from Ref.P.
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FeCl; and its derivatives were converted into thermal-
ly removable nanocrystals which not only helped to
generate multi-hierarchical pores in the carbonized
matrix during pyrolysis, but also promoted the forma-
tion of active sites such as pyridinic nitrogens and
FeN,/C moieties in the carbon skeletons. The result-
ing honeycomb-like porous carbons exhibited a high
specific surface area of 796.8 m?- ¢!, along with a sig-
nificant content of nitrogen dopants ranging from 7 to
18 at.%, leading to a remarkable ORR activity in al-
kaline electrolytes. Electrochemical measurements
revealed that the honeycomb-like ORR carbon cata-
lyst prepared at 800 °C stood out as the best one a-
mong the series, which featured a half-wave potential
40 mV more positive than that of commercial Pt/C
catalysts, along with a higher diffusion-limited cur-
rent, an electron-transfer number over 3.95 even at
low overpotentials, much longer durability and
stronger resistance against methanol crossover and
CO poisoning. Moreover, by using thus-synthesized
honeycomb-like porous carbons as the air-diffusion
cathode, a Zn-air battery was assembled with a per-
formance surpassing that based on Pt/C (Figure 10)FY,

The results described above unambiguously high-
light the significance of volatile templates in the
preparation and engineering of N-doped porous car-
bons as a viable alternative to Pt-based noble metal
nanocatalysts in important electrochemical devices,
such as metal-air batteries, alkaline fuel cells and

chlor-alkali electrolyzers.

2 Conclusions and Outlook

Remarkable progress has been made in the de-
velopment of N-doped porous carbon catalysts for
ORR based on rigid- and soft-template methods. The
ther mally removable template method represents a
more facile and efficient route in the preparation of
N-doped carbons with a large surface area and pre-
dominant mesopores for the enhanced ORR electro-
catalysis. This method may be further extended to
volatile organic materials, such as C;N,, and used as a
general strategy in the preparation and engineering of
highly porous carbons!® %% Yet it remains challen-

ging to prepare N-doped porous carbon catalysts with

controll able pores and preferred dopant configura-
tions. Further research is desired towards this end.
Meanwhile, multiple heteroatoms, including both
metal and nonmetal elements (such as B, P, S, Fe, and
Co), may be integrated into the carbon skeletons as
codopants to further improve the ORR activity for
practical applications.
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