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Volatilizable template-assisted scalable preparation of
honeycomb-like porous carbons for efficient oxygen
electroreduction

Honeycomb-like nitrogen-doped porous carbons with efficient
ORR activity and superb performance in a Zn—air battery were
prepared by the pyrolysis of polypyrrole nanosheets containing
plenty of volatilizable FeCl, derivatives, which were facilely
prepared via an interfacially confined polymerization method.
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The electrocatalytic activity of nitrogen-doped carbons towards the oxygen reduction reaction is largely
determined by the concentration of active nitrogen dopants and the electrochemically accessible
surface area. Herein we report a novel, facile route for the preparation of N-doped carbons based on
direct pyrolysis of polypyrrole nanosheet precursors synthesized by confining the polymerization on the
surface of NaCl crystals using FeCls as both the initiator and dopant. In the heating-up process of
pyrolysis, a large amount of homogeneously distributed FeCls dopant and its derivatives gradually
evolved into volatile nanoparticles which helped to generate abundant hierarchical macro- and meso-
pores, resulting in honeycomb-like porous carbons with a high content of nitrogen dopants ranging
from 7 to 18 at%, a large surface area, and an ORR activity superior to that of commercial Pt/C in alkaline
electrolytes. Significantly, by using the best sample that was prepared at 800 °C (HPC-800) as the air

2

electrode, a Zn—-air battery was found to display a specific capacity of 647 mA h g~* at 10 mA cm™2 and

a negligible loss of voltage even after continuous operation for 110 h, a performance markedly better
than that with Pt/C as the air cathode. The results not only highlight the significance of precursor
Received 29th April 2016 . . in th thesi £ highl ficient nit d d b talvsts
Accepted 12th May 2016 engineering in the synthesis of highly efficient nitrogen-doped carbon catalysts for oxygen
electroreduction, but also suggest the high potential of the interfacially confined polymerization method

DOI: 10.1039/c6ta03570a in the scalable preparation of cost-effective, highly porous carbons for electrochemical energy storage

www.rsc.org/MaterialsA and conversion devices.

Introduction

The oxygen reduction reaction (ORR) represents an essential
process at the cathodes of fuel cells and metal-air batteries.
Because of its complicated reaction pathways and sluggish
electron-transfer kinetics, the ORR has been recognized as
a major bottleneck that largely determines the device efficiency,
and hence the development and utilization of efficient electro-
catalysts is crucial for the implementation of these technolo-
gies.” Platinum-based noble metal nanoparticles have been
the catalysts of choice because of their effective catalytic activity
for the ORR.”” Yet their drawbacks are apparent, such as high
costs, poor tolerance against fuel crossover/CO poisoning and
low stability, which impede the wide-spread applications of
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both fuel cell and metal-air battery technologies.®*'® Within this
context, extensive research efforts have been devoted to the
development of non-precious metal catalysts (NPMCs), in
particular, heteroatom-doped (e.g., nitrogen, phosphorus,
sulfur, etc.) carbon catalysts for the ORR."*"?* Of these, nitrogen-
doped carbons are of special interest due to their remarkable
ORR activity and unique advantages, such as high conductivity,
chemical inertness, and ready availability of various carbona-
ceous source materials and have been deemed as a promising,
viable alternative to Pt for ORR electrocatalysis.

Normally, the ORR activity of nitrogen-doped carbons is
largely determined by two factors: (1) the chemical nature of the
active sites, i.e., the type of nitrogen dopant and its concentra-
tion and (2) the accessibility of active sites that control the mass
transport properties and is related to the specific surface area
and porous texture.* Generally, a high content of active
nitrogen dopants in the carbon catalysts is necessary to ensure
an apparent ORR activity; yet it remains challenging to control
the synthesis of selected nitrogen dopants that are preferred for
the ORR by simple pyrolysis of nitrogen-containing precursors.
Furthermore, improving the specific surface area of carbons by
implanting a large number of hierarchical pores, which serve as
mass transfer channels for ORR-relevant species such as H',
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OH™, 0,, H,0, etc., is another effective way to enhance the ORR
activity of carbon catalysts. Preformed foreign template-assisted
synthesis is a versatile and robust method which has been used
extensively to prepare carbon catalysts with controllable pore
structures.”>” Yet, it generally entails multiple time- and
energy-consuming steps, such as the preparation of nano-
structured templates (e.g., porous Al,Os, SiO,, ZnO or their
monodisperse nanoparticles), homogenous template implan-
tation, and harsh etching process, which make it difficult for
mass production. Moreover, the ORR activity may be compro-
mised because partially active components are inevitably
removed in the post-synthesis removal of excess templates
through rigorous acidic/basic etching.

Alternatively, we developed a thermally removable nano-
particle template method for the preparation of N-doped
mesoporous carbons, where the nanoscale templates were in situ
formed in the polymer nanosheet precursors and effectively
removed during controlled pyrolysis of the polymer matrices,
which generated abundant hierarchical pores for efficient ORR
electrocatalysis.?®* The critical point for enabling this method is
to form nanosheet precursors embedded with a high concen-
tration of volatilizable nanocrystal templates. This is non-trivial,
as typically the loading of nanoscale templates in polymer
nanofibers and nanoparticles is rather limited. Furthermore, in
hydrothermal preparation of N-containing polymer nanosheets,
reaction vessels that can withstand high pressures and high
temperatures are needed, and the process is difficult to scale up.
Therefore, within the context of template-assisted synthesis, it
remains a challenge to develop facile methods for the prepara-
tion of high-performance porous carbon-based ORR catalysts
which do not involve the solvo- or hydrothermal process and are
viable for mass production.

Herein, we report a novel route for the rational design and
readily scalable fabrication of nitrogen-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 an interfacially confined
polymerization process. The homogeneously distributed FeCl;
and its derivatives not only helped to generate multi-hierar-
chical pores in the carbonized polymer matrix during pyrolysis,
but also facilitated the formation of catalytically active sites
such as pyridinic nitrogens and FeN,/C moieties in the carbon
skeletons. The resulting honeycomb-like porous carbons could
realize a high specific surface area of 796.8 m*> g"*, along with
a significant concentration of nitrogen dopants ranging from 7
to 18 at%, which contributed to a remarkable ORR activity in
alkaline electrolytes. Electrochemical measurements showed
that the ORR catalyst prepared at 800 °C was the best one, which
featured a half-wave potential that was 40 mV more positive
than that of state-of-the-art commercial Pt/C catalysts, along
with a higher diffusion-limited current, an electron-transfer
number larger than 3.95 even at low overpotentials, substan-
tially longer durability and stronger poison resistance.
Furthermore, by using the obtained honeycomb-like carbons
as the air cathode, a Zn-air battery was fabricated which
even outperformed that based on commercial Pt/C. These
results highlight the significance of FeCl; dopants in the
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preparation and engineering of N-doped porous carbons that
may be 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.

Experimental section
Sample preparation

The procedure is summarized in Scheme 1. In a typical
synthesis, 5 mL of pyrrole (99.98%) and 1 g of polyvinyl pyrro-
lidone (PVP-K30) were mixed in 60 mL of ethanol; then 20.0 g of
NacCl crystals were added into the above mixture under stirring
and dried at 70 °C. After complete evaporation of ethanol, the
color of the NaCl crystals changed from white to brown, sug-
gesting that pyrrole and PVP had been successfully deposited on
the surface of the NaCl crystals. Then, about 20 mL of a 0.85 M
FeCl; solution was added dropwise to the solid NaCl mixture
under mechanical stirring on a hotplate at 120 °C within 3 min
to avoid the dissolution of NaCl crystals, and the color of the
NacCl crystals was found to change from brown to dark green,
suggesting the formation of polypyrrole (PPyNSs-NaCl). The
sample was then transferred to a beaker where copious
amounts of deionized water were added to dissolve the NaCl
crystals. The insoluble components were collected and dried
after repeated washing with deionized water, affording purified
polypyrrole nanosheets (PPyNSs), which were then pyrolyzed at
controlled temperatures (300, 500, 700, 800, or 900 °C) for 2 h in
a N, atmosphere at a gas flow rate of 300 sccm, resulting in the
formation of N-doped honeycomb-like carbons, which were
referred to as HPC-T with T being the calcination temperature.

Two other control samples were also prepared in a similar
fashion. In the first experiment, no PVP was added, and only
a mixture of polypyrrole nanospheres/nanosheets (PPySp/Sh,
Fig. S1t) was obtained. The resulting porous carbons by pyrol-
ysis at 800 °C were referred to as PC(Sp/Sh)-800. In the second
experiment, polypyrrole nanofibers (PPyNFs, Fig. S11) were used
instead, which were synthesized by dissolving 0.1 mol of pyrrole
monomers in 24 mL of a 1 M HCI solution, followed by the
dropwise addition of 200 mL of a 1 M FeCl; solution under
stirring. The resulting polypyrrole nanofibers were then
collected from the bottom of the glass container, washed
with deionized water, and carbonized at 800 °C for 2 h in a N,
atmosphere, affording PC(NF)-800.

(NaCl Crystals) (Pyrrole/PVP-NaCl)

/= polyvinyl pyrrolidone (PVP K30)

(Honeycomb-like carbons) (PPyNSs)

Scheme 1l Schematic illustration of the preparation of nitrogen doped
honeycomb-like porous carbons.
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Characterization

Transmission electron microscopy (TEM) measurements were
conducted on a Tecnai G2-F20 equipped with an EDS detector at
an acceleration voltage of 100 kV. The TEM samples were
prepared by drop casting a catalyst dispersion directly onto
a copper grid coated with a holey carbon film. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on a Phi
X-tool instrument. Powder X-ray diffraction (XRD) patterns were
recorded with a Bruker D8-Advance diffractometer using Cu Ka
radiation. Thermogravimetric analysis (TGA) was performed on
a METTLER instrument under a N, atmosphere at a heating rate
of 5 °C min~'. The Brunauer-Emmett-Teller (BET) surface area
was determined by using a Micromeritics ASAP 2010 with
nitrogen adsorption at 77 K using the Barrett-Joyner-Halenda
(BJH) method. Raman spectra were recorded on a RENISHAW
inVia instrument with an Ar laser source of 488 nm in a macro-
scopic configuration.

Electrochemistry

All electrochemical measurements were performed with a CHI
750E electrochemical workstation (CH Instruments, Chenhua
Co., China) in a conventional three-electrode cell, with a plat-
inum wire as the counter electrode, Ag/AgCl as the reference
electrode, and a catalyst-modified glassy carbon electrode (GCE)
as the working electrode. The catalyst ink was prepared by
adding 1 mg of a catalyst into a solution containing water,
isopropanol and Nafion (5%) at a volume ratio of 4 : 1 : 0.025 to
form a homogeneous suspension at a catalyst concentration of
1 mg mL™". A calculated amount (80 pL) of the suspension was
then evenly cast on the clean GCE surface with a syringe and
dried in air, corresponding to a catalyst loading of 0.4 mg cm 2.
The loading of the Pt/C electrode was determined to be
0.2 mg em 2. Linear sweep voltammograms (LSVs) were
acquired in an O,-saturated 0.1 M KOH aqueous solution at
various rotation speeds (400 to 2025 rpm).

The Ag/AgCl reference electrode was calibrated with respect
to a reversible hydrogen electrode (RHE). The calibration was
performed in a high-purity H, (99.999%) saturated electrolyte
with two Pt wires as the working and counter electrode,
respectively. Cyclic voltammograms were acquired at a low scan
rate of 1 mV s, and the average of the two potentials at which
the current crossed zero was taken as the thermodynamic
potential for the hydrogen electrode reactions. In 0.1 M KOH,
Erur = Engiagcr + 0.975 V.

The number of electrons transferred (n) during the ORR was
calculated by using the following equation (eqn (1))

41pig
n— — -Disk 1)
IRing/N + IDisk
and the corresponding H,0, yield was evaluated by eqn (2),
200 Ring /N
H,0,% = _2000king/N (2)
IRing/N + IDisk

where N is the collection efficiency (37%) and Ipjs and Iring are
the voltammetric currents at the disk and ring electrodes,
respectively.
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Zn-air batteries were tested in a home-built electrochemical
cell, where the catalysts were loaded on the gas diffusion layer
(area of the Teflon-coated carbon fiber paper was 1.0 cm?, and
the catalyst loading was 2.0 mg for all carbon materials and
1.0 mg for Pt/C) as the air cathode and a Zn foil as the anode in
6.0 M KOH. Measurements were carried out on the as-fabricated
cell at room temperature with a LAND CT2001A instrument.

Results and discussion

Polymerization of pyrrole or aniline in solution by chemical
oxidation usually results in the formation of zero- or one-
dimensional polymers. Yet, as depicted in Scheme 1, sheet-like
polymers can be readily obtained by confining the polymeriza-
tion process on a (flat) substrate surface. In addition, the
incorporation of PVP is necessary for the synthesis of quasi
two-dimensional polymer sheets, where the pyrrole monomers
were likely anchored on the dangling ketone groups of PVP by
hydrogen bonding (Fig. S2t); without NaCl crystals, only
a fiber-like morphology was observed in Fig. S1a,T while without
the presence of PVP, a mixture of nanospheres and nanosheets
was obtained instead (Fig. S1bt). Furthermore, when FeCl; was
replaced with commonly used ammonium persulfate
(NH,4S,0g), two-dimensional polypyrrole nanosheets were also
obtained (Fig. S31). These observations clearly demonstrate that
the interfacially confined polymerization route presented
herein may be exploited as a versatile and robust method for the
preparation of two-dimensional polymer sheets.

The formation of polypyrrole nanosheets (PPyNSs) by inter-
facially confined polymerization was indeed confirmed by TEM
measurements, as shown in Fig. 1a, where C, N, Cl and Fe
elements can be found to be evenly distributed within the
samples by selected area elemental mapping (Fig. 1d). Notably,
the Fe-containing compounds in PPyNSs were amorphous as
the XRD patterns exhibited only two broad peaks at 26 = 11.4
and 22.3° that arose from polypyrrole (Fig. S41).****After high-
temperature pyrolysis, the polymer sheets were converted to

Fig. 1 Representative TEM images and selected-area EDS elemental
mapping images of (a and d) PPyNSs and (b, ¢, and e) HPC-800. Scale
bars are (a) 2 um, (b) 200 nm, (c) 50 nm, (d) 200 nm and (e) 100 nm.
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nitrogen-doped carbons (Scheme 1). Fig. 1b and ¢ show the TEM
images of the sample prepared by pyrolysis at 800 °C for 2 h
(HPC-800), where one can see that the resultant N-doped
carbons mainly retained a sheet-like morphology that was
markedly wrinkled with a large number of macropores with
inner diameters of 50-100 nm (Fig. S5t), resembling the
honeycomb structure. From the corresponding elemental maps
(Fig. 1e), one can see that high contents of C and N are
distributed rather evenly within the sample; however, the
signals of Cl and Fe were hardly detectable, which indicated
that the polymer sheets were effectively carbonized and Fe
moieties had been mostly removed, leaving behind a large
number of pores. In fact, the specific surface area of the as-
prepared HPC-800 was determined to be 796.8 m”> g~ " based on
a type-IV N, adsorption/desorption isotherm (Fig. Sé6af).
Furthermore, the pore size distribution plot confirmed the
presence of a hierarchical porous structure with macro- and
meso-pores in the range of 3.5-100 nm in diameter (Fig. S6b¥),
where the mesopores were likely located at the walls of
well-defined macropores (Fig. 1c).

Interestingly, when NH,S,0g was used instead of FeCl; to
prepare polypyrrole nanosheets (Fig. S31), no pores were formed
in the carbon sheets after pyrolysis of the polymers at 800 °C,
implying that Fe and Cl containing compounds played a vital
role in the formation of honeycomb-like structures. To gain
further insights into the mechanism of pore formation in the
honeycomb-like porous carbons, two other samples (HPC-300
and HPC-500) pyrolyzed at relatively low temperatures were also
prepared in a similar fashion. Unlike PPyNSs in which no
particulate features were visually observed in the TEM image
(Fig. S7at), the HPC-300 sample showed numerous nano-
particles with diameters less than 10 nm (Fig. S7b¥), whereas
some agglomerates of nanoparticles were found embedded in
the polymer matrix of the HPC-500 sample (Fig. S7ct). Because
no diffraction peaks of related Fe-containing compounds were
observed, these nanoparticles likely consisted of poorly crys-
talline iron-containing compounds (Fig. S81), which acted as
rigid templates in the polymer matrix during high-temperature
carbonization. As shown in TGA measurements (Fig. S9t), one
can see three major weight-loss steps in a N, atmosphere. The
sudden weight loss of ca. 63% starting at about 366 °C was likely
due to the formation of a large quantity of volatile compounds
such as CO, CO,, FeCl,, and FeCl;, arising from the decompo-
sition of the polymers and the evaporation of Fe-containing
species, which helped to produce a number of cavities/holes in
the carbon matrix.?®*** This was supported by XPS analysis in
Fig. $10,T where one can see that the Cl2p and Fe2p peaks were
clearly defined in the polymer precursor, whereas pyrolysis
treatments at elevated temperatures (700, 800, and 900 °C) led
to almost complete disappearance of these two elements.

The catalytic activity of the obtained honeycomb-like porous
carbons towards the ORR was then evaluated and compared
within the context of pyrolysis temperature. As shown in Fig. 2a,
rotating disk electrode (RDE) voltammograms showed that the
HPC-800 sample exhibited a remarkable onset potential of
+1.00 V (vs. RHE), markedly more positive than those of the
HPCs prepared at other temperatures (+0.81 V for HPC-700,

This journal is © The Royal Society of Chemistry 2016
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Fig.2 (a) RDE voltammogrames, (b) high-resolution XPS spectra of N1s
where black dotted curves are experimental data and colored curves
are deconvolution fits (left panels), and the concentrations of various
nitrogen dopants in HPC-T (T = 700, 800 and 900) (right panels). (c)
LSV curves of HPC-800 before (black curve) and after H,SO4 (blue
curve) leaching treatments, and in 0.1 M KOH aqueous solution with
the addition of 10 mM KSCN (red curve). All measurements were
conducted at a catalyst loading of 0.4 mg cm~2 in an O,-saturated 0.1
M KOH aqueous solution at a sweep rate of 10 mV s . (d) XPS spectra
of Ols electrons for HPC-800, where the black curve experimental
data and colored curves are deconvolution fits. The RDE rotation rate
in (a) and (c) was 1600 rpm.

and +0.98 V for HPC-900). In addition, the limiting current
density of HPC-800 was also much higher than that of HPC-700
and HPC-900. These results show that the HPC-800 sample
represented the best catalyst among the series.

The chemical compositions of the HPC catalysts were then
analyzed by XPS measurements. In Fig. 2b, the high-resolution
N1s deconvoluted spectrum yielded three pronounced peaks at
398.5, 400.2, and 401.0 eV, which may be ascribed to the
pyridinic N, pyrrolic N and graphitic N, respectively.***” One can
see that with increasing pyrolysis temperature, the amount of
pyrrolic N decreased rapidly, as compared to those of graphitic
N and pyridinic N, signifying low stability of pyrrolic N at
elevated temperatures. Note that, thanks to the lone-pair elec-
trons, pyridinic N may coordinate with Fe to form Fe-N-C
species that have been proposed as active sites for the ORR.***°
Graphitic N dopants can also facilitate the adsorption of oxygen
molecules on adjacent carbon atoms, which is the rate deter-
mining step in the ORR.™***' Based on the integrated peak
areas, one can see that the combined concentration of pyridinic
and graphitic N actually decreased with increasing pyrolysis
temperature, 17.7 at% for HPC-700, 11.5 at% for HPC-800, and
7.2 at% for HPC-900 (Table S1 and Fig. S111). The fact that the
ORR activity was the lowest with the HPC-700 sample is most
likely due to the low porosity, as evidenced by its smallest
electrochemical surface area, in comparison with HPC-800 and
HPC-900.

In addition, the degree of graphitization of the porous
carbons was also examined, as a higher degree of graphitization
may lead to higher electrical conductivity and hydrophobicity
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which likely helps to increase the ORR activity.** From Fig. S12,}
it can be seen that the center peak at 284.6 eV of the Csp”
spectra became increasingly symmetrical with increasing
pyrolysis temperature, implying an increasing degree of
graphitization of the resulting samples. This is also consistent
with the results obtained in XRD (Fig. S13f) and Raman
(Fig. S141) measurements. Moreover, electrochemical imped-
ance spectroscopy (EIS) analysis (Fig. S157) further confirmed
an increase of the electrical conductivity of the porous carbons
with increasing pyrolysis temperature. Therefore, the remark-
able ORR activity of the HPC-800 catalyst may be ascribed to the
combined contributions of a high content of active nitrogen
dopants and a high degree of graphitization.*?

A trace amount of iron species was actually found in the HPC
catalysts from high resolution XPS and EDS elemental mapping
measurements (0.2 to 0.6 at%, Table S1}). However, the chem-
ical states of the iron moieties remained unclear due to the low
concentrations.* Although the remarkable ORR activity of Fe,
N-codoped carbons has been well documented, some argue that
Fe only helps to form active sites and does not directly involve in
the ORR catalysis.***® Therefore, it is necessary to identify the
actual active sites in HPC-T catalysts with trace amounts of iron.
Accordingly, two active site-probing experiments were carried
out. As shown in Fig. 2c, poisoning the Fe-containing sites with
10 mM KSCN caused a remarkable negative shift of 40 mV in the
half-wave potential of the HPC-800 electrode, along with ca.
20% decrease of the limiting current density. These results
suggested that the Fe-containing compounds likely participate
in the catalytic process of the ORR. In contrast, removal of
the unstable iron compounds via soaking in a hot solution of
1.0 M H,SO, for 6 h caused a small negative shift of the half-
wave potential by 30 mV, as compared to the original electrode.
Additionally, the O1s electrons of iron oxides (such as Fe,0; and
Fe;0,) are anticipated to appear at 529.5 eV; yet no such feature
was observed in experimental measurements (Fig. 2d);***” no
Fe"™ redox couple was detected in voltammetric measure-
ments either, as only featureless voltammograms were obtained
in the ORR testing region (0 to +1.1 V vs. RHE) even at a high
scan rate of 100 mV s~ " (Fig. S167).*® Taken together, the above
results unambiguously demonstrate that the Fe-containing
species (e.g., FeN, moieties) participate in the ORR and hence
contribute to partial ORR activity in the present study, as
proposed in various recent studies.***' Therefore, the ORR
activity of HPC-800 originated predominantly from the syner-
getic effects between its rich nitrogen dopants, primarily the
graphitic and pyridinic nitrogen, and high electrical conduc-
tivity. Meanwhile, the abundant macro- and mesoporous
structures further enhance the mass transfer process, conse-
quently contributing to an efficient ORR catalyst.

To identify the contributions of macro- and mesopores in
HPC-800 to the ORR activity, two additional samples derived
from polypyrrole of different morphologies (PC(NF)-800 and
PC(Sp/Sh)-800) were prepared and their ORR activity was eval-
uated for comparison. As depicted in Fig. S17,7 no distinct
peaks were observed in all the HPC-T samples in N,-saturated
electrolyte solution between —0.04 V and +1.16 V, whereas in
O,-saturated 0.1 M KOH, a remarkable oxygen reduction peak
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was observed at +0.81 V in HPC-800, which is much more
positive than that of PC(NF)-800 (+0.51 V) and PC(Sp/Sh)-800
(+0.58 V) at the same loading, and equal to that of commercial
Pt/C (20 wt%, 0.2 mg cm ). Note that the HPC-800 modified
electrode exhibited a much larger electrochemical surface area
than the two other carbon catalysts based on the integrated area
of the electrical double-layer charging curve, signifying that mass
transfer in HPC-800 was more efficient because of the formation
of macro/mesopores. These results were consistent with the BET
surface areas of these samples (Fig. S6, S18, and S197).

The high electrocatalytic activity of HPC-800 was also man-
ifested in RDE voltammetric measurements. As shown in Fig. 3a,
the HPC-800 electrode exhibited a half-wave potential of +0.85 V,
more positive than those of Pt/C (+0.81 V), PC(NF)-800 (+0.67 V)
and PC(Sp/Sh)-800 (+0.68 V). Concurrently, the current density at
+0.80 V was the highest among the series at 4.20 mA cm™ > for
HPC-800, as compared to 2.89 mA cm ™2 for Pt/C, 0.36 mA cm >
for PC(NF)-800 and 0.74 mA cm ™ for PC(Sp/Sh)-800. In addition,
the HPC-800 electrode also exhibited higher electrical conduc-
tivity than the two other electrodes (Fig. S20t) as a result of the
formation of multiple hierarchical pore structures in HPC-800
that allowed for facile mass transfer of ORR relevant species and
ready accessibility to the N-doped active sites. Significantly, the
ORR activity of HPC-800 is also close to that of Pt/C in an acid
medium (0.1 M HCIO, electrolyte), as shown in Fig. S21,1 with
a half-wave potential only 59 mV more negative. In fact, the ORR
activity of HPC-800 was even better than, or at least comparable
to leading results of nitrogen doped carbons and M-N/C
catalysts reported in recent studies (Table S27t).3*%>-°

The ORR kinetics of all samples were explored by using
rotating ring-disk electrode (RRDE) measurements. The
number of electrons transferred (n) was calculated by using the
disk and ring current data, according to eqn (1). As depicted in
Fig. 3b, one can see that the n values of HPC-800 were almost 4
in a wide potential range from 0 V to +1.0 V, indicating that

a b .
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Fig. 3 (a) RDE voltammogrames, (b) plots of H,O, yield and number of
electrons transferred (n), (c) Tafel plots and (d) comparison of kinetic
current densities of a glassy-carbon electrode modified with 0.4 mg
cm~2 of HPC-800, PC(NF)-800, PC(Sp/Sh)-800 and 0.2 mg cm™2 of
Pt/C in O,-saturated 0.1 M KOH solution at a rotation speed of 1600
rom. The potential sweep rate was 10 mV s .
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HPC-800 has a high selectivity towards 4e™ reduction of oxygen.
For instance, the n value of HPC-800 was calculated to be 3.96 at
+0.60 V, which was slightly higher than that of Pt/C (3.94) but
much higher than that of PC(NF)-800 (3.25) and PC(Sp/Sh)-800
(3.32). Additionally, the H,O, yield, calculated according to
eqn (2), was as low as 2.46% for the HPC-800 modified electrode
at +0.60 V, while it was found to be 4.36% for Pt/C, and even
37.4% for PC(NF)-800 and 34.18% for PC(Sp/Sh)-800 at the same
potential. These results further confirm that the HPC-800
behaved as a highly efficient electrocatalyst for the ORR.

For the RDE voltammograms of HPC-800 shown in Fig. S17,
the current density concurrently increased with increasing the
electrode rotation speed. In the corresponding Koutecky-Levich
(K-L) plots (Fig. S171), linear fittings with rather comparable
slope values were observed for HPC-800 within the potential
range of +0.50 to +0.70 V, signifying a first-order reaction
kinetics, i.e. proportional to oxygen concentration in the alka-
line electrolyte solution for the ORR. For the Tafel plots in
Fig. 3c, in contrast to the large slope observed for PC(Sp/Sh)-800
(165 mV dec ') and PC(NF)-800 (96 mV dec '), the slope of
HPC-800 was markedly lower at only 68 mV dec ', which was
comparable to that of Pt/C (65 mV dec™ '), suggesting that the
rate-determining step was likely the first-electron reduction
process of oxygen. Note that in the low overpotential region
(+0.70 to +1.00 V), the specific ORR activity of HPC-800 was
determined to be the highest one in terms of kinetic current
density. For example, the kinetic current density derived from
the K-L plots at +0.85 V (vs. RHE) is 3.66 mA cm ™2 for HPC-800.
In contrast, it is only 0.21, 0.92 and 1.62 mA cm™ > for PC(NF)-
800, PC(Sp/Sh)-800 and Pt C, respectively (Fig. 3d left part). In
another comparison, we normalized the kinetic current in the
kinetic-diffusion controlled region to the BET surface area of
the catalysts. As shown in the right part of Fig. 3d, the HPC-800
sample exhibited a current density of 1.13 x 107> mA cm™>
at +0.85 V, again, much higher than those of PC(NF)-800
(1.47 x 10™* mA cm ?) and PC(Sp/Sh)-800 (3.62 x 10~ * mA
em™?). The high kinetic currents observed in HPC-800 highlight
the importance of a large specific surface in promoting ORR
activity.

Long-term durability is also a major concern in catalysis
science and technology. In the present study, it was evaluated by
chronoamperometric measurements. As shown in Fig. S22,t
after 8 h of continuous operation at +0.6 V in an O,-saturated
0.1 M KOH aqueous solution, the commercial Pt/C electrode
retained only 64.5% of its initial current density, while 86.0%
retention of the initial current was observed in the HPC-800
catalyst. This difference clearly demonstrates the better dura-
bility of HPC-800 than that of commercial Pt/C.

Methanol tolerance is another critical issue that needs to be
addressed in real applications. In Fig. S23,T a sudden decrease
of the voltammetric current was observed on the Pt/C electrode
(black curve) when 3 M methanol was injected into the elec-
trolyte solution. Interestingly, the HPC-800 electrode nearly
maintained the same ORR current (red curve) after the injection
of methanol, indicative of high selectivity for the ORR. Resis-
tance to CO poisoning is also important to fuel cell catalysts. As
shown in Fig. S24, when CO gas was injected into O,-saturated
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0.1 M KOH solution, the Pt/C electrode exhibited a gradually
decrease of the ORR current and retained only ca. 82% of its
original value after ca. 800 s, whereas an almost invariable
current density was observed for HPC-800, implying enhanced
resistance to CO poisoning as compared to Pt/C.

As an illustrating example to evaluate the performance of
such catalysts in actual energy conversion devices, the HPC-800
was deposited on a Teflon-coated carbon fiber paper and
utilized as the cathode for a Zn-air battery, with a Zn foil as the
anode (Fig. 4a). For comparison, commercial Pt/C catalysts were
also tested under the same conditions. As shown in Fig. 4b, an
open-circuit voltage of 1.50 V was observed for the battery using
HPC-800 as the air cathode, which was slightly higher than that
observed with Pt/C (1.47 V). From the galvanostatic discharge
curves, one can see that the discharge potentials for the Zn-air
battery using HPC-800 as the air cathode are also superior to
those with Pt/C at various current densities. Note that the
discharge potentials at a current density of 1 mA cm > and
10 mA cm™? with the HPC-800 air cathode are even higher than
the results of a number of porous carbon catalysts reported in
the recent literature (Table S31). Even at a high current density
of 100 mA cm 2, the HPC-800 air cathode still displayed
a discharge potential of 0.94 V, while only 0.89 V was observed
for the Pt/C air cathode, indicating that the multiple hierar-
chical pore structures of HPC-800 indeed enhanced mass
transfer for high-power output. In the galvanostatic discharge
curves (Fig. 4c), no obvious decrease of voltage was observed for
HPC-800 in long-term discharge until the Zn anode was
completely consumed. When normalized to the mass of Zn
consumed, the specific capacity of the Zn-air battery integrated
with a HPC-800 air cathode was calculated to be 647 mAh g~ " at
10 mA cm™ > and 617 mA h g~ at 100 mA cm >, corresponding
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— 1mAem? %
S12 10 mAcm™
05— )
3 5 - 10
& < > h
“ o=
< - PtiC
N gw—, 0.8 - tipca05 100 mAcm?
0.6
50 100 150 200
Time (min)
1.5 1.6
c d . — = <
144 H 1 3 b
o e P
210 21'2‘ . | 1 |
H 8101 ! ot t
° S 0.84 Mechanical recharge
> &~ =1
0.5 > 06 2
——10mAcm” : 3
——100mAcm™ 041 aiE 10 mAcm?
0.0

0.2
0 100 200 300 400 500 600 700 0 20 40 60 80 100
Specific Capacity(mAhg") Time (h)

Fig. 4 (a) Schematic diagram of a primary Zn—air battery. (b) Typical
galvanostatic discharge curves of Zn-air batteries with HPC-800 and
Pt/C as cathode catalysts at various current densities (1, 10, and 100
mA cm™2), (c) long-time galvanostatic discharge curves of a Zn—air
battery using HPC-800 as the cathode catalyst. The specific capacity
was normalized to the mass of consumed Zn. (d) ‘Recharging’ the Zn—
air battery using HPC-800 as the cathode catalyst by refilling the Zn
anode and electrolyte. The electrolyte for the Zn—air cell was 6.0 M
KOH. Catalyst loading was 2.0 mg cm~2 for HPC-800 and 1.0 mg
cm~2 for Pt/C.
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to a gravimetric energy density of 834 W h kg ' and 580 W h kg™,
respectively. These are highly comparable to, or even better than,
those of Zn-air batteries reported recently that used a nitrogen-
doped porous carbon catalyst (630 mA h g~ * at 10 mA cm™ %)% or
a metal oxides catalyst (570 mA h g~ ' at 10 mA cm™ ) as the air
cathode. Importantly, after discharging, the battery could be
regenerated by refueling the Zn anode and the electrolyte. In such
a way, the HPC-800 air electrode worked robustly for more than
110 h with only a negligible loss of voltage (Fig. 4d), highlighting
the high stability of the HPC-800 catalyst again.

Conclusions

In summary, we have developed a facile and scalable inter-
facially confined polymerization approach for the fabrication of
two-dimensional polypyrrole nanosheets using FeCl; as both
the polymerization initiator and dopants, which were then used
as a precursor for the pyrolytic synthesis of nitrogen-doped
carbons that contained rich nitrogen dopants and exhibited
a honeycomb-like structure comprising abundant hierarchical
macro/mesopores. During the carbonization process, the
amorphous Fe-containing compounds in polypyrrole nano-
sheets evolved into nanoparticles that were distributed homo-
genously within the polymer matrices. These in situ grown
nanoparticles served as volatilizable sacrificial templates to
generate numerous macro/mesopores in the resulting carbons
through the gradual formation of volatile Fe-containing species.
XPS measurements confirmed that the resulting honeycomb-
like porous carbons were co-doped with N and trace amounts of
Fe. Electrochemical analysis revealed that N-doped HPCs
showed apparent ORR activity in an alkaline electrolyte with the
samples prepared at a pyrolysis temperature of 800 °C
(HPC-800) being the best ORR catalysts among the series. In
terms of onset potential, the number of electrons transferred,
specific activity, durability, tolerance against methanol cross-
over and resistance to CO poisoning, the HPC-800 sample was
found to exhibit even better ORR activity than commercial Pt/C
catalysts. The efficient ORR activity of HPC-800 was primarily
ascribed to the high content of N dopants and the high surface
area derived from the abundant hierarchical macro- and mes-
opores. When used as an air cathode in a Zn-air battery, the
HPC-800 catalyst even outperformed state-of-the-art Pt/C cata-
lysts. These results highlight the unique significance of struc-
tural engineering of carbonaceous precursors based on
interfacially confined polymerization in the preparation of
highly efficient porous carbon catalysts for the ORR in electro-
chemical energy conversion devices.
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