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Highly efficient electrocatalysts with CoO/CoFe,O,4
composites embedded within N-doped porous

carbon materials prepared by hard-template
method for oxygen reduction reactionf
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Low-cost dual transition metal (Fe and Co) based non-noble metal electrocatalysts (NNMEs) have been

explored to enhance the oxygen reduction reaction (ORR) performance in both alkaline and acidic

solution. In this work, novel NNMEs derived from iron, cobalt and N-doped porous carbon materials

(FeCo/NPC) were fabricated with magnesium oxide (MgO) as the hard-template. By optimizing the
pyrolysis temperature (600 to 1000 °C) and the molar ratio of Fe to Co (Co, FeCos, FeCo, FesCo, Fe), the
highly active electrocatalyst FeCo/NPC (900) for ORR in alkaline solution was prepared, which possessed
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a large surface area of 958 m? g~1. The onset potential (Eonse) and half-wave potential (E1/») of FeCo/

NPC (900) were 0.934 V and 0.865 V, respectively, comparable to the best values of NNMEs reported so
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Introduction

Traditionally, the oxygen reduction reaction (ORR) is predomi-
nantly conducted with Pt-based electrocatalysts to achieve
optimal activity in the applications of proton exchange
membrane fuel cells (PEMFCs)."* The prohibitive cost, scarcity
and vulnerability of platinum significantly impede the
commercialization of PEMFCs. Thus, it is crucial to develop
alternatives to replace Pt and its alloys by employing non-noble
metal electrocatalysts (NNMEs).*>* As reported, the pursuit of
NNMEs can be divided into several types, such as N,-metal-
lomacrocyclic (MeN,) complexes,”” metal oxides,®® metal
carbides or nitrides,'>"" heteroatom-doped carbon materials*¢
and others.”>*

Generally, one of the most promising approach to synthesize
highly efficient NNMEs for ORR is to prepare transition metal-
based and nitrogen-doped carbon materials, shortly noted as
Me/N/C (Me = transition metal, especially Fe or/and Co). The
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far in ORR tests under alkaline conditions. Additionally, FeCo/NPC (900) exhibited better electrocatalytic
properties than commercial Pt/C in terms of durability and the tolerance to methanol in alkaline media.

pioneering work of MeN, was investigated for ORR by Jasinski
in 1964.7 Later, in 1989 Gupta and co-workers reported that
transition metal (Co or Fe) mixed with polyacrylonitrile (PAN)
loaded on carbon materials exhibited very promising perfor-
mance in ORR.*” Here, the nitrile groups in PAN could be con-
verted to pyridyl groups during pyrolysis process to provide
binding sites for transition metals. Since then, a number of
efficient NNMEs were prepared from economical transition
metals and N-containing precursors by various methods.
Among these N-containing precursors, pyrrole, aniline, and
phenanthroline (phen) were soon found to be the most prom-
ising nitrogen source. For instance, in 2009, Lefévre and co-
workers reported that microporous carbon supported iron-
based electrocatalysts showed the highest volumetric activity
of 99 A cm>, almost equal to that of Pt-based cathode (Pt
loading of 0.4 mg cm™?) at a cell voltage of = 0.9 V.** Later,
another breakthrough was achieved by Zelenay and co-workers
in 2011. They reported that Fe/N/C electrocatalysts, which were
derived from the commercial carbon (Kejenblack EC-300]),
polyaniline (PANI) and transition metal precursors [Co(u) or/
and Fe(m)] through pyrolysis, acid leaching and a second
pyrolysis, showed a remarkable performance with an excellent
four electron selectivity (H,O, yield <1%) in acidic solution
because of the synergistic effect between transition metals and
nitrogen-containing active sites.*

Usually, the large specific surface area and porous structure
of NNME:s are crucial for mass transport and exposure of active
sites to boost the ORR performance. The hard templates like
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silica (SBA-15) and silica nanoparticles (NPs) have been used to
fabricate highly efficient porous NNMEs with high surface area.
For example, Fe-N-doped ordered mesoporous carbon catalysts
(FeX@NOMC, where X represents the mass percentage of Fe, X
= 5, 10, 25) were prepared by using SBA-15 as a hard template.
After pyrolysis, FeX@NOMC was obtained by etching car-
bon@silica composite with 10 wt% hydrofluoric acid (HF)
aqueous solution.* Another report is about mesoporous Co-N-
C electrocatalysts, which were prepared by using vitamin Bj,
(VBs,) as carbon source, and silica NPs, ordered mesoporous
silica SBA-15 or montmorillonite (MMT) as templates.>® The
resulting mesoporous structures (VB,,/silica NPs, VB,,/SBA-15
or VB,,/MMT) were pyrolyzed under N, flow at high tempera-
ture and etched by HF aqueous solution. Among these three
electrocatalysts, VBj,/silica NPs electrocatalyst exhibited the
best performance in ORR due to its highest surface area and
well-defined porous structures. Nevertheless, the electro-
chemical properties of these NNMEs are not yet high enough for
practical application and thus should be further improved by
optimizing synthesis parameters.

In this work, we demonstrated a novel porous NNME (FeCo/
NPC) with dual-transition metal (Fe and Co) based N-doped
porous carbon (NPC) materials by virtue of a hard template
method. Here, magnesium oxide (MgO), which can be easily
removed by hydrochloric acid (HCl) aqueous solution, was
employed as template to fabricate porous architecture of
NNMESs. Phen with high nitrogen content and adipic acid with
dual carboxyl groups were used as N-containing ligands and
carbon sources. In studying the effects of N-doped carbon
materials and transition metals on ORR, we found that FeCo/
NPC (900) with a large surface area of 958 m® g~' and micro/
meso/macro hierarchical porous structure exhibited an
outstanding ORR activity in 0.1 M KOH electrolyte. Even
compared with 20 wt% Pt/C, FeCo/NPC (900) electrocatalyst
displayed better durability and methanol tolerance.

Experimental
Chemicals and materials

Magnesium oxide (MgO) nanoparticle was purchased from
Aladdin Industrial Co. Ltd. (Shanghai, China). Ethanol and
adipic acid were purchased from Sinopharm Chemical Reagent
Co. Ltd. (GR, Shanghai, China) and Acros Organic (Geel, Bel-
gium), respectively. Phenanthroline (phen) and hydrochloric
acid were purchased from Tianjin Kemiou Chemical Reagent
Co. Ltd. Iron(m) chloride hexahydrate (97.0-102.0%) and
Cobalt(n) nitrate hexahydrate (99%) were purchased from Alfa
Aesar (China) Chemicals Co., Ltd and Acros Organic (Geel,
Belgium), respectively. All other chemicals were used as
received from the suppliers without further purification.

Morphology and structure characterization

The electrocatalysts were observed by the transmission electron
microscopic (TEM), TEM/energy dispersive X-ray (EDX), high
resolution TEM (HRTEM) and element mapping measurements
on a JEM-2100 operating at 200 kV and FEI TECNAI G2 F30 at
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300 kv, respectively. Brunauer Emmet Teller (BET) surface area
was determined by using a MIC ASAP 2020 instrument with
nitrogen adsorption using the Barrett Joyner Halenda (BJH)
method. The pore size distribution of micropores (<2 nm) and
mesopores (2-50 nm) were analyzed by the Horvath-Kawazoe
(HK) and the BJH method, respectively. X-ray photoelectron
spectroscopy (XPS) was carried out on a Thermo ESCALAB 250Xi
photoelectron spectrometer. X-ray powder diffraction (XRD) was
recorded on a PANalytical Empyrean-100 diffractometer with Cu
Ko radiation at a scanning rate at 2° min~". The concentration
of Fe and Co was measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (ICPS-8100, SHI-
MADZU). The sample was pretreated at 800 °C for 30 min under
air in furnace, and then dissolved in 300 pL aqua regia for 12 h
and finally used deionized water titration to 25 mL.

Preparation of FeCo/NPC (900)

The porous NNME of FeCo/NPC (900) was fabricated by a hard-
template synthesis. Briefly, 300 mg phen, 221 mg adipic acid
and the mixture of 614 mg FeCl;-6H,0 and 661 mg Co(NO3),-
-6H,0 were dissolved in 100 mL ethanol, then 700 mg MgO was
added into the solution. After stirring for 30 min, the mixture
was dried by using a rotary evaporator. The obtained compos-
ites were then pyrolyzed under the flowing Ar atmosphere at
900 °C for 2 h. The MgO NPs were etched out by 2.0 M HCI
aqueous solution. The obtained carbonized samples were
further washed by water until the filtrate was neutral. Finally,
the materials were dried at 60 °C in a drying oven for 12 h. In
addition, FeCo/NPC was also pyrolyzed at relative lower
temperature of 600 °C, 700 °C, 800 °C and even higher
temperature of 1000 °C, respectively. For comparison, NNME
electrocatalysts without metal salts and containing only Co,
only Fe or containing both Co and Fe with different molar ratios
were also synthesized according to the process above.

Electrochemical characterization

The as-prepared samples were measured in a standard three-
electrode electrochemical cells by CHI 760E (CH Instruments,
Shanghai, China) with a Hg/HgO as a reference electrode, a Pt
net as a counter electrode and the catalyst-coated glassy carbon
(GC) disk as a working electrode. The electrolyte (0.1 M KOH)
was provided by ultrapure water (18.2 MQ cm). Here, the cata-
lyst ink was prepared to be 2 mg mL ™' by mixing the catalyst
with ethanol, ultrapure water and 5 wt% Nafion (Vethanol-
: Vivater © Viafiion = 9 : 1 : 0.06), followed by ultrasonication for
at least 10 min. Then 60 pL ink was dropped onto the GC disk.
The geometric surface area of GC was 0.19625 cm®. The total
mass loading of NNMEs was 0.6 mg cm ™2, For comparison, the
Johnson Matthey (JM) 20 wt% Pt/C ink was prepared to be 1 mg
mL ™!, and 20 pL was drawn and loaded onto the GC. As a result,
the platinum loading was 20 pgp cm™ 2.

Initially, cyclic voltammetry (CV) curves were used to clean
the surface of electrocatalysts in N,-saturated KOH solution.
The cycling potential range was from 0.087 to 1.087 V (vs. RHE)
and the scanning rate was 100 mV s~ '. Then, a constant flow
rate of oxygen was bubbled into 0.1 M KOH solution at least

This journal is © The Royal Society of Chemistry 2017
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10 min to get a O,-saturated atmosphere. ORR polarization
curves of electrocatalysts with different rotation rates from 400
to 2025 rpm were evaluated in O,-saturated alkaline solution at
a scanning rate of 5 mV s~ with the potential range from 0.087
to 1.087 V (vs. RHE). Thirdly, the slopes of their best linear fit
lines were used to calculate the number of electrons transferred
(n) on the basis of the K-L equation as follows:

111 .
b~ Ik Bon @

where I, is the measured current density at the disk, Ix is the
kinetic current in amperes at a constant potential, w is the
electrode rotation speed in rpm, and B is the reciprocal of the
slope that can be determined from the slope of K-L plot using
Levich equation as below:

B = 0.62nFACyDy**v~ " (2)

F is the Faraday constant (96 485C mol ), D, is the diffusion
coefficient of O, (D = 1.93 x 10> cm?® s %), » is the kinetic
viscosity of the solution (v = 0.01 ecm® s ), C, is the concen-
tration of O, dissolved in electrolyte (C = 1.2 x 10~° mol cm™3),
and w is the electrode rotation speed.

The rotating ring disk electrode (RRDE) purchased from
PINE instrument in USA was used to obtain ORR polarization
curves in O,-saturated 0.1 M KOH media from 0.087 to 1.087 V
(vs. RHE). The rotation rate was 1600 rpm and the positive
scanning rate was 5 mV s~ . The ORR polarization curves were
kept under a certain potential of 1.087 V (vs. RHE). Herein, the
% HO, and n were calculated by the followed equations:

I /N
% H027 =200 x % (3)
D R
Ip
=4 X — 4
N Y In/N (4)

where I, is the faradaic current at the disk electrode, I is the
faradaic current at the ring electrode, and N is the ring collec-
tion efficiency, set by the manufacturer as 0.37.

As for the accelerated durability test (ADT), the freshly
prepared electrode was repeatedly scanned for 2000 cycles from
0.487 to 1.087 V (vs. RHE) at the scanning rate of 100 mV s~ .
The ORR polarization curves of FeCo/NPC (900) and commer-
cial electrocatalyst of Pt/C were obtained after certain cycle
number (0, 200, 400, 600, 1000, 1500 and 2000 cycles) to track
the degradation trend.

The current-time (i-t) curves of FeCo/NPC (900) and 20 wt%
Pt/C were measured at the constant potential of 0.587 V (vs.
RHE) for 1000 s at a rotation rate of 1600 rpm in O,-saturated
0.1 M KOH solution. And the 10% (v/v) methanol was injected at
approximately 450 s to confirm the selectivity of the electro-
catalysts between ORR and methanol oxidation.

Results and discussion

The synthesis of FeCo/NPC electrocatalyst was illustrated in
Scheme 1. Dual transition metal precursors, FeCl;-6H,0 and

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic illustration of the synthesis of FeCo/NPC (T)
electrocatalysts.

Co(NO3),-6H,0, were dissolved in the ethanol solution in
presence of phen and adipic acid, and then commercial MgO
NPs were added into the above solution. After vigorously stirring
for 30 min, the as-prepared solution was evaporated at room
temperature. The collected powder was pyrolyzed at different
temperatures under Ar flow and then etched by HCI aqueous
solution (see the details of fabrication process in the Experi-
mental section). For simplification, the final product was
labelled as FeCo/NPC (T), where T corresponded to the pyrolysis
temperature.

Firstly, the structure and morphology of as-prepared NNME,
such as FeCo/NPC (900) was investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and element mapping. As shown in Fig. 1a, the XRD pattern
of FeCo/NPC (900) confirmed the formation of CoFe,0, (JCPDS
card no. 22-1086) in the hybrids.*® The formation of CoFe,0,
NPs should be caused by the reaction of transition metal species
with the tiny amount of oxygen, which may be absorbed in the
solution during the synthesis process or contained in the
impure Ar used for the pyrolysis step. Several defined diffraction
peaks at 26 values of 30.1°, 35.4°, 37.1°,43.1°, 54.5°, 56.9°, 62.6°,
and 74.0° could be indexed to the (220), (311), (222), (400), (422),
(511), (440) and (533) plane of CoFe,O,4. The intense peaks
around 26.4°, 44.4° and 54.5° could be indexed to (002), (101)
and (004) plane of carbon, respectively. The results above
indicated that CoFe,O, NPs should be embedded within carbon
materials, otherwise CoFe,0, would be removed during etching
by HCI aqueous solution. For comparison, different ratio of Fe
and Co in the NNMEs were tested by XRD in Fig. S1,7 it is found
that the peaks of graphite carbon became more sharper with the
increasing ratio of Fe, while the increasing ratio of Co showed
the opposite phenomenon. It indicated the indicative of crys-
tallite size or lack of long-range order of NNMEs could be
effected by iron during the process of carbonization. As shown
in Fig. 1b, the SEM images of FeCo/NPC (900) demonstrated
that abundant mesoporous and macroporous graphitic shells
were formed after the removal of MgO (TEM image of

RSC Adv., 2017, 7, 56375-56381 | 56377
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commercial MgO was showed in Fig. 1c). Here, hard-template
MgO displayed a crucial role in the creation of meso/
macroporous graphitic shells,” which were very helpful to
improve the conductivity of electrocatalysts and enhance the
mass transport through the open porous network.”® The
magnified SEM image in Fig. 1d showed that the wall of mac-
ropores contained large amount of mesopores. These meso-
pores might originate from the removal of transition metal
based NPs during acid-leaching after pyrolysis (Fig. 1d and e)*
TEM characterization in Fig. 1e further demonstrated that some
NPs were embedded in the porous carbon materials. The high-
resolution TEM (HRTEM) in Fig. 1f confirmed that the lattice
distance of these NPs was around 0.20 nm, which was very close
with the lattice space of the plane (400) or (200) of CoFe,O,4 and
CoO, respectively. Moreover, typical CoO/CoFe,0O, NPs were
entirely encapsulated by carbon layers (Fig. 1g). According to
the TEM/energy dispersive X-ray (EDX) in Fig. S2,f the more
content of Co indicating that not only the existence of CoFe,0,
but also other cobalt species like CoO that consistent well with
the discussion above. Besides, micropores were observed in the
carbon materials in Fig. 1h.

The HAADF-STEM images and element mapping analyses of
FeCo/NPC (900) in Fig. 2a indicated that after pyrolysis and acid
washing some NPs were removed, causing the formation of
some mesoporous defects, but some NPs still existed due to
the protection of carbon layers. The presence of C, O, N, Fe
and Co components in the hybrids (Fig. 2c-g) were observed
by element mapping analyses of the selected area in Fig. 2b.
The element of O and N were uniformly dispersed on carbon
materials. However, Fe and Co co-existed as isolated NPs.
These NPs should be attributed to CoFe,O, NPs according to
XRD and TEM characterizations in Fig. 1.

The X-ray photoelectron spectroscopy (XPS) analysis was
further performed to examine the chemical states of FeCo/NPC
(900). As shown in Fig. 3a, the high-resolution spectrum of N 1s
could be divided into four types, including N1 (pyridinic N,
398.7 eV, 21%), N2 (pyrrolic N, 400.0 eV, 23%), N3 (graphitic N,
401.4 eV, 32%) and N4 (oxidized N, 402.8 eV, 24%). The total N

56378 | RSC Adv., 2017, 7, 5637556381

View Article Online

Paper

N 0.20 nm
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CoO/CoFe,0,
240 nm

. XRD pattern (a), SEM images (b, d), TEM image (e—g) and HRTEM image (h) of FeCo/NPC (900) and the TEM image of MgO (c).

content of FeCo/NPC (900) was calculated to be ~3.9% with
relative to carbon. The high-resolution XPS spectra of Fe 2p and
Co 2p, indicated the presence of Fe and Co in FeCo/NPC (900).
The Fe 2p in Fig. 3b exhibited two major peaks at the binding
energy of 710.9 eV and 724.5 eV, which corresponded to Fe 2p;,
and 2p,,, respectively. The high resolution diagram in Fig. 3¢
displayed two peaks at 780.6 eV and 795.8 eV (with a spin-orbit
separation of 15.2 eV), which could be assigned to the electronic
state of Co 2ps/, and 2p4/,, with two small peaks at 785.5 and
800.7 eV as the two couple of shake-up satellites. The XPS
analyses indicated that CoFe,0, and CoO existed as Fe’" and
Co*, respectively.***' Besides, the Fe and Co content were

Fig.2 HAADF-STEM image of FeCo/NPC (900) (a), the selected area
(b), the corresponding element mapping images of C (c), O (d), N (e), Fe
(f) and Co (g).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 High-resolution XPS spectra of FeCo/NPC (900): (a) N 1s, (b) Fe
2p and (c) Co 2p; (d) nitrogen adsorption—desorption isotherms, (e)
BJH pore size distributions and (f) H-K micropore size distributions of
NNMEs: NNME-no MgO (900), NNME-no adipic acid (900) and FeCo/
NPC (900).

detected to be 0.24% and 0.25%, respectively, by inductively
coupled plasma optical emission spectroscopy (ICP-OES) anal-
yses. Therefore, not only CoFe,0, but also CoO existed in the
electrocatalyst. Compared with NNMEs fabricated without
using hard-template, (NNME-No MgO (900)) or adipic acid
(NNME-No adipic acid (900)), FeCo/NPC (900) exhibited a larger
Brunauer-Emmett-Teller (BET) surface area of 958 m* g !,
much higher than that of NNME-No MgO (900) (417 m* g~ ') and
NNME-No adipic acid (900) (833 m* g™'). A type-IV isotherm
with a hysteresis loop was observed over FeCo/NPC (900)
(Fig. 3d),** which indicated that FeCo/NPC possessed not only
large amount of mesopores, but also a substantial amount of
microporosity at low relative pressure (<0.05) and macro-
porosity at high relative pressure (0.8 < P/P, < 1.0). In the pore
size distribution curve of FeCo/NPC (900) in Fig. 3e and f
a major peak centered at ~16 nm might be created by the
removal of Fe and/or Co based NPs that were not embedded
within the carbon layers. The micropore size of FeCo/NPC (900)
centered at ~0.47 nm might originate from the release of CO,
and hydrocarbons during the pyrolysis of phen and adipic
acid.?® The macropores (>50 nm) were caused by the removal of
hard-template of MgO NPs.>”” The analyses above about the
hierarchical structures of FeCo/NPC (900) with micro-, meso-
and macropores was in accordance with the SEM and TEM
characterizations.

Initially, all the potentials in this work refer to that of
reversible hydrogen electrode (RHE) could be converted from
Hg/HgO electrode as Erur) = E(ugmgo) + 0.887 V (Fig. 4a). ORR
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Fig. 4 (a) LSV curves recorded at 25 °C in H,-saturated 0.1 M KOH

media with a scanning rate of 1 mV s™1. The experiment was con-
ducted with a platinum net as working electrode. The thermodynamic
equilibrium potential for H*/H, reaction.3® ORR polarization plots of (b)
FeCo/NPC (T), (c) NNMEs with different molar ratio of Fe to Co and (d)
FeCo/NPC (900), NNME prepared without MgO and NNME synthe-
sized without adipic acid at the scanning rate of 5mV s~ tin 0.1 M KOH
solution. The rotation rate is 1600 rpm.

activities of FeCo/NPC (T) electrocatalysts were measured in O,-
saturated 0.1 M KOH aqueous solution. Fig. 4b showed that the
current density (E < 0.7 V vs. RHE) in FeCo/NPC electrocatalysts
increased significantly with the elevation of pyrolysis tempera-
ture from 600 °C to 900 °C. This might be explained that the
increase of pyrolysis temperature was beneficial to enlarge the
surface area of FeCo/NPC electrocatalysts (Table S1t), which
finally led to the exposure of larger amount of active sites.** It
should be noted that the further increase of pyrolysis temper-
ature from 900 °C to 1000 °C led to the decrease of current
density. This might be caused by the shrinkage of carbon
skeleton of FeCo/NPC at 1000 °C. Among these electrocatalysts,
FeCo/NPC pyrolyzed at 900 °C exhibited the best ORR activity,
and thus was selected for further electrochemical evaluation.
Another investigation on the influence of molar ratio of Fe to Co
on electrochemical performance of NNMEs was conducted in
the O,-saturated 0.1 M KOH media (Fig. 4c). The E;;, of Co,
FeCo;, FeCo, Fe;Co, Fe, and commercial Pt/C were summarized
in Table S2.f Compared with metal-free electrocatalyst, Co-
based electrocatalyst displayed poor ORR performance, sug-
gesting Co species probably just assist the doping of nitrogen to
carbon lattice, but do not directly act as the active sites. It was
apparent that the ORR activity of Fe based electrocatalysts were
much superior to that of Co based electrocatalysts and metal-
free electrocatalyst.’ Interestingly, if Fe and Co were simulta-
neously doped within the carbon matrix, the ORR performance
in alkaline solution could be further boosted. The influence of
hard-template MgO and carbon precursor adipic acid on ORR
activity of FeCo/NPC (900) was also investigated in alkaline
solution (Fig. 4d). The results showed that FeCo/NPC (900) was
much more active than electrocatalysts without MgO as hard-
template and electrocatalyst without adipic acid as carbon

RSC Aadv., 2017, 7, 56375-56381 | 56379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09517a

Open Access Article. Published on 15 December 2017. Downloaded on 3/5/2026 7:11:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

sources. Table S31 indicated that the use of MgO as the hard-
template and adipic acid as carbon source was favorable to
increase the BET surface area and thus expose more active
sites.?*3°

In order to explain the excellent ORR activity of FeCo/NPC
(900), cyclic voltammetry (CV) was conducted in N,- and O,-
saturated alkaline solution. Compared with the CV curve in N,-
saturated alkaline electrolyte, an obvious ORR peak happened
at the potential of 0.735 V (vs. RHE, in Fig. 5a) with a high
current density of 9.02 mA cm 2, highlighting the pronounced
ORR activity in O,-saturated alkaline media. The ORR activity of
FeCo/NPC (900) was confirmed by the RDE measurements with
different rotation rates from 400 to 2025 rpm at the scanning
rate of 5 mV s~ ". The increasing rotation rates resulted in larger
current density shown in Fig. 5b. Koutecky-Levich (K-L) plots
with a good linear relationship were taken as the basic data for
first-order reaction kinetics with respect to the dissolved O,
concentration.’” According to the data from Fig. 5c, the elec-
trode transfer number (n) was calculated to be 3.90 in the
potentials of 0.60, 0.65, 0.70, 0.75 and 0.80 V (vs. RHE) based on
the eqn (1) and (2). This result showed that FeCo/NPC (900)
favoured a four-electron ORR process. As evidenced by Egnset
(Fig. 5d) and higher E;, (Fig. 5e), FeCo/NPC (900) were
measured to be about 16 mV and 21 mV positive higher than
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Fig.5 (a) CV curves of FeCo/NPC (900) in N,- and O,-saturated 0.1 M
KOH solution at a scan rate of 100 mV s™%; (b) ORR polarization plots of
FeCo/NPC (900) with different rotation rates from 400 to 2025 rpm at
the scanning rate of 5 mV st in O,-saturated 0.1 M KOH solution; (c)
the K-L plots calculated based on the data of (b); (d) the Egnset
comparison and (e) ORR polarization plots of FeCo/NPC (900) and
commercial Pt/C; (f) the electron transition number and HO, % yield
calculated based on the RRDE plots of FeCo/NPC (900) and 20 wt% Pt/
C at the constant potential of 1.087 V (vs. RHE).
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those of commercial Pt/C (20 wt%, JM), respectively. To our
knowledge, FeCo/NPC (900) with high E,nse: (0.934 V vs. RHE)
and E;,, (0.865 V vs. RHE) displayed one of the best ORR
performance in alkaline solution (Table S4t). In addition, the
rotating ring disk electrode (RRDE) was further used to evaluate
the ORR performance of FeCo/NPC (900) and commercial Pt/C
(Fig. 5f). According to the eqn (3) and (4), the n value of
20 wt% Pt/C was calculated to be 3.98, and that of FeCo/NPC
(900) was 3.82, similar to that of 3.90 calculated by K-L equa-
tion. This indicated that the ORR process on FeCo/NPC (900)
was mainly conducted through a four-electron reduction
pathway. The HO, % yield of FeCo/NPC (900) was less than
11% over the potential range of 0.1 to 0.8 V (vs. RHE), slightly
higher than that of commercial Pt/C.

Furthermore, the accelerated durability test (ADT) of Co/NPC
(900), Fe/NPC (900), FeCo/NPC (900) and 20 wt% Pt/C were
assessed in O,-saturated 0.1 M KOH media (Fig. 6a and b and
S31). As shown in Fig. 6c, after 2000 cycles scanning from 0.487
to 1.087 V (vs. RHE), the normalized current density of Co/NPC
(900), Fe/NPC (900) and FeCo/NPC (900) at 0.85 V (vs. RHE)
decreased by 43.0%, 26.3%, 11.0%, while that of commercial Pt/
C lost 54.9%. Such outstanding stability of FeCo/NPC (900)
might be ascribed to the synergistic effect of Co and Fe, and the
effective protection of Co and Fe based NPs by carbon layers
against the leaching during the long term circumstance. On the
other hand, methanol tolerance is another significant factor
that will be required in the direct methanol fuel cells. As illus-
trated in Fig. 6d, FeCo/NPC (900) electrocatalyst displayed
a perfect ORR selectivity in the alkaline solution in the presence
of 10% (v/v) methanol injected at approximately 450 s. However,
a dramatic decay of commercial Pt/C happened after the
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Fig. 6 ORR polarization curves of FeCo/NPC (900) (a) and commer-
cial Pt/C (b) at 1600 rpm from 0.087 to 1.087 V (vs. RHE) after certain
cycling from 0.487 to 1.087 V (vs. RHE) at a scan rate of 100 mV s~ tin
O,-saturated alkaline solution. The scanning rate is 5 mV s~ (c)
Current density degradation of Co/NPC (900), Fe/NPC (900), FeCo/
NPC (900) and 20 wt% Pt/C at 0.85 V (vs. RHE), and (d) chro-
noamperometric responses at 0.587 V (vs. RHE) in O,-saturated 0.1 M
KOH of FeCo/NPC (900) and Pt/C at 1600 rpm before and after
addition of 10 v/v% methanol.
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injection of methanol into alkaline solution, because of the
vulnerability of Pt to methanol attack.

Conclusions

In summary, we have prepared novel FeCo/NPC electrocatalysts
with hierarchical porous structures by employing MgO NPs as
the hard-template. These NNME electrocatalysts exhibited
superior ORR performance to the commercial Pt/C, high selec-
tivity (n = 4), excellent electrochemical stability and good
tolerance to methanol in alkaline solution. The outstanding
ORR activity of FeCo/NPC was possibly attributed to the large
BET surface area, the hierarchical micro/meso/macroporous
system, the synergism between Fe and Co based NPs
embedded within carbon layers, and the N-doped carbon
matrix. This study provides a novel synthesis method to prepare
novel NNMEs with hierarchical porous structures for electro-
chemical devices, like alkaline fuel cells and chlor-alkali
electrolysers.
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