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Reactive Multifunctional Template-Induced Preparation of
Fe-N-Doped Mesoporous Carbon Microspheres Towards
Highly Efficient Electrocatalysts for Oxygen Reduction

Fan-Lu Meng, Zhong-Li Wang, Hai-Xia Zhong, Jun Wang, Jun-Min Yan, and Xin-Bo Zhang*

The oxygen reduction reaction (ORR) is generally the reaction
that limits the efficiency of many electrochemical conversion
and storage devices, including fuel cells and metal-air batteries,
because of its intrinsically sluggish kinetics.['”] Although plat-
inum and its alloys are traditionally known as the best ORR
catalysts,’l many critical problems, including the high cost,
scarcity, low durability, crossover, and CO poisoning effects,
still impede their large-scale practical application.!! Iron-
nitrogen-doped carbon (Fe-N-C) materials have been emerging
as very promising noble-metal-free ORR catalysts,wherein the
introduced Fe and N atoms could induce an uneven charge dis-
tribution and thus improve the O, adsorption and reduction.>*!
Furthermore, by constructing mesoporous Fe-N-C materials the
intrinsic advantages of mesopores (2-50 nm) and high specific
surface areas in terms of high-flux mass transportation and
efficient utilization of active catalytic sites could be exerted./:*!
However, traditional methods of producing mesoporous mate-
rials highly rely on the use of mesoporous silica templates, ¢l
whereby the employed silica templates can only be used as a
hard template to build the mesoporous structure. This means
that additional time-consuming and dangerous hydrofluoric
acid or hot alkaline liquor treatment processes are necessary
to remove the silica template. By using microspheres as the
template, however, which generally have stable open frame-
works compared to other mesoporous structures, the process
results in reduced diffusion lengths and is very conducive to
avoid aggregation on the electrode surface to ensure high
efficiency of mass transfer.’8l However, there are very few
reports on the successful construction of high-performance
mesoporous Fe-N-C microspheres as ORR catalysts. Further-
more, their synthesis still heavily relies on complex processes,
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combining monodispersed small silica spheres as the template
to produce uniform mesopores, with impregnation of Fe and
N precursors, and high-temperature carbonization treatment.[’}
The ORR electrochemical performances of the thus-obtained
mesoporous Fe-N-C microspheres was, however, still far from
satisfying. This may partially be due to the fact that the phy-
sical mixture of N and Fe precursors and the silica template is
not well qualified to control the uniform distribution towards
a microstructure nor to guide the composition homogeneity
of the resultant mesoporous Fe-N-C microspheres. Therefore,
the development of a facile and effective strategy to synthesize
well-shaped mesoporous Fe-N-C microspheres and exert their
electrochemical performance toward ORR is highly desirable
although very challenging.

Herein, an electrocatalyst consisting of Fe-N-doped
mesoporous carbon microspheres (Fe-NMCSs) is for the first
time synthesized using a facile in situ replication and poly-
merization strategy. Herein, the mesoporous ferroferric oxide
(Fe30,) microspheres are employed as multifunctional tem-
plate-mesoporous structure-directing agent, as a source of Fe**
ions that are used as an oxidation agent for the polymerization
of pyrrole, and especially as the precursor of Fe for the doping
of Fe-NMCSs. This strategy highly improves the utilization and
digestion of the templates, which thus eliminates the dangers
related to the HF or hot alkaline liquor treatments that are
needed to remove the hard template in conventional methods.
Unexpectedly, the obtained Fe-NMCSs catalyst exhibited a supe-
rior ORR performance, including high activity, superior dura-
bility, and good tolerance to methanol in comparison to com-
mercial Pt/C catalysts. The Fe-NMCSs can thus be successfully
employed as a promising cathode catalyst both in real alkaline
and proton fuel cells.

As presented in Scheme 1, the mesoporous Fe;O, micro-
spheres are firstly dispersed in deionized water by sonication
and used as reactive multifunctional templates. Then, hexade-
cyltrimethylammonium bromide (CTAB), pyrrole monomers,
and hydrochloric acid (HCI) solution are added in sequence,
wherein HCI provides a strong acidic environment and CTAB
helps with the dispersion. As H* and pyrrole monomers pen-
etrate into the interior space of the mesoporous Fe;O, micro-
spheres, the Fe’* ions etched from the Fe;0, act as oxidizer to
the in situ polymerization of the pyrrole monomers. During
polymerization, Fe*t ions are trapped inside the pores of the
polypyrrole microspheres and subsequently used as Fe-doping
source. Finally, the target Fe-NMCSs catalysts are obtained
after carbonization of the Fe-modified polypyrrole mesoporous
microspheres (Fe-PPy-MSs).
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Scheme 1. Schematic representation of the preparation process of the Fe-NMCSs catalyst.

The morphology and microstructure of the as-synthesized
Fe-NMCSs are characterized by field-emission scanning elec-
tron microscopy (FE-SEM) and transmission electron micro-
scopy (TEM). As shown in Figure 1a and b, the Fe;0, template
retains its mesoporous microsphere structure, where the
microspheres have a diameter of around 250 nm, and its crys-
talline structure can be identified as face-centered cubic Fe;O,
(Figure S1, Supporting Information, JCPDS card No. 19-629)17
according to the X-ray diffraction (XRD) pattern. After reac-
tion, the uniform Fe-PPy-MSs inherit the spherical structure of
Fe;0, but they had a rougher surface and increased diameter
(ca. 500 nm), as can be seen in Figure 1c and d. From the XRD
pattern of the Fe-PPY-MSs it can be seen that the main peaks of
Fe;0, disappeared, reflecting the complete conversion of oxide
to polypyrrole polymer (Figure S1, Supporting Information).
After pyrolysis, Fe-PPy-MSs is transformed to Fe-NMCSs. The
XRD pattern of Fe-NMCSs displays two broad peaks with 26
values of 25° and 44° that can be indexed to carbon (002) and
(101) diffractions, respectively (Figure S1, Supporting Informa-
tion). No other diffraction peaks could be observed, indicating
the absence of crystalline metallic Fe and/or Fe compounds
(oxide, carbide, and/or nitride) in the Fe-NMCSs or the con-
tent is too low to be detected. That is well consistent with the
TEM results, where we hardly observed any metal-containing
nanoparticles (Figure S2a, inset, Supporting Information). The
geometric characteristics of the Fe-NMCSs were almost exactly
replicated from the microstructure of the Fe-PPy-MSs, although
the diameter of the Fe-NMCSs was reduced to around 250 nm
because of the decomposition of the PPy polymer during the
calcination process (Figure le and f). This calcination process
also produced abundant small pores over the microsphere
among interconnected small particles (Figure le and f). It is
worth noting that the Fe-NMCSs catalyst can be well dispersed
without agglomeration (Figure S2, Supporting Information),
contributing to a higher surface area and stable open frame-
works on the electrode surface to ensure a high mass-transfer
efficiency. The porous feature of the Fe-NMCSs was further
confirmed by nitrogen adsorption—desorption isotherms. The
isotherms of Fe-NMCSs were found to be typical type-IV iso-
therms, indicating the presence of mesopores (Figure 1g and
h). The mesopore size distribution of the Fe-NMCSs displayed
two peaks at 12.6 and 3.9 nm with an average pore width of
10.5 nm. The Fe-NMCSs also showed a high Brunauer—
Emmett-Teller (BET) surface area (674 m? g’!) with a total
pore volume of 0.71 cm? g~!. For comparison, we also prepared
nitrogen-doped mesoporous carbon microspheres (NMCSs)
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and nitrogen carbon particles (NCPs) without Fe ions. Because
of the similar synthesis process, the NMCSs and Fe-NMCSs
had a similar mesoporous microsphere structure. The NCPs
resulted from the pyrolysis of modified traditionally synthe-
sized polypyrrole particles,!!] which hold irregular granular
shapes and are seriously aggregated (Figure S3b,c, Supporting
Information) with a surface area of 584 m? g™! and average pore
size of 4.1 nm (Figure S3d).

The composition and elemental distribution of the Fe-
NMCSs catalyst was then analyzed using energy-dispersive
X-ray spectroscopy (EDS). Typical EDS mapping analysis
(Figure S4, Supporting Information) shows the uniform distri-
bution of C, N, and Fe atoms in the Fe-NMCSs. The uniformity
is believed to result from the in situ synthesis of the Fe-PPy-
MSs. The porous structure with homogeneous nitrogen and
iron species distribution provides more and easily accessible
active sites, which will be beneficial for the electrochemical per-
formance of the Fe-NMCSs catalyst. The nitrogen content in
the Fe-NMCSs, NMCSs, and NCPs was measured to be 2.0%,
1.8%, and 4.2% by EDS, respectively, whereas the Fe content
was too low to be quantified accurately by EDS (Table S1, Sup-
porting Information). The Fe content was verified to be 0.50 at%
by inductively coupled plasma optical emission spectrometry
(ICP-OES). The chemical state of nitrogen in the Fe-NMCSs
catalyst was investigated by X-ray photoelectron spectroscopy
(XPS). The XPS N1s spectra could be deconvoluted into four
peaks and attributed to the pyridinic-N (398.2 eV), pyrrolic-N
(399.8 eV), quaternary-N (401 eV), and pyridinic-N-oxidized
(402.1 eV) nitrogen atoms (Figure 2).12l The N1s core-level
spectrum of the Fe-PPy-MSs is dominated by a main peak at
399.2 eV assigned to neutral nitrogen atoms in the polymer
(pyrrolic-N) (Figure S5, Supporting Information).''*<l The gen-
eration of different nitrogen chemical states is accompanied by
a large decrease in the pyrrolic-N peak owing to the decomposi-
tion of the pyrrole ring in PPy-MSs, which happens at 600 °C,
and the majority of the nitrogen in the pyrrole ring is depleted
during the high-temperature pyrolysis.'¥ Pyridinic-N and
quaternary-N are the main nitrogen species in the Fe-NMCSs
catalyst (Figure 3). Pyridinic-N (probably including Me-N) and
graphitic-N are generally believed to contribute to the active
sites for ORR." The nitrogen species distribution of NMCSs
is almost in agreement with that of the Fe-NMCSs (Figure 2c).
However, the NCPs show a much higher quaternary-N con-
tent (Figure 2b and c). Figure 2d shows the Fe 2p spectrum.
According to previous reports,>®1#"! the peak at 711.3 eV sug-
gests the presence of the chemical bonding between the Fe
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Figure 1. a, b) SEM and TEM images of mesoporous Fe;O4 microspheres. ¢, d) SEM and TEM images of Fe-PPy-MSs. e, f) SEM and TEM images of
Fe-NMCSs. g) Nitrogen adsorption—desorption isotherms of Fe-NMCSs, Fe-PPy-MSs, and mesoporous Fe;O, microspheres. h) Pore-size distributions

of Fe-NMCSs, Fe-PPy-MSs, and mesoporous Fe;O, microspheres.

and N moieties in the doped material. The peaks at 709.7 and
712.9 eV can be assigned to the binding energies of the 2p;
orbitals of Fe?* and Fe*" species, which might be related to dif-
ferent oxides. The peak at 708.2 eV may be related to metallic
iron. For the 2p;, band, the peak at 723.4 eV can be attributed
to the binding energy of Fe?". The peak at 717.2 eV is a sat-
ellite peak. According to earlier reports,/®1#>1] the metal ion
center could promote initial O, adsorption and the adsorbed
reaction intermediates thereby maximize the oxygen-reduction
activity.

To investigate the ORR catalytic activities of the Fe-NMCSs
samples, cyclic voltammetry (CV) experiments were performed
in N,- and O,-saturated 0.1 m KOH solution at a scan rate of

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

50 mV s~L. No obvious redox peak was observed for Fe-NMCSs
in N,-saturated electrolyte. In contrast, when the electrolyte was
saturated with O,, a well-defined cathodic peak clearly appeared
at around 0.85 V (Figure S6, Supporting Information), which
confirmed the electrocatalytic activity for the ORR. Rotating
disk electrode (RDE) measurements were carried out to further
evaluate the catalytic performance of the Fe-NMCSs. The Fe-
NMCSs catalyst exhibited an onset potential of 1.027 V with a
half-wave potential (E; ;) of 0.86 V,['l which is even better than
that of commercial Pt/C catalyst (Figure 3a). In sharp contrast,
the catalytic activity of the NMCSs catalyst was much worse
compared to that of the Fe-NMCSs, even if they both held a
similar structure and approximately the same nitrogen content

Adv. Mater. 2016, 28, 79487955
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Figure 2. a) Schematic representation of nitrogen chemical states. b) N 1s XPS spectra of Fe-NMCSs, NMCSs, and NCPs. c) Relative ratios of the
deconvoluted peak areas of the N 1s XPS spectra for Fe-NMCSs, NMCSs, and NCPs. d) The Fe 2p XPS spectra of Fe-NMCSs.

(with a mainly consistent nitrogen species distribution). This
indicates that the existence of an Fe species plays a key part
in the electrocatalytic activity. To identify the role of iron in
the formation of active sites, we compared the ORR activity of
Fe-NMCSs in 0.1 M KOH before and after adding 50 mM of
cyanide (CN7) ions. The ORR F;), of the Fe-NMCSs catalyst
decreased significantly by more than 100 mV, with a serious
decrease in the diffusion-limiting current with the addition of
CN~ (Figure S8, Supporting Information), suggesting the for-
mation of Fe-Nx complexes. It is well known that CN~ ions
coordinate strongly to iron and poison the iron-centered cata-
lytic sites for ORR.[*®l Furthermore, the enhanced mass transfer
and larger surface area benefit from the mesoporous micro-
sphere structure, which is clearly demonstrated by the higher
ORR diffusion limiting current and half-wave potential of the
NMCSs catalyst compared to that of the NCPs, even though the
NCPs have a higher nitrogen content.

The RDE curves for ORR on the Fe-NMCSs electrode at
various rotation speeds in O,-saturated 0.1 v KOH are shown
in Figure 3b. Koutecky-Levich (K-L) equations were used to
analyze the kinetic parameters. The K-L plots (Figure 3b, inset)
show excellent linearity and are parallel for Fe-NMCSs at various
potentials. The according number of electrons transferred (n)
was thus calculated to be an average value of 4.05 at potentials
ranging from 0.3-0.6 V, suggesting that oxygen gas is reduced
most likely through a direct four-electron pathway. However,
the average n value for the NMCSs and NCPs catalysts were
only 3.46 and 3.22, respectively (Figure S9, Supporting Infor-
mation), indicating the existence of a less efficient two-electron

Adv. Mater. 2016, 28, 79487955
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pathway. The ORR involves a multi-electron transfer process in
which O, can be directly converted into OH™:

0, +2H,0 + 4e” — 40H" (1)

O, may also undergo two 2e~ processes to form HO; and
then OH™:

0, + H,0+2e” — HO; + OH" (2a)

HO; + H,0 + 2¢” — 30H" (2b)

A rotating ring disk electrode (RRDE) technique was
employed to monitor the formation of peroxide and study the
selectivity of the four-electron reduction of oxygen on the as-
prepared Fe-NMCSs catalyst. The HO3 yield (%) and the elec-
tron transfer number (n) are shown in Figure 3c,d. The HO;
yield was less than 3.5% over the potential range from 0.2 to
0.8 V and the n ranged from 3.94 to 3.99, which is almost in
keeping with the results from the K-L plots, and similar to
those on Pt/C (n = 4), meaning that mainly a four-electron
pathway occurs on the Fe-NMCSs. In contrast, when it comes
to the NMCSs and NCPs, the HO; yield was much higher.
Higher electron-transfer numbers, which imply a higher selec-
tivity toward one-step oxygen reduction, are achieved with a
combination of mesoporous microspheres and Fe species.

To evaluate the electrochemical stability of the Fe-NMCSs
and monitor unwanted methanol crossover, chronoampero-
metric measurements were conducted (Figure 3e and f). After
25000 s, the commercial Pt/C catalyst suffered from 18.9% loss
of current density, probably due to the loss and de-activation
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Figure 3. Electrochemical characterization of Fe-NMCSs in O,-saturated 0.1 m KOH. a) RDE polarization plots of Fe-NMCSs, NMCSs, NCPs, and com-

mercial Pt/C catalysts at a scan rate of 10 mV s™'

and rotation speed of 1600 rpm. b) Voltammograms of Fe-NMCSs at various speeds at a scan rate

of 10 mV s7'; inset is the corresponding K-L plots at different potentials. c,d) Hydrogen peroxide yields (c) and electron-transfer numbers (d) of Fe-
NMCSs, NMCSs, NCPs, and commercial Pt/C catalysts. e) Current-time chronoamperometric responses of Fe-NMCSs and Pt/C at 0.55 V (at a rotation
speed of 1600 rpm) over 25000 s. f) Chronoamperometric responses of Fe-NMCSs and Pt/C upon the addition of 2% (v/v) methanol after about 900 s.

of Pt nanoparticles.'’”! In sharp contrast, the Fe-NMCSs cata-
lyst only exhibited a slight loss of about 2.8% in current den-
sity, indicating a superior durability of the Fe-NMCSs for ORR.
This might be related to its stable open framework structure
to provide various paths for mass transportation and avert the
possible collapse of structure. After the injection of methanol,
no significant change was observed in the ORR current density
of the Fe-NMCSs, implying its great tolerance to the methanol
crossover effect. In contrast, the ORR current density of the
commercial Pt/C catalyst significantly decreased, because of the
inherent vulnerability to methanol of the Pt electrocatalyst.['8]
The Fe-NMCSs catalyst also put up a competitive electrocat-
alytic performance for ORR in 0.1 m HCIO, solution. A well-
defined cathodic peak at around 0.68 V confirmed the electro-
catalytic activity for ORR in acidic environment (Figure S10,
Supporting Information). The polarization curves showed that

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the half-wave potential, Eyj,, of Fe-NMCSs was 59 mV more
negative than that of Pt/C, and a similar limiting current den-
sity as that of Pt/C catalysts was achieved for the Fe-NMCSs
catalyst, as displayed in Figure 4a. The H,0, yield was below
6%, resulting in n of 3.92-3.94 in the measured potential
range of 0.2 to 0.6 V, revealing a four-electron-pathway domi-
nated ORR process (Figure 4c). SCN™ also has a high affinity
for Fe ions, and it is a good substitute for CN~, as CN~ tends
to form the highly toxic HCN in acidic electrolytes. The study
of Qiang Wang®!l and co-workers confirmed this, where they
used SCN™ to identify the active sites. In 0.1 m HCIO, solution,
after adding 5 mM of SCNT, the negative shift of the F; , clearly
indicates that the active sites of the Fe-NMCSs catalyst contain
Fe (Figure S12, Supporting Information). We carried out accel-
erated durability tests by cycling the catalyst between 0.55 and
0.95 V at 100 mV s7! under oxygen atmosphere to assess the

Adv. Mater. 2016, 28, 79487955
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durability of the Fe-NMCSs catalyst. The negative shift in the
half-wave potential E;j, after 10000 cycles for Fe-NMCSs was
only 29 mV, which is slightly lower than that of Pt/C (31 mV),
suggesting the excellent durability of the Fe-NMCSs catalyst in
acidic medium (Figure 4d). Cyclic voltammetry was performed
to test the effect of possible methanol crossover. The almost
unchanged ORR peak current for the Fe-NMCSs compared to
that of Pt/C (Figure S13, Supporting Information) suggests its
high electrocatalytic selectivity for the ORR with a strong toler-
ance for methanol crossover. It is obvious that the Fe-NMCSs
show a much higher onset and half-wave potential in alkaline
medium. According to earlier reports for Fe-N-C materials, (!
the stability of ferrous-hydroperoxyl adducts formed during
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oxygen reduction plays a very critical role and is seriously
influenced by the hydrogen peroxide intermediate. In alkaline
media, the HO; promotes the formation of stabilized adducts.
However, this stabilization can be destroyed by the protonated
nature of the hydrogen peroxide intermediate (H,0,) in acidic
media, which leads to a higher overpotential for the ORR to fur-
ther reduce H,0,.

Moving forward to practical applications, Figure 5 shows the
alkaline-exchange membrane fuel cell (AEMFC) and proton-
exchange membrane fuel cell (PEMFC) performance of the
Fe-NMCSs and Pt/C. The open-circuit voltage (OCV) of Fe-
NMCSs was 1.07 V with a peak power density of 506 mW cm~2,
which is higher than that of 1.05 V and 438 mW cm™ for the
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Figure 5. a,b) The cell voltage and power density of AEMFCs (a) and PEMFCs (b) with Fe-NMCSs and commercial Pt/C (40 wt%) as cathodes.
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Pt/C catalyst in the AEMFC. In the PEMFC, the OCV values of
Fe-NMCSs and Pt/C were 0.96 and 1.01 V, respectively. The peak
power densities of the Fe-NMCSs and Pt/C were 463 mW cm™2
and 1008 mW cm™2. Although the performance of our mesoporous
catalyst was lower than that of Pt/C, it is still competitive as
compared to other non-noble catalysts. The above results reveal
that the Fe-NMCSs can be successfully employed as a promising
cathode catalyst in fuel cells. It should be noted that these
preliminary fuel cell results could be further improved after
optimizing the MEA assembly and the fuel-cell testing
conditions (work still in progress in our group).

In summary, to take advantage of the high catalytic activity
of Fe-N-C and the fast mass transport in mesoporous micro-
sphere structures, a novel in situ replication and polymeriza-
tion strategy has been developed to fabricate novel Fe-NMCSs,
wherein the Fe;0, mesoporous microspheres were employed
as the multifunctional template — mesoporous structure-
directing agent, as the source of Fe** ions as oxidation agent
for the polymerization of pyrrole, and as the Fe precursor for
the Fe doping of Fe-NMCSs. Unexpectedly, compared to a com-
mercial Pt/C catalyst, the obtained Fe-NMCSs catalyst demon-
strated excellent electrocatalytic performance in terms of higher
catalytic activity, selectivity, and durability for ORR in alkaline
media, and a comparable activity to Pt/C in acidic medium.
Especially, the Fe-NMCSs can be successfully employed as
a promising cathode catalyst both in alkaline and proton fuel
cells. This can be attributed to the open framework struc-
ture of the mesoporous microspheres, as well as the effective
Fe doping. The developed synthesis strategy to tailor the size
and structure of Fe-N doped mesoporous carbon can be easily
extended to other systems for broad applications, including
supercapacitors and carbon dioxide adsorption.
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