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Abstract

Constructing non-noble metal-based catalysts has attracted more attention owing to these materials owning high abundance,
low cost, and expected to take the place of Pt/C as a candidate commercial the oxygen reduction reaction (ORR) catalyst.
Herein, hollow microspheres self-assembled by a layer of interweaving Fe,O; nanorods are first fabricated by a one-step
hydrothermal process, which are then covered by dopamine. Finally, annealing treatment at the assigned temperature in
N, is conducted to synthesize Fe/Fe, O, nanorod-based hollow microspheres (~900 nm in diameter) covered by N-doped
carbon. Electrochemical measurements demonstrate that, by the side of the commercial 20% Pt/C, the as-obtained T-650
has a higher onset potential (83-mV positive shift), more positive half wave potential (55-mV positive shift), and larger
limiting current density (increased by 0.9 mA cm™). It is found that the simultaneous presence of zero-valence Fe and
nitrogen atoms is the key to the high catalytic activity of the as-synthesized Fe—N-C material, and these unique hierarchi-
cal hollow porous microspheres make the electrocatalyst possess excellent catalytic performance, long-time stability, and

superior methanol tolerance.
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Introduction

The key to promote actual application of fuel cells is to
accelerate efficient electrocatalyst with low price and high
performance for oxygen reduction reaction (ORR) [1,
2]. So far, Pt-based catalysts are the optimum selection
to expedite the sluggish dynamic process of ORR [3, 4].
However, high cost, scarcity, and poor CO poison resist-
ance hinder the large-scale practical application of Pt-
based catalysts. Valuable exertions have been dedicated
to exploiting carbon-based materials and noble-metal-
free-based materials (such as non-precious metal oxides,
nitrides, carbides) [5].

Recently, many non-noble-metal compounds cladded by
carbon displayed enhanced ORR catalytic activity according
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to theoretical and experimental works [6, 7]. Among these
non-precious-metal oxides, Fe compounds are attracting
more and more attention [8]. As Zang Y et al. reported, Fe/
Fe,0; nano-sized particle loading on Fe-N co-doped car-
bon nanosheets showed high ORR performance [9]. Ben-
zigar M R et al. designed a facile strategy to implant small
Fe,O; nanoparticles into the channels of highly ordered
mesoporous fullerene (Cg4y) for ORR [10]. Nevertheless,
the inherent drawbacks of the FeXOy@NC catalysts, such
as the oxidation agglomeration of iron, small surface area,
and limited available active sites, indicate that more works
should be done to improve the ORR properties.

Compared to post-growth transition metal nanoparticles
on the pre-synthesized N-CNTs or N-C [11], the surface
coated carbon with doping N to form unique packaging
structure on the Fe, O, framework could effectively resist
acid etching and attenuate oxidation aggregation of transi-
tion metal oxide nanoparticles in service involving the ORR
process [12], resulting in outstanding durability in all kinds
of electrolyte [13]. More importantly, the existence of tran-
sition metal nanoparticles during the carbonization process
was beneficial to the graphitization degree of carbon, which
is also helpful to electron transfer within the surface carbon
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layer during ORR [14]. According to previous research
[6], the iron content in the Fe-N-C system by post-growing
FeXOy nanoparticles was usually less than 3%; hence, the
low active site density caused a poor durability and ORR
performance.

Fe-N carbon materials are deemed as promising non-
precious-metal ORR catalysts because the iron atoms and
N atoms combine to form the Fe-Ny group (regarded as the
main active sites in the Fe-N-C system) [15]. Meanwhile
the introduced N atoms break the electrical neutrality of
the carbon surface, bring on uneven distribution of charge
density, positively charged adjacent C atoms, and increased
spin density, thereby promoting the adsorption of O, and
further reduction reactions [16, 17]. In addition, by pre-
paring hierarchical hollow microspheres Fe-N-C materi-
als, the inherent superiority of porous in high-throughput
mass transfer and the advantage of effective utilization of
active catalytic sites could be exploited [18]. Neverthe-
less, the common method constructing hierarchical hol-
low microspheres highly depended on SiO, or other hard
templates [19, 20], wherein dangerous processes of strong
acid or alkali solution was required to wash away the silica
template, which implied excess time-consuming and was
not friendly to the environment. Meanwhile, hierarchical
hollow microspheres possess high specific surface area,
stable open frameworks, and high conductivity compara-
ble to other porous structures. These result in shortening
the length of the charge (ions and electrons) diffusion and
avoiding accumulation on the electrode surface to guarantee
efficient quality transmission, thus exhibiting great poten-
tial for advanced ORR catalysts [21]. Meanwhile, a facile
preparation of hierarchical hollow microspheres iron-nitro-
gen-doped electrocatalysts with efficient activity for ORR
is still an important challenge to accelerate the practical
utilization of M@NC.

Herein, an electrocatalyst of highly uniform hierarchical
hollow microspheres Fe/Fe, O, @NC consisting of ultrathin
nitrogen-doped carbon nanorod encapsulated with Fe/Fe, O,
was synthesized using a simple and friendly environment
approach. The electrochemical tests on the as-obtained
catalysts manifested that the obtained sample at a pyrolysis
temperature of 650 °C revealed an outstanding ORR activity
under alkaline conditions, which was superior to the com-
mercial 20% Pt/C ORR catalysts. The superior ORR activity
of the as-obtained Fe/Fe, O, @NC was discussed by compar-
ing the samples obtained at different pyrolysis temperatures
and different pyrolysis durations at 650 °C. The stability and
methanol tolerance of the as-obtained Fe/Fe, O, @NC were
also tested. In-depth study on the relationship between the
electrochemical properties and morphology, composition, as
well as microstructure of the as-obtained catalysts indicated
that zero-valence Fe in Fe-N-C materials can significantly
enhance the ORR activity.
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Experimental

Synthesis of Fe,0; hollow spheres assembled thin
nanorods

The uniform hierarchical Fe-glycerate precursor hollow
spheres were first prepared by a one-pot solvothermal
method, where 4 mmol Fe (NO;);-9H,0 and 60 ml glyc-
erol were stirringly dispersed into 520 ml isopropanol. Ten
minutes later, dropped 6 ml of deionized (DI) water into the
above solution at room temperature with continuous stir-
ring; 15 min later, the obtained mixtures were poured into a
Teflon-lined autoclave and heated at 190 °C for 12 h. After
naturally cooling to room temperature, the obtained exudates
were washed with ethanol and DI water several times and
then dried at 60 °C for 12 h. The resulting products were
transferred into a quartz boat and annealed in air at 400 °C
for 3 h with a heating velocity of 1 ‘C min™' obtaining hol-
low Fe,0;.

Synthesis of Fe/Fe,0,@NC

One hundred milligram of Fe,O; was first stirringly sepa-
rated in 75 ml ultrapure water for 1 h, and then 45 mg dopa-
mine hydrochloride (DA) and 25 mg Tris (hydroxymethyl)
aminomethane were added under magnetic stirring. After 5
h later, the resulting mixtures were collected via centrifuga-
tion, washed with DI water three times, and then dried at 60
°C for 12 h. To prepare series of Fe/Fe,O,@NC-T (T = 600,
650, 700, and 750°C) catalysts, the resulting products were
heated to a specific temperature (600, 650, 700, and 750) for
3 h with a heating velocity of 2 °C min™!. The final products
were called as T-x (x = 600, 650, 700, and 750 °C).

Characterization

Powder X-ray diffraction (XRD) measurement was detected
with a DMAX-Ultima* diffraction meter with Co Ka (1 =
1.7902A) radiation (40 kV, 40 mA) from Rigaku. Scan-
ning electron microscopy (SEM, SUPRA 55, SAPPHIRE)
and transmission electron microscopy (TEM, JEOL JEM
2100F) equipped with an energy-dispersive X-ray spectrom-
eter (EDS, Oxford, Link ISIS) were applied to examine the
micromorphology and microstructure of the prepared mate-
rials. The composition of element and its chemical valence
states were assayed by X-ray photoelectron spectroscopy
(XPS, THERMO ESCALAB250 system, Al Ko radiation).
Raman spectra analysis was executed by a Labram-010
Raman microspectroscopy (JY, FRA) system. The as-pre-
pared product specific surface area was performed with the
Brunauer-Emmett-Teller (BET) and their pore diameter was
measured on a Barrett-Joyner-Halenda (BJH) model.
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Electrochemical measurement

The ORR activities of the prepared catalysts were carried out
in a typical three-electrode system in 0.1 M KOH electrolyte
saturated with N,-O, by VMP3 electrochemical workstation.
A Pt wire served as a counter electrode, a Hg/HgO (1.0 M
KOH) as a reference electrode, a rotating disk (glassy car-
bon, GC) as a working electrode, and a 0.1 M KOH solution
as an electrolyte. The prepared catalysts (10.00 mg) were
first dispersed in isopropanol (2.5 ml)/Nafion solution (40
pl) and sonicated for 30 min to obtain the ink. A certain vol-
ume of the catalyst ink was dropped onto the surface of GC
with Fe/Fe, O, @NC loading of 0.160 mg cm? and drying
naturally. In the process of the cyclic voltammogram (CV)
measurement, the KOH electrolyte should be bubbled with
N, or O, flow realized in an oxygen-free or oxygen-saturated
environment. For each as-prepared working electrode test,
50 cycle CVs with a scan rate 200 mV s’ were achieved
to make it stable, recorded between —0.8 and 0.3 V. The
polarization curves (linear sweep voltammetry, LSV) were
scanned at 10 mV s in 0.1 M KOH saturated with O, at
the rotational speed of 400-2500 rpm, in which the poten-
tial window was —0.8 to 0.3 V. Conversion of all recorded
potentials to standard reversible hydrogen electrode (RHE)
for expression:

E(vsruE) = Evs.ng/me0) +0.0591 V X pH €h)

Eqys ey = 0.098 V+0.05591 VX 13=0.8663V ()

The Koutecky-Levich (KL) diagrams of all catalysts were
generated based on the LSV curves to calculate the number
of electron transfers (n) and the dynamic current density
(Jx), where n and Ji for each O, molecule in the ORR could
be evaluated according to the following equation:

2
B = 0.62nFCyD} v~/ &)

1/JZI/JKzl/JLzl/JK’Ll/Ba)/uz 4)

In which J (mA cm™) is the measured current density,
which was related to the diffusion-limiting current (J; ) and
the kinetic current (Ji), n is the electron transfer number per
O, molecule, F is the Faraday constant (96,485 C mol ™), Co
is the volume concentration of oxygen in oxygen-saturated
0.1 mol I'! (1.2 x 10°® mol cm™), Dy, is the diffusion coeffi-
cient of oxygen in 0.1 mol I KOH (1.9 x 10 cm™? s}, v is
the kinematic viscosity of water (0.01 cm? s'l), and w is the
angular velocity of the disk (w = 2aN, N (r s')) is the linear
rotation speed). Methanol tolerance evaluation study of the
as-prepared products was executed in 0.1 M KOH electrolyte
without or with the addition of 3 M methanol.

Calculation method

The calculation details about mass activity and turnover fre-
quency (TOF) are listed as below. In consideration of the
catalyst, mass loading (m) was 0.16 mg cm, the mass activ-
ity (A g1 could be calculated at E, 1, (the half-wave potential
of catalysts, V) and j (current density, mA cm?) measured
at £, by the following formula [22]:

mass activity = JB )

The TOF values of as-obtained catalysts can be estimated
by presuming that every corresponding atom participated in
the catalytic processes [3]:

ixS

TOF = ——
4xXxFxn

(6)
where j and § (0.196 cm™) represent the measured current
density at E,,, and the surface area of glassy carbon disk,
respectively; the 4 implies that 4 electrons were involved
in reacting with each mole of O,; F' denotes Faraday’s con-
stant (96,485.3 C mol ™), and n is the molecular weight of
the corresponding atom calculated from the catalyst load-
ing m.

Results and discussion
Structure and composition characterization

The Fe/Fe,O,@NC catalysts were prepared following the
procedure shown in Fig. la. Briefly, the formation of Fe-
glycerate was prepared by a self-template mechanism,
which was then subjected to pyrolysis at 400 °C in air for 3
h. In the heat solution process, Fe-glycerate was gradually
oxidized by oxygen generated from the decomposition of
0,, forming Fe,O; species with a layer of the interweaving
nanorods. Then, it was subsequently coated with dopamine
by self-polymerization at room temperature; after pyroly-
sis, a part of the Fe,O; was reduced to zero-valence Fe and
FeO by carbon and obtained Fe/Fe,O,@NC. To investigate
the phase compositions of as-synthesized T-x species, XRD
patterns were recorded and displayed in Fig. 1b. The XRD
measurement of the Fe,O; precursor is shown in Fig. S1.
The XRD pattern of T-x presents crystal diffraction peaks
of three phases. For the 600 ‘C catalysts, the characteristic
peaks at ca. 35.1,41.4, 50.5, 62.9, 67.3, and 74.2° pertained
to the cubic maghemite (Fe;0,, JCPDF: 85-1436), and at
41.9, 48.78, and 71.47° attribute to the crystal planes of
the wustite (FeO, JCPDF: 74-1886); no crystal diffraction
peaks of zero-valence Fe appeared owing to the decompo-
sition temperature. Raising the pyrolysis temperature to
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Fig. 1 (a) schematic diagram of forming course of Fe/Fe,O,@NC hollow spheres assembled. (b) X-ray diffraction patterns of T-x at different
temperatures. (c¢) Raman spectra of T-650. (d) Nitrogen adsorption—desorption isotherms of T. (e) The pore-size distribution of T-650

650 °C induced the emergence of diffraction peaks at 52.5°
and 77.4°, manifesting the formation of zero-valence Fe
nanocrystals (iron, JCPDF: 87-0722) [23]. The peak inten-
sity of zero-valence Fe and FeO increased with the rising of
temperature to 700 and 750 °C, while the peak intensity of
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Fe;0, decreased. In short, increasing the temperature from
600 to 750 °C, the peak intensity of zero-valence Fe and
FeO increasingly enhanced. No diffraction peaks of C were
discovered, perhaps indicating the carbon was in amorphous
state [24].
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The XRD results manifested that iron oxides were
reduced by carbon at high temperature and the reduced Fe
atoms are easy to react readily with N atoms to form the
Fe-Ny coordination; the spare Fe will assemble to gener-
ate Fe and FeO nanocrystalline [25]. The Fe-Ny species
are known as the active site for ORR [25-27]. Besides, the
presence of zero-valence Fe can improve the conductiv-
ity of the catalyst. The relative content of Fe;O,, FeO, and
zero-valence Fe phases can be calculated through XRD fine
scanning; the results are shown in Table 1. As the pyroly-
sis temperature increased, the content of Fe;0, decreased,
zero-valence Fe appeared, and the content increased first and
then decreased. In the Raman spectra of T-650 (Fig. 1c¢), the
typical bands for Fe;O, at 212, 275, 390, 474, and 586 cm’,
as well as carbon bands at 1357 (the D band) and 1591cm™'-2
(the G band), are recognized. For FeO, iron exists in a simple
hexa-coordinate forming with the same bond length. And
the simulation calculation certified the Fe-O bond without
Raman activity. In terms of carbon band, the D peak stands
for deficiency carbon in graphitic carbon, and the G peak
delegates to the degree of crystallinity of the sp2 hybrid
carbon atoms [28]. Consequently, the degree of the structure
disorder and the number of defects can be calculated quanti-
tatively by the intensity ratio of the D to G bands (I,/I;). The
value of I'y/I was 1.26 for T-650, indicating that the T-650
involved both amorphous and graphitic carbon, and formed
the covalent bond by the presence of nitrogen and a certain
degree of defect carbon.

To understand the specific surface area and porosity
of T-650 catalysts, a N, adsorption—desorption isotherm
curve is shown in Fig. 1d and e. The isotherms of T-650
were found to be typical type IV isotherms with a dis-
tinct hysteresis loop, indicating that both micropores and
mesopores existed due to the carbonization of polydopa-
mine [29, 30]. The BET specific surface area, pore volume,
and pore size of T-650 are approximately 649.7 m? g/,
0.408 m® g'!, and 4.7 nm, respectively. From Fig. le, it
can be seen that mesopores (3 ~20 nm) dominated the
pore volume, which coincided with the interspaces formed
by the interweaving nanorods (referring to Fig. 2). The
high surface area and porosity of the as-synthesized Fe/
Fe,O,@NC are derived from the entanglement between

Table 1 The relative content of different phases and iron in different
valence states from XRD date

T-600 T-650 T-700 T-750
Fe,0, (Wt %) 93.9 77.6 23.0 13.6
FeO (wt %) 6.1 10.0 40.7 80.1
Fe (wt %) 0 12.4 36.3 6.3
Fe** (wt %) 62.6 51.7 15.3 9.1
Fe* (wt %) 374 35.9 48.3 84.6
Fel (wt %) 0 12.4 36.3 6.3

nanorods in iron oxide templates and carbonization of
polydopamine.

SEM, TEM, and HRTEM images of T-x are shown in
Fig. 2. Figure 2a shows that Fe,0; hollow microspheres with a
ca. diameter of 800 nm were self-assembled by a layer of inter-
weaving nanorods with a diameter about 16 nm. As displayed
in Fig. 2b, after wrapping with DA and pyrolysis treatment,
the as-synthesized Fe/Fe, O, @NC inherited the hollow micro-
spherical structure from Fe,O; precursor with about 100-nm
increase in diameter. The core-shell microspheres were well
dispersed with no obvious agglomeration. From Fig. 2c and
d, the interspaces formed by the interweaving nanorods were
well kept forming a porous spherical surface for T-600 and
T-650. In contrast, the shrinkage of nanorods at higher tem-
perature (T-700, Fig. 2e) compressed the interspaces among
the nanorods, accompanied with a growth in nanorod diam-
eter. As a result, the as-synthesized T-700 presented in hollow
nanospheres in a smaller diameter (~ 500 nm) with a nearly
closed spherical surface. However, for T-750, the fast reduction
reaction between Fe, O, and carbon due to high temperature
led to an early close in the spherical surface (refer to Fig. S3).
Consequently, T-750 had a spherical diameter close to that of
T-600 and T-650, while its surface was almost fully closed and
had no micro- or mesopores (Fig. 2f).

Figure 2g exhibits that the microspheres were secondary
hierarchical structures composed by nanorods. The core-
shell structure of T-650, of which a few layers of graphitic
carbon encapsulated with Fe/Fe, O, nanorods, can be clearly
observed from Fig. 2h. HRTEM image of the T-650 sample
is exhibited in Fig. 2i; the distinct crystal-plane distance
of 0.20 and 0.25 nm is indexed to the (110) plane of zero-
valence Fe and (311) crystal plane of Fe;O,, respectively.
The porous structure of the as-synthesized T-650 was further
observed by TEM image (Fig. 2j).

The composition and elemental distribution of the T-650
samples were then identified by EDS. Figure 2k demon-
strated the symmetrical distribution of C, Fe, N, and O atoms
within microsphere in T-650. From Fig. 2k, C mainly dis-
tributed on the surface of a microsphere, while Fe, N, and
O are uniformly distributed. The distribution area of Fe was
smaller than that of C and N, which indicated a core—shell
structure of the as-synthesized catalysts. It was noticed that N
was uniformly distributed throughout the microsphere, which
meant that it combined with carbon and iron to form C-N and
Fe-Ny. The superposition of the Fe and N signals in the EDS
image is shown in Fig. 2m, which could reveal that the Fe
atoms were contiguous to the N atoms on the level of atomic,
indicating that Fe and N atoms form Fe-Ny coordination.

The surface chemical composition and primary bonding
configuration of Fe/Fe,O,@NC samples were evaluated
by XPS (Fig. S2). The detailed XPS analyses of T-650 are
revealed in Fig. 3. From Fig. S2 and Fig. 3a, the peaks of C,
N, Fe, and O were all presented in the survey spectrum for
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Fig.2 SEM image of (a) Fe,O; template and (b) Fe/Fe,O, @NC-650. EDS element mapping images of C (red), Fe (green), N (brown), and
(c-f) T-x (x=600, 650, 700, and 750 C). (g—j) TEM images of O (yellow). (m) The mapping image of the overlaid iron and nitrogen
T-650. (i) High-resolution TEM image of T-650. (k) Corresponding
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all samples. A certain strong C 1s peaks discovered were in
keeping with the EDS analysis, suggesting carbon success-
fully coated on the surface of Fe/Fe,O,. The C 1s spectra can
be assigned to C=C, C-C/C-N, C=N, and C-O at 284.0,
285.1, 286.3 eV, and 289.3 eV, respectively (Fig. 3b). This
result demonstrated that the nitrogen atoms are successfully
incorporated into the carbon skeleton. The N 1s spectra were
deconvoluted into 397.8, 399.6, 400.6, and 401.5 eV, which
could be allocated to pyridinic N, Fe-Ny, pyrrolic N, and
graphitic N, respectively (Fig. 3c). Numerous studies have
discovered that in the Fe-N-C system, Fe atoms coordinate
with N atoms to form Fe-Ny sites for catalytic activity at
high temperature [31]. Figure 3d reveals the high-resolution
Fe 2p XPS spectra. When the pyrolysis temperature goes
up to 650 °C, the Fe 2p spectrum could be volumed into five
peaks, and the banding energies at around 709.9 and 723.5
eV could be due to the banding energies of 2p;,, and 2p,,
bands of Fe?*, respectively. The banding energies at 717.6
eV could be ascribed to satellite peaks. The banding energy
at 711.3 eV could be attributed to the banding energy of
2p,/; band of Fe**, and the singles at around 708.7 eV can
be attributed to the Fe’. According to Fig. S2, no obvious
singles Fe” were detected in the T-600 sample, which was
identified with the XRD and TEM results. To understand
the effect of pyrolysis temperature on element components
and primary bonding configuration of all the Fe/Fe, O, @NC
samples, the relative content of N and Fe according to XPS
is shown in Fig. 3e and f. From Fig. 3e, it clearly showed
that the total content of N decreased as pyrolysis temperature
increased. For the Fe-N-C system, most of ORR active sites
were related to Fe-N or C-N bonds [24]. Therefore, its ORR
property is sensitive to the content of N. It was noticed that
there was a significant N content drop (~ 50%) from 650 to
700 °C, which implied a possible degradation in the ORR
properties. Unfortunately, the total content of N decreased
from 4.67 to 3.3 at% as pyrolysis temperature increased from
600 to 650 °C. However, the total contents of Fe-N x in these
two samples were still very close to each other (1.58 at% at
600 °C, 1.42 at% at 650 °C). From Fig. 3f, the total content
of Fe on the surface of the as-prepared materials gradually
increased as pyrolysis temperature increased, indicating
more and more lose in C and N at higher temperature. It
should be pointed out the high content of Fe and low con-
tent of N shown in Fig. 3e and f, which implied that Fe
was more than enough to form Fe-Ny on the surface of the
as-synthesized catalysts, only part of the detected Fe was
bonding to the adjacent N atoms.

Electrochemical measurement analysis

On the basis of the above analysis, as-obtained Fe/
Fe,O,@NC catalysts were expected to develop as
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promising high-performance ORR catalysts. The ORR activ-
ities were preliminarily appraised by CV measurements in
N,-saturated/O,-saturated 0.1 M KOH electrolyte. For all the
samples, oxygen reduction processes were revealed by the
vivid reduction peaks in O,-saturated 0.1 M KOH electrolyte
(Fig. 4a and Fig. S4). In particular, the higher reduction peak
current density of T-650 indicated that the ORR process
was easier compared to other catalysts pyrolyzed under dif-
ferent temperatures. In addition, the reduction peak current
density of T-650 (4.23 mA cm™) sample at 20 mV s’ was
superior to 20% Pt/C catalyst (2.79 mA cm?), hinting an
outstanding ORR performance of T-650 sample in 0.1 M
KOH electrolyte [29].

To get quantitative review and deep understanding of
the ORR process on different temperature catalysts, lin-
ear sweep voltammetry (LSV) was acquired on a rotat-
ing disk electrode (RDE). Figure 4b presents the typical
LSV curves of five different temperature samples at 1600
rpm in 0.1 M KOH electrolyte. To clearly evaluate the
ORR properties of the as-obtained catalysts, the onset-
potential (E,,.), half-wave potential (E,,,), and limit-
ing current density (J) of all the samples together with
the referenced 20% Pt/C are summarized in Fig. 4e and
Table S2. From Fig. 4b and e, it can be seen that, among
all the samples, the T-650 sample exhibited the best ORR
properties with a E_ ., = 0.935 V, E,, = 0.806 V along
with a J; = 6.26 mA cm? at 1600 rpm. Correspondingly,
20% Pt/C exhibited E, ., = 0.852, E|,, = 0.751 V, and
J;. =536 mA cm? under the same condition. However,
for pure nitrogen-doped carbon, in other words, without
Fe,0; as a template and iron source, its performance was
far lower than T-650 (Fig. S5). According to XPS analysis
in Fig. 3d, T-600 had the most content of Fe-Ny. How-
ever, T-600 showed the ORR properties closed to that of
20% Pt/C, which was lower than that of T-650. In fact,
the content of Fe-Ny in T-650 was slightly less than that
in T-600. Therefore, the much better ORR properties of
T-650, compared to those of T-600, can be attributed to
the appearance of zero-valence Fe at 650 ‘C according to
Fig. 1a and S2. On the other hand, T-700 and T-750 had
significant amounts of zero-valence iron detected, with a
large reduction in N content. As a result, the ORR prop-
erties of T-700 and T-750 were much lower than T-650.
Consequently, the simultaneous presence of zero-valence
Fe and nitrogen atoms was crucial to further advance ORR
performance for the prepared Fe-N-C material.

The outstanding ORR kinetics of the T-650 catalyst was
also appraised by the RDE test at different rotation speeds
(Fig. 4c). These LSV curves showed a typical phenomenon
that the current densities improved with increasing of the
rotating rates forasmuch as the availability of oxygen [30].
In Fig. 4d, the corresponding K-L plots exhibited excellent
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linearity, indicating the first-order kinetic reaction related to
the concentration of O, in the electrolyte [32]. The average
value of n calculated by K-L formula in the potential win-
dow from 0.2 to 0.4 V was 3.87, displaying a nearly four-
electron transfer process [33]. In order to research the effect
of overpotential on current density (Fig. 4f), Tafel plots were
drawn in view of LSV curves in Fig. 4b. For T-650, the Tafel
slope was calculated to be 87.1 mV dec™! in low current
density region, less than the slope of 20% Pt/C catalyst (92.3
mV dec!). This result adequately demonstrates a beneficial
kinetics mechanism towards ORR for T-650 sample, imply-
ing that T-650 catalyst can reach higher current density at a
lower overpotential [34].

To preferably acquaint the ORR catalyst activity, the
mass activity and turnover frequency (TOF) of Fe/Fe, O, @
NC samples at the potential value of E,, are calculated and
listed in Table 2. The mass activity of T-650 was 15.65 A
g’!, overmatching that of other pyrolysis temperatures. The
intrinsic catalytic active sites of the Fe/Fe,O,@NC samples
were further evaluated by TOF values. When hypothesizing
iron atoms and N atoms centers were as catalytically active
sites, T-650 exhibited the highest TOF values of 0.023 s™!
and 0.045 s”!, respectively, representing the best ORR activ-
ity (Table 2). This result manifested that either Fe or N atom
centers (even Fe-Ny) were the primary active sites for ORR
in the as-obtained catalysts.

On the other hand, durability and methanol tolerance
were deemed to other pivotal factors to appraise the catalyst
performances [35]. i-t curves at 1600 rpm under a constant
cathodic voltage of 0.5 V are displayed in Fig. 5a. After
18,000 s, the current density of 20% Pt/C gone down 30.1%,
possibly attributed to the damage and inactivation of Pt
nanoparticles [36]. In striking comparison, the current den-
sity of the T-650 sample only displays a slight loss of about
1.5%, indicating an outstanding durability for ORR. As
shown in Fig. 5a inset, after 18,000 s, the morphology and
structure of T-650 hardly changed. This could be concerned
in the settled hierarchical hollow structure to offered vari-
ous paths for mass transfer and well-protected active sites of
metallic Fe coated by carbon. Furthermore, the T-650 sam-
ple possessed excellent tolerance for methanol poisoning,
showing overlapped CV curves with/without the presence

Table 2 Comparison of electrocatalytic activity of various samples

T-600 T-650 T-700 T-750

Mass activity 12.83 15.65 10.77 8.975
(Agh

TOFg, (s 0.022 0.023 0.014 0.011

TOFy (s 0.042 0.045 0.032 0.020

@ Springer

of 3 M methanol. In contrast, the addition of 3 M methanol
to the KOH electrolyte resulted in a clear oxidation peak on
the CV curve for the 20% Pt/C catalyst (Fig. 5b), manifesting
the presence of a methanol oxidation reaction.

Understanding the origin of the enhanced activity
Different pyrolysis time of T-650

It was noticed that there was a significant improvement on
ORR activity from T-600 to T-650 due to the appearance
of zero-valence Fe at 650 C. In order to comprehend the
impact of zero-valence Fe on the electrocatalytic activity,
T-650 at different pyrolysis times (1 h, 2 h, and 3 h) was
tested. In Fig. 6a, the CV curve of T-650-1, T-650-2, and
T-650 all had significant oxygen reduction peaks. Their LSV
results in Fig. 6b revealed that T-650-1 and T-650-2 had
a very similar E . and E,), (E,, = 0.814, E,,, = 0.652
V), obviously decayed in comparison to T-650. Notably, the
limiting current density of T-650-2 was greater than T-650-1
and lower than T-650 (Fig. 7b).

According to the XRD results of T-650 at different pyrol-
ysis times shown in Fig. S6, the peaks of FeO increased in
the early 2 h (T-650-1 vs. T-650-2) due to reduction of Fe;0,
by carbon. Then, zero-valence Fe appeared at 3 h with a
decrease in FeO peaks, implying that the zero-valence Fe
could be obtained by reduction of FeO. The high-resolution
Fe 2p spectrum of T-650-1 and T-650-2 by XPS analysis
can only be deconvoluted into Fe**, Fe**, and satellite peak,
and no Fe peak appeared which was consistent with XRD
(Fig. S7). Correspondingly, Fe content gradually increased
as prolonging pyrolysis time (Fig. 7c). The detected Fe-Ny
in T-650-1 and T-650-2 was higher than that of T-650
according to the comparative content of N and function-N
in Fig. 7d and Table S1. Meanwhile, the morphology of
T-650 during pyrolysis almost had no change from 1 to 3
h (Fig. S8). Therefore, the reinforced ORR performance of
T-650 can only ascribe to the appearance of zero-valence Fe.

Conclusions

In conclusion, utilizing the superior catalytic activity
of M@NC and the rapid mass transfer in hollow nano-
sphere structure, Fe/Fe,O,@NC hollow spheres (~900
nm) composed of interweaved nanorods (~16 nm) were
successfully constructed via an original in situ reproduc-
ibility and polymerization method, where the Fe,Oj; hier-
archical hollow microspheres (~800 nm) were employed
as the multifunctional template and the iron source for
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the Fe/Fe,O,@NC. T-600 presented ORR properties
comparable to those of Pt/C. Especially, T-650 exhib-
ited much better catalytic performances than T-700,
T-750, and commercial 20% Pt/C catalyst, with more
positive E ... (83-mV positive shift), J; (increased by
0.9 mA cm™), and E,,, (55-mV positive shift), as well
as a smaller Tafel slope (87.1 mv dec™!), in keeping with
TOF values (TOFy, = 0.023 s}, and TOFy = 0.045 s7!).
T-650-1 and T-650-2 had similar onset and half-wave
potential (E =0.814, E,;, = 0.652 V), but both were

onset

lower than T-650. It was found that the stable hierar-
chical hollow structure and the coexistence of Fe’ and
nitrogen atoms in the Fe/Fe,O,@NC were essential to
improve its catalytic activity. Moreover, the as-obtained
T-650 was also extremely stable in long-time service
and high tolerance of methanol. T-650 of superior
ORR activity was synthesized by an environmentally
friendly method. Therefore, the proposed Fe/Fe,O,@
NC electrocatalysts possess bright future for the fuel
cell application.

@ Springer
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