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Carbon nanocoil (CNC) with large specific surface area of 398 m’g™ was synthesized by heat-
treatment of resorcinol and formaldehyde resin, and Fe-N-CNC and Fe-N-XC72 catalysts with
variously nominal Fe contents were prepared by carbonization of in-situ polymerized polyaniline in the
presence of CNC or XC72 and Fe species. The Fe-N-C catalysts were characterized by Fourier
Transformation Infrared Spectroscopy, X-ray Photoelectron Spectroscopy, Transmission Electron
Microscopy, and then oxygen reduction reaction (ORR) activity and stability were determined by
cyclic voltammetry (CV) and linear sweep voltammetry. Fe-N-CNC catalyst with Fe nominal content
of 5 wt% indicates more pyridinic and graphitic nitrogen, less pyrrolic nitrogen and total N/C ratio, it
also demonstrates 30 mV more positive of half-wave potential compared to Fe-N-XC72 catalyst, and
after 1000 CV cycles at scan rate of 50 mVs™, the half-wave potential of Fe-N-CNC catholically shifts
20 mV respect to 40 mV of Fe-N-XC72. This is mainly due to CNC with unique morphology and
higher electron conductivity, which facilitate oxygen transportation and further reduction reaction. The
ORR activities indicate that the type of nitrogen incorporating in carbon is far more important than the
total content of nitrogen.
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1. INTRODUCTION

Thanks to high efficiency, low operation temperature, and low environmental impact, proton
exchange membrane fuel cell (PEMFC) has been regarded as one of the most promising energy
conversion technologies today. However, commercialization of PEMFC confronts a big challenge—
high cost originated from expensive catalysts, because platinum or platinum alloy based catalyst is
mostly used as anode or cathode catalyst. Therefore, non-precious metal catalysts (NPMCs) have been
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extensively studied, especially cathode catalyst for oxygen reduction reaction (ORR), such as
transition metal carbides, transition metal oxides, macrocycle-based catalysts, and M-N-C (M=Fe
and/or Co) catalysts [1-3]. Among them, M-N-C catalyst is considered as one of the most promising
candidate due to its high activity, remarkable performance stability, and low cost [4-10]. Jasinski found
that cobalt phthalocyanine could catalyze oxygen reduction reaction in 1964 [4], after that numerous
efforts to synthesize high active non-precious metal catalysts for ORR have been made. Dodelet et al
prepared highly active NPMCs via ball milling a mixture containing carbon support, phenanthroline,
and iron acetate, and then heat treated under an inert atmosphere [6]. Although this kind of catalyst
offered good ORR activity, it suffered from poor stability in an acidic environment. Later in 2011, Wu
et al also synthesized M-N-C catalysts using polyaniline (PANI) as nitrogen source, Ketjen Black as
carbon support, and FeCl; as transition metal precursor, the catalysts demonstrated high activity,
remarkable performance stability, as well as excellent four-electron selectivity [7].

For a certain M-N-C electrocatalyst, its ORR activity is determined by metal precursor,
nitrogen source, carbon support, and synthesis conditions [11]. Carbon support affects not only active
site distribution, but also mass transportation and electron conductivity, therefore its physicochemical
properties and morphology play important roles in ORR activity of a catalyst. Carbon material with
large specific surface area, high degree of graphitization, and proper pore size are favorable to
establish a well-maintained three-phase interface. Wu et al studied the ORR activities of catalysts
prepared by different carbon materials such as Ketjen Black, Black Pearls, and multi-walled carbon
nanotubes (MWNTS) as support, the results indicated that the MWNT supported non-precious metal
catalyst showed an excellent stability [12]. Carbon nanocoil (CNC) with large specific area of 451
m?g™, highly graphitic characteristic, and unique structure was first synthesized and successfully
applied as electrode materials for the anode in direct methanol fuel cells (DMFCs) by Hyeon et al [13].
Recently Zhang et al also indicated that mixture of XC72, MWNTSs, and CNC supported Pt catalyst
can improve ORR activity significantly, mainly due to CNC with unique morphology, which can
facilitate mass transportation and electron/proton transfer [14]. However, CNC supported non-precious
metal catalyst for ORR has not been reported.

In this paper, carbon nanocoil as carbon support, polyaniline as both nitrogen and carbon
source, FeCl; as carbonization catalyst, Fe-N-C catalyst with different nominal Fe contents will be
prepared, and their ORR activity and stability will be investigated.

2. EXPERIMENTAL

2.1. Preparation of carbon nanocoil (CNC)

CNC was prepared using formaldehyde and resorcinol as carbon precursors, iron nitrate and
trisodium citrate composite as catalyst for graphitization, and silica sol (Akzo Nobel chemicals Corp.,
particle size of SiO, = 4 nm, density = 1.1 gcm ) as a template. In a typical approach, a certain
amount of trisodium citrate and iron nitrate were dissolved in de-ionized water, silica sol was added
under ultrasonic stirring, and then a required amount of resorcinol and formaldehyde were added in
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sequence. The resultant mixture of de-ionized water/ iron nitrate/ trisodium citrate/ resorcinol/
formaldehyde/ silica with a molar ratio of 100:0.8:1:2:4:0.8, was cured at 85 °C for 3 h, then heated to
850 °C and maintained for 3 h in an argon flow. After that, the carbonized material was refluxed in 3
M NaOH aqueous solution to get rid of silica and in 5 M HNOj solution to get rid of other residuals
such as iron nanoparticles and carbonaceous species. Finally, CNC was obtained after being filtered,
washed, and dried up at 80 °C in a vacuum oven.

2.2. Synthesis of Fe-N-C electrocatalysts

Fe-N-C electrocatalyst was synthesized using polyaniline as both nitrogen and carbon source,
CNC or Vulcan XC72 were used as carbon support with mass ratio 5:1 of aniline to CNC or XC72. In
a typical approach, 0.5 mL aniline was added into 50 mL 0.5 M HCI, sequentially CNC or XC72 was
added to form a suspension, then the suspension was put into an ice bath and kept below 5 °C, while an
oxidant (ammonium peroxydisulfate, APS) and transition metal precursor (iron chloride, FeCls3) were
added, and the process of further continuously stir for 8 h to ensure completely polymerization of
aniline. Then the obtained mixture was dried at 100 °C, heat treated at 900 °C in flowing argon gas for
1 h, followed by acid-leaching in 0.5 M H,SO, solution to get rid of unstable and inactive species.
Eventually, Fe-N-CNC or Fe-N-XC72 was obtained after being filtered, washed with de-ionized
water, and dried up at 80 °C in a vacuum oven overnight.

2.3. Physical characterization

Nitrogen adsorption-desorption isotherms were recorded with Quantachrome Nova Automated
Gas Sorption System to calculate Brunauer-Emmett-Teller (BET) specific surface areas. Various
functional groups presented in the polymer PANI as well as the catalysts were identified by FTIR
spectra obtained by a Nicolet 6700 FTIR spectrometer. TEM images were achieved using a JEOL
JEM-2010F microscope operated at 200 kV. XPS of the catalysts were acquired with a Thermo
Scientific ESCALAB 250Xi X-ray photoelectron spectrometer by using Al-Ka source.

2.4. Electrochemical tests

ORR activity of catalyst was evaluated by cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) on a rotating disk electrode (RDE, Pine AFMSRCE 2762). The AutoLab
Potentiostat 302N (Metrohm, Holland) with a three-electrode system was used to recorded
electrochemical results. The catalyst loading was controlled at 0.6 mgcm™. A glassy carbon (GC) disk
with an area of 0.196 cm? was used as working electrode. Pt wire and Ag/AgCl electrode were used as
counter and reference electrodes, respectively. The catalyst ink was prepared in a brief way as follows,
25 uL of Nafion® solution (5 wt%, Dupont) was added into 1 mL of ethanol with ultrasonic for 15 min,
then 5 mg of catalyst powder was added with ultrasonic for another 1 h to prepare the catalyst ink.
Then 25 uL of catalyst ink was applied to the glassy carbon disk surface with a micropipette to form a
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uniform film. The RDE polarization plots were carried out in oxygen-saturated 0.5 M H;SO4
electrolyte with a potential step of 0.03 V and potential range from 0.8 V to -0.2 V at an electrode
rotation speed of 1600 rpm. Before RDE tests, the electrocatalyst was scanned for several cycles
between -0.2 V and 0.8 VV with a scan rate of 50 mVs™ in argon-saturated 0.5 M H,SO, electrolyte to
activate the catalyst.

3. RESULTS AND DISCUSSION

3.1. BET analysis
The specific surface areas of XC72 and CNC are 237 and 398 m?g™ calculated by multi-point
BET plots, respectively. The BJH pore size distribution shows that CNC has large mesopore size

which is mainly distributed between 20~50 nm. Combine the following TEM images, the pore size can
be originated from the inner diameter of CNC.

3.2. FTIR spectra
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Figure 1. FTIR spectra of PANI, Fe-N-XC72 and Fe-N-CNC catalysts.

Fig.1 shows the FTIR spectra of PANI, Fe-N-XC72 and Fe-N-CNC catalysts. The spectrum
corresponding to PANI shows various characteristic bands, C=C stretching mode of benzenoid and
quinoidal moiety at 1410 and 1640 cm™ [15], N-H stretching mode at 3450 cm™, and N=Q=N
(Q=quinone) at 1138 cm™, C-N stretching of secondary amine at 1295 cm™ [16]. Compared to the
FTIR spectrum of PANI, some weak bands disappear in the FTIR spectra of Fe-N-XC72 and Fe-N-
CNC catalysts, such as band at 1295 cm™ [17]. However, some new bands appear at 1080 cm™ referred
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to a C-N stretching of aromatic amine [18]. It seems that main chains of polyaniline break into small
species at 900 °C. Meanwhile, Fe-N-CNC catalyst exhibits more bands compared to Fe-N-XC72
catalyst, such as a band at 1266 cm™ which could be referred to C-O stretching mode of surface
functional group of CNC, which may be helpful to form more pyridinic and graphitic nitrogen.

3.3. TEM images

TEM images of CNC, Fe-N-XC72 and Fe-N-CNC catalysts are shown in Fig.2. CNC is mainly
composed with coil-like nanostructures as shown in Fig.2 (a, b), the wall is ca. 5~15 nm in thick and
the inner diameter is between 30~50 nm, which is in agreement with the BJH result, and the graphitic
characteristic can be discerned from Fig.2 (b). This coil-like morphology and pore size can facilitate
O, to get access to active sites. In Fig.2 (c, d), a narrow distribution of nanoparticles with an average
diameter of 30-50 nm can be found in Fe-N-XC72 catalyst. No obviously graphitized carbon can be
seen after PANI carbonized at 900 °C. CNC in Fe-N-CNC catalyst seems covered by PANI
carbonization products as shown in Fig.2 (e, ).

SOnm A ' et 5] 20 nm
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Figure 2. TEM images of carbon nanocoil (a, b), Fe-N-XC72 catalyst (c, d), and Fe-N-CNC catalyst
(e, ).

Some tiny dark spots can be observed in Fig.2 (d, f), they could be metallic iron nanoparticles
existed in Fe-N-CNC and Fe-N-XC72 catalysts which didn’t get removed during acid leaching
process.

3.4. XPS analysis

Fig.3 shows XPS survey spectra of Fe-N-XC72 and Fe-N-CNC catalysts. It reveals that both
catalysts are mainly composed of carbon (C1s=284.5 eV) and oxygen (01s=532.0 eV), a small amount
of nitrogen (N1s=400.1 eV), and a trace of iron (Fe2p=710eV). Fe2p spectra of two catalysts are
shown in Fig.4. Binding energy at 707.1-708.7 eV and 710.8-711.8 eV are respectively ascribed to
Fe?* and Fe** [19], and there is no big difference of iron content for the two catalysts. N1s spectra of
Fe-N-CNC and Fe-N-XC72 catalysts are shown in the Fig.5, three types of nitrogen can be fitted:
pyridinic nitrogen at 398.8 eV, pyrrolic nitrogen at 400.1 eV, and graphitic nitrogen at 401.4 eV [20,
21]. When the nitrogen precursors are pyrolyzed above 700 °C, nitrogen atoms can incorporate into
carbon matrix to replace carbon atoms at different sites and form different types of nitrogen [22].
Pyridinic nitrogen is nitrogen atoms doped at the edge of the carbon layers, and graphitic nitrogen is
nitrogen atoms doped inside a carbon layer. The nitrogen atoms doped into a pentagon structure could
form pyrrolic nitrogen [23].

By qualitatively accumulate the respective area of three types nitrogen in the XPS spectra,
atomic ratio of pyridinic nitrogen, pyrrolic nitrogen, and graphitic nitrogen were calculated and listed
in Table 1. Comparing with the Fe-N-XC72, the Fe-N-CNC has higher content of pyridinic nitrogen
and graphitic nitrogen, which are considered to have a correlation with a better ORR activity, but
lower pyrrolic nitrogen which supposed to contribute no ORR activity [5]. The relative contents of
total N species and C species have also been determined, and N/C ratio of Fe-N-XC72 is higher than
that of Fe-N-CNC. Combine the ORR activity below, Fe-N-CNC catalyst displays better ORR activity,
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indicating that the type of nitrogen incorporating in carbon is far more important than the total content

of nitrogen.
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Figure 3. XPS spectra of catalysts Fe-N-XC72 (a) and Fe-N-CNC (b).
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Figure 4. Fe 2p XPS spectra of catalysts Fe-N-XC72 (a) and Fe-N-CNC (b).

There is no doubt that nitrogen plays an important role in such nitrogen-doping catalysts. But
the centre of catalytic sites of these Fe-N-C NPMC:s is still a topic of debate [6, 10, 24]. One viewpoint
on the role of Fe is that Fe species is not considered as an active site, but as a catalyst to generate
active sites for ORR [24, 25], such as Dodelet group’s opinion. However, some research groups
claimed that Fe species coordinated with nitrogen (Fe—N,4/C) serve as highly active sites to catalyze
oxygen reduction reaction, and this Fe/N/C catalytic site is composed of an iron cation coordinated
with pyridinic nitrogen attached to the edges of two graphitic sheets [6, 26, 27].
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Although pyridinic and graphitic nitrogen are considered as ORR active sites widely, the
attempts to elucidate the role of Fe in such Fe-N-XC72 catalysts are necessary. A pair of well-
identified Fe?*/Fe®* redox peaks was observed in later cyclic voltammogram curves, indicating that Fe
may be probably presented in the form of Fe-Ny. Thus we assume that pyridinic and graphitic nitrogen
coordinated with iron to form Fe-Ny are the active sites to catalyze ORR in such iron-based nitrogen-
doped catalysts.
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Figure 5. N1s XPS spectra of catalysts Fe-N-XC72 (a) and Fe-N-CNC (b).

Table 1. Different types of N species and N/C atomic ratios derived from XPS analysis of Fe-N-XC72
and Fe-N-CNC catalysts.

Sample Npyridinic Npyrrolic Ngraphitic N/C
Fe-N-XC72 0.35 0.24 0.41 0.063
Fe-N-CNC 0.39 0.18 0.43 0.052

3.5. Electrochemical test and ORR Performance

Cyclic voltammograms of Fe-N-XC72 and Fe-N-CNC in Ar-saturated H,SO, solution are
shown in the Fig.6. In comparison with Fe-N-XC72 catalyst, Fe-N-CNC catalyst exhibits a larger
specific surface area. A pair of well-identified redox peaks is revealed for both Fe-N-CNC and Fe-N-
XC72 catalysts, which is related to the Fe**/Fe** redox behavior [7]. The activities for ORR of these
iron-based nitrogen-doped catalysts prepared with different contents of Fe were studied using RDE
test. Fig.7 shows the LSV results. To investigate the role of iron species, Fe-N-C catalysts with
nominal contents of Fe varied from 1 to 7 wt% were studied. As shown in the Fig.7, for both Fe-N-
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XC72 and Fe-N-CNC catalysts, the activity for ORR increases with Fe content from 1 to 5 wt%, and
starts to decrease from 7 wt% Fe. Here we can conclude that Fe is a critical factor for ORR activity of
these nitrogen doped metal catalysts and the optimum iron content is 5wt%. Fig.8 shows the LSV
curves of Fe-N-CNC and Fe-N-XC72 catalysts with Fe content of 5 wt%. Compared with Fe-N-XC72
catalyst, Fe-N-CNC catalyst exhibited 20 mV and 30 mV more positive onset potential and half-wave
potential, respectively, indicating that Fe-N-CNC catalyst possessed a better ORR catalytic activity.
We concluded that the enhancement of activity for ORR is related to the coil-liked structure and more
favorable nitrogen type of Fe-N-CNC catalyst which is beneficial to increase more active sties [5, 28].
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Figure 6. Cyclic voltammograms of Fe-N-XC72 and Fe-N-CNC catalysts in Ar-saturated 0.5 M
H,S0, solution with scan rate of 10 mVs™.
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Figure 7. LSV curves of Fe-N-XC72 (a) and Fe-N-CNC (b) catalysts prepared with different nominal
Fe contents.
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Figure 8. LSV curves of Fe-N-XC72 and Fe-N-CNC catalyst with 5 wt% Fe content.

3.6. ORR stability
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The stability of such nitrogen-doped catalysts in PEMFC is another focus. In our work, the
stability of Fe-N-CNC and Fe-N-XC72 catalysts were tested using LSV measurements with a scan rate
of 50 mVs™ between -0.2 and 0.8 V to study the activity before and after 1000 CV cycles. The ORR
polarization plots measured with Fe-N-XC72 and Fe-N-CNC catalysts were recorded in Fig.9. The
difference in half-wave potential before and after 1000 cycles is 20 mV for Fe-N-CNC catalyst, but 40
mV for Fe-N-XC72, indicating that the Fe-N-CNC catalyst is more stable than the Fe-N-XC72 catalyst
under identical test conditions. The special structure of CNC which constructs a three-dimensional
framework played an important role in the improvement of stability. It can provide a well-maintained
three-phase interface which can facilitate the transportation of oxygen and electron/proton transfer.
On the other hand, CNC with large specific surface area offers more active sites and uniform active
site distribution which is beneficial for the stability of catalyst.
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Figure 9. LSV curves of Fe-N-XC72 (a) catalyst and Fe-N-CNC (b) catalyst before and after 1000

cycles.
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3.7. Discussion

The CNC with large specific surface area of 398 m? g™ was synthesized by heat-treatment of
resorcinol and formaldehyde resin in the presence of silicon. The three-dimensional structure observed
by TEM images was beneficial to the increase of active sites density and quantity, the transportation of
oxygen, and the improvement of ORR activity and stability of catalysts when CNC was used as carbon
support to prepare catalysts. The importance of carbon support with large specific surface area and
unique structure was concluded by Wu [12], which is consistent with our group’s opinion.
Furthermore, a pair of well-identified Fe?*/Fe®" redox peaks was observed in cyclic voltammogram
curves, indicating that Fe may be probably presented in the form of Fe-Ny. Thus we assume that
pyridinic and graphitic nitrogen coordinated with iron to form Fe-Ny are the active sites to catalyze
ORR in such iron-based nitrogen-doped catalysts, which is same with Dodelet’s opinion [26]. The
excellent activity and stability of Fe-N-CNC catalyst supported by CNC will contribute to the
development of NPMCs.

4. CONCLUSIONS

Iron species is important for ORR activity, and the optimal Fe content for Fe-N-XC72 and Fe-
N-CNC catalysts is 5 wt%. CNC supported Fe-N-CNC catalyst demonstrates better ORR activity and
stability as compared to XC72 supported Fe-N-XC72 catalyst due to CNC with advantages of larger
specific surface area, higher graphitic characteristic and unique morphology. Its advantages facilitate
oxygen reduction reaction, and make it more suitable as an electrocatalyst support.
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