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ARTICLE INFO ABSTRACT

Understanding the role of iron and the nature of the active sites in nitrogen-doped carbon nanomaterials is vital
for their future application as oxygen reduction electrocatalysts in fuel cells. In this paper, porphyrin-like Fe-N,
sites have been identified in nitrogen-doped carbon nanofibers (N-CNFs) grown from iron nanoparticles by
chemical vapor deposition (CVD). Acid treatment of the N-CNFs removed the iron growth particles and about
50% of the nitrogen groups from the pristine N-CNFs, without affecting the oxygen reduction performance.
Performing electron energy loss spectroscopy (EELS) on the acid treated and annealed N-CNFs confirmed that
the CVD synthesis method leads to iron being atomically incorporated into the N-CNF structure. Furthermore, X-
ray absorption near-edge structure (XANES) analysis of the Fe K-edge indicates that the iron atoms are stabilized
by four nitrogen atoms, reminiscent of the Fe-N, structure found in porphyrins. An evolution of the XANES
spectrum was observed when performing the measurements under mildly reducing conditions, which was ex-
plained by oxygen being adsorbed on the Fe-Ny sites at room temperature. The Fe-N4 moieties embedded in the
N-CNFs were resistant to acid leaching and the results suggest that these Fe-N, sites are active sites for the
oxygen reduction in N-CNFs.
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1. Introduction

High loadings of Pt are required on the cathode of proton exchange
membrane (PEM) fuel cells to catalyze the slow oxygen reduction re-
action (ORR). The low abundancy and high cost of the noble metal
catalyst directly hinders the implementation and commercialization of
PEM fuel cells. In this context, it is necessary to develop new catalysts
for the ORR based on more inexpensive and abundant materials with
similar catalytic activity and stability as Pt/C [1].

One of the most promising non-noble metal catalysts for the ORR in
acidic electrolyte is carbon nanomaterials containing nitrogen and
transition metals (Me-N-C). The first Me-N-C catalysts for the ORR were
inspired by metallo-porphyrin complexes found in nature and consisted
of transition metals coordinated to N4-macrocycles [2-7]. Further im-
provement of the activity and stability of these catalysts was achieved
by heat treatment of the metal Ny-macrocycles at high temperatures
[4]. An important discovery was made in 1989, when Gupta et al. ob-
tained an active ORR catalyst by pyrolyzing polyacrylonitrile (PAN)
mixed with Co- or Fe-acetate instead of Ny-macrocycles [8]. This
showed that electrocatalysts for the oxygen reduction could simply be
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prepared by the simultaneous presence of a metal precursor, a nitrogen
precursor and a carbon precursor during the pyrolysis step. The dis-
covery has led to many different synthesis methods and precursors
being employed to synthesize N-doped carbon materials for the ORR
[9,10].

It has recently been understood that the presence of even trace
amounts of transition metals during the synthesis of N-doped carbon is
important for achieving an active ORR catalyst in acidic electrolyte
[11]. In addition, higher catalytic activity is usually observed for N-
doped carbon catalysts prepared from Fe compared to their counter-
parts prepared from Co or Ni [12-16]. However, the role of iron and the
nature of the active sites for the ORR in these N-doped carbon catalysts
is still not clear [11,17-19]. While some groups argue that Fe simply
facilitates the incorporation of nitrogen into the graphitic structure of
carbon, creating nitrogen centered active sites (CNy) [20-23], others
claim that the active site consists of Fe centers stabilized by pyrrolic or
pyridinic nitrogen (Fe-N,) [24-30]. Some studies have also suggested
that carbon encapsulated Fe or iron carbide particles can facilitate the
oxygen reduction [31-33].

Nitrogen-doped carbon nanofibers (N-CNFs) and carbon nanotubes
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(N-CNTs) prepared using Fe as growth catalyst have shown activity for
the oxygen reduction reaction [12,14,16,34-36]. In several experi-
mental studies X-ray photoelectron spectroscopy (XPS) analysis has
indicated a correlation between the oxygen reduction current and the
level of nitrogen doping in the N-CNF and N-CNT catalysts [37-39].
Especially pyridinic N has been widely recognized as the nitrogen
functionality responsible for the catalytic activity due to delocalization
of the m-electrons. Deconvolution of the N 1s region from XPS has in-
dicated that the ORR activity of N-CNFs and N-CNTs increases as the
presence of pyridinic N in the surface increases [34,40-42]. This ap-
parent relation has also been explained by pyridinic N not being the
active site for the ORR, but rather acting as a marker for edge plane
exposure in N-doped carbon materials [43,44].

On the other hand, X-ray absorption near edge structure (XANES)
analysis of N-CNTs prepared from Fe precursors has shown that Fe-Ny
species are likely to be present in the carbon structure [45,46]. This is
in line with >’Fe Méssbauer characterization of a N-CNT/N-G catalyst
where two doublets in the spectrum were assigned to Fe-N, and/or C-
Fe-N, coordination sites [35]. The ORR activity of all these N-CNT
catalysts was thus attributed to the presence of iron-nitrogen species.
Furthermore, it has been proposed that O, may be chemisorbed on the
Fe-N, sites [46]. This conclusion was also reached for a Fe-N-C catalyst
where the best theoretical fit of the XANES spectra consisted of oxygen
adsorbed on the iron center of porphyrinic Fe-N4 [28].

In this study acid treatment, XPS, EELS and XANES analysis have
been combined to confirm that Fe-N, moieties similar to iron porphyrin
sites in heme are incorporated into N-CNFs when grown from iron
nanoparticles. Moreover, the XANES measurements are performed in an
inert atmosphere under mild heat treatment to show that O, is likely to
be adsorbed on the Fe-N, sites at normal temperature and pressure.
Acid treatment of the as-prepared N-CNFs removed the iron growth
particles and approximately 50% of the nitrogen groups initially pre-
sent in the catalyst material. Since Fe-N, sites were still present in the
N-CNFs after treatment, and the oxygen reduction activity remained
intact, it is proposed that the Fe-N, moieties are active sites for the ORR
on N-CNFs.

2. Experimental
2.1. Synthesis and post treatment

Nitrogen-doped carbon nanofibers supported on expanded graphite
(EG) were prepared following the same method as described in previous
reports [16,36]. In brief, the growth catalyst (1.0 g, 20 wt% Fe/EG) was
loaded into the reactor and reduced in an H,/Ar flow (40/160 ml/min,
5.0/5.0, AGA) while heating the furnace to 650 °C. Subsequently, N-
CNFs were grown at 650 °C using a synthesis gas mixture of CO/NH3/
H, (150/6.5/20 ml/min, 3.7/3.6/5.0, AGA). The synthesis time was
41h to achieve high N-CNF yields.

Acid treatment was done by refluxing the N-CNFs in concentrated
HNO; (65%, Sigma-Aldrich) at 110 °C for 3 h. The acid treatment was
repeated three times in order to remove all of the iron particles present
in the sample. In between the treatments, the N-CNFs were washed with
de-ionized (DI) water. After acid treatment the sample was thoroughly
washed with DI-water, ethanol and acetone before being dried. The
obtained sample was named “NCNF-HNO3”. Part of the NCNF-HNO3
sample was then loaded into a reactor and heat treated at 900 °C in an
Ar atmosphere for 2 h to remove oxygen functional groups. The sample
was denoted “NCNF-HNO3-900” after heat treatment.

2.2. Physicochemical characterization

The specific surface area of the N-CNFs was calculated by the
Brunauer-Emmet-Teller (BET) method from N, adsorption measure-
ments performed in a Micromeritics TriStar II 3020. X-ray diffraction
(XRD) was used to characterize the phases of the iron particles present
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in the N-CNFs. A Bruker D8 Advance DaVinci X-ray diffractometer with
a LynxEye™ detector and Cu Ka radiation (A = 1.54 A) was employed
and measurements were done in the 20 angular range 20°-80° using a
fixed slit of 0.6 mm. The diffractograms were analyzed using the soft-
ware DIFFRAC.EVA and the PDF-4+ database from ICDD.
Temperature-programmed oxidation (TPO) was performed in a Netzsch
STA 449C thermo-microbalance. The sample (5-10 mg) was loaded into
the thermogravimetric (TG) instrument and heated from 40 °C to 900 °C
at a rate of 10 °C/min under a flow of synthetic air (80 mL/min, 5.0,
AGA).

Transmission electron microscopy (TEM) using a Jeol JEM-
ARM200F TEM equipped with a Gatan Quantum Energy Filter for
Electron Energy Loss Spectroscopy (EELS) was employed to char-
acterize the nanostructure and composition of the N-CNFs. TEM sam-
ples were prepared by dispersing N-CNFs in isopropanol by ultra-soni-
cation. A drop of the dispersion was then deposited on a holey carbon
film supported by a copper grid and dried at room temperature. EELS
data was acquired in Scanning (S)TEM mode as spectrum images with
the TEM operating at 200kV and processed using the Gatan Digital
Micrograph software. Power-law backgrounds were removed from the
EELS spectra and the quantification was based on using Hartree Slater
cross-sections.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out in a Kratos Axis Ultra DLD spectrometer using monochromatic Al
Ko radiation (hv = 1486.58 eV). Sample preparation was done by
covering carbon tape with an even layer of catalyst powder. Survey
spectra were collected using fixed analyzer pass energies of 160eV
while the high-resolution spectra were collected at pass energies of
20 eV. Data analysis was performed using the CasaXPS software. The
elemental composition was calculated after the subtraction of Shirley-
type backgrounds for the high-resolution spectra. The N 1s and O 1s
XPS peaks were deconvoluted using Gaussian-Lorentzian line shapes
with 30% Lorentzian weighting.

The X-ray absorption spectroscopy (XAS) spectra were acquired at
the Swiss-Norwegian beamlines (BM01B) at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. The samples were placed
in a quartz capillary tube (2mm outer diameter) and mounted in a
sample holder connected to a He gas line. A vertical heat blower was
placed underneath the capillary allowing for heating of the sample
(0-400 °C). The setup configuration was similar to the one described
and used by Tsakoumis et al. [47]. XAS spectra of the Fe K-edge
(7112eV) were acquired using a Vortex fluorescence detector. The
absorption energy was calibrated using a Fe foil. Scans were first ac-
quired at room temperature without gas flow and then with a He flow
(2mL/min). Next, the sample was heated at 5°C/min to 100 °C and
subsequently to 200 °C under a He flow. The Fe K-edge of reference
samples including metallic iron (a-Fe), iron carbide ((-FesC,) and iron
oxides (Fe;03, FeO) were measured at room temperature. The theore-
tical Fe K-edge XANES spectrum for iron porphyrin found in heme
(denoted “Fe-Heme model”) was simulated using the finite difference
method near-edge structure package FDMNES [48].

All XAS scans were subjected to background subtraction and nor-
malization using the Athena program from the IFEFFIT software
package [49]. Changes in the XANES profiles were investigated using
difference spectra, Au(E). First, 1,(E) was shifted so that shoulder A (see
Figs. 6 and 8) overlapped with shoulder A of y;(E). The difference
spectrum was then obtained using the following equation:

Ap(E) = uy(E) — uy (E) (€))

2.3. Electrochemical characterization

The electrochemical characterization was conducted in a conven-
tional three-electrode setup using a reversible hydrogen electrode
(RHE) as reference electrode and a platinum wire as counter electrode.
All potentials reported in this paper are given versus the RHE. The Pt
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counter electrode was kept in a separate compartment and did not af-
fect the ORR performance of the N-CNFs as confirmed by our previous
study [16]. A rotating ring disk electrode (RRDE, disk: 5 mm ¢, ring: Pt
with 20% collection efficiency) was used as working electrode. The N-
CNF catalysts were deposited on the glassy carbon disk electrode using
the method described by Schmidt et al. [50]. The catalyst suspension
was prepared by sonicating 3.0 mg of N-CNFs in a mixture of 500 pL
Millipore H,0, 200 pL ethanol (100%), 200 uL isopropanol and 100 pL
of 0.5wt% Nafion® (DuPont™ DE521, Ion Power,Inc) for one hour.
About 16 L of the suspension was placed on the glassy carbon disk and
dried under a N, flow giving approximately 245 pg/cm? of N-CNF
catalyst on the electrode surface. For comparison, a high loading of
commercial Pt/C catalyst (20 wt% Pt on Vulcan XC-72R, E-TEK) was
prepared by the same procedure giving a total of 245 ug/cm? 20 wt%
Pt/C or 49 ug/cm? Pt on the glassy carbon electrode.

Before performing the ORR, the electrolyte was saturated with Ar
and the electrodes were cleaned using cyclic voltammetry between
1.2V and 0V at different scanning rates. The background current was
then measured by linear sweep voltammetry (LSV) from 1.10V to
0.01V at 5 mVs™ ! in the Ar-saturated electrolyte. Oxygen reduction
experiments were carried out in O,-saturated 0.5M H,SO, (95-97%
H,S0,, Sigma Aldrich) at room temperature. The potential range of the
ORR measurements was 1.10 V-0.01 V, the scan rate 5 mVs ! and the
rotational speed 1600 rpm. The third cathodic scan after background
subtraction is reported for all catalysts. Onset potentials for the oxygen
reduction (Eorr) were determined by comparing the LSV curve ob-
tained in Ar with the ORR measurement. The potential at which the
ORR curve separates from the LSV curve in Ar and the oxygen reduction
starts to take place is defined as the Eggg.

In order to detect the amount of H,O, produced on the working
electrode during the ORR, a constant potential of 1.2V vs. RHE was
applied to the Pt ring electrode. The H,O, yield was calculated from the
ring current (Ig), the disk current (Ip) and the collection efficiency of
the Pt ring (N) using the following equation [51]:

(Ir/N)

H,0,(%) = 200 X — =2
10,(%) /N) + 1o

(2)

3. Results and discussion
3.1. Post-treatment

Nitrogen-doped carbon nanofibers (N-CNFs) were grown from iron
nanoparticles by a chemical vapor deposition method. The synthesis
yield, i.e. the mass of obtained N-CNFs per mass of Fe growth catalyst,
was 6.5 g/gre. TEM analysis, Fig. 1A, show iron particles present at the
tip of the N-CNFs after synthesis and indicates a tip growth mechanism.
Treatment with concentrated HNO; followed by annealing in an Ar
atmosphere was employed to remove the iron growth particles and
oxygen functional groups from the N-CNFs respectively. The acid
treatment was repeated three times to ensure that all the iron particles
present in the sample were removed. The acid treated N-CNF sample
was termed “NCNF-HNO3”, while the heat-treated sample was named
“NCNF-HNO3-900”. After all treatment, no discrete iron particles could
be observed in the tip or inside the N-CNFs as shown in Fig. 1B. The
image in Fig. 1B is a STEM image and iron nanoparticles should show
strong contrast under the high angle annular dark field (HAADF) ima-
ging conditions employed. In addition, high-resolution TEM and STEM
imaging was performed and indicated that most of the iron particles
were removed from the N-CNFs by the acid treatment.

X-ray diffraction and temperature programmed oxidation (TPO)
measurements also suggest that all iron particles in the pristine N-CNFs
are removed by acid treatment, see Fig. 2. The main peaks related to
iron appear at 20 values between 40-50° in XRD and are displayed in
Fig. 2a. Before acid treatment the X-ray diffractogram of the N-CNFs
shows that the phase of the iron particles is mainly Hagg carbide, -
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Fig. 1. A) TEM image of the pristine N-CNFs and B) STEM image of the N-CNFs
after acid treatment and annealing.

FesC, (PDF 04-014-4562), and not metallic iron. However, after acid
treatment and annealing there was no signal from iron in XRD in-
dicating that all crystalline iron had been removed from the N-CNFs.
Likewise, TPO of the N-CNFs before acid treatment showed 14%
residual iron after the carbon had been removed by oxidation, while
after acid treatment there were no detectable iron residues, see Fig. 2b.
The oxidation temperature was not significantly altered by the acid
treatment since the bulk oxidation temperature was 440 °C for NCNF
and 460 °C for NCNF-HNO3. In addition, the oxidation of the expanded
graphite support took place around 750 °C for both samples [16]. A
weight loss at low temperatures was observed in the thermogravimetric
curve only for NCNF-HNO3 and was due to the removal of oxygen
functional groups in the surface introduced by the nitric acid.
Furthermore, removal of the iron growth particles was also con-
firmed by STEM/EELS analysis and XANES analysis of the acid treated
and annealed N-CNFs, and will be discussed in more detail in



M.E.M. Buan, et al.

—TTT
NCNF-HNO3-900

S

s NCNF-HNO3

>

‘w

c

g NCNF
Fe5C2

36 38 40 42 44 46 48 50 52 54
2 Theta (deg.)

Catalysis Today 357 (2020) 248-258

(b)

100

—— NCNF
——NCNF-HNO3
80 -

60

40

Mass loss (%)

20+

0 T T T T T T T
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 2. (a) X-ray diffraction and (b) temperature programmed oxidation of the N-CNFs before and after acid treatment (and annealing).

succeeding chapters.

3.2. Oxygen reduction

The catalytic activity for the oxygen reduction reaction of N-CNFs
before and after acid treatment and annealing was tested by performing
linear sweep voltammetry in 0.5M H,SO,, see Fig. 3. Before any
treatment the N-CNFs showed an onset potential for the ORR, Eggg, of
0.93V and an oxygen reduction current of 0.63mA/cm? at 0.7V
(Table 1). After refluxing in concentrated HNO; the catalytic activity
for the ORR decreased slightly, while the amount of H,O, detected
decreased over the entire potential range. Nevertheless, the catalytic
activity was completely restored or even slightly improved by an-
nealing the NCNF-HNO3 in Ar, resulting in an ORR current of 0.68 mA/
cm? at 0.7 V.

When comparing the N-CNF samples to a high loading of a com-
mercial Pt catalyst (49 ugpi/cmZ.,) it is clear that they are not in the
same range. The Pt/C sample demonstrates a higher ORR performance
in acidic electrolyte with an ORR onset potential of 1.05V and a lim-
iting current of 6.3 mA/cm?. However, the main goal of this paper is to
investigate the possible active sites present in N-CNFs prepared by CVD,
rather than achieving a high ORR activity. In Fig. 3a, the N-CNFs are
also compared with an undoped CNF sample containing the same iron
carbide particles (¢-FesC,) as the N-CNF samples (confirmed by XRD in
a previous paper [16]). The CNFs display a very low ORR activity, and
consequently the presence of iron carbide particles will not contribute
significantly to the ORR current of the N-CNFs. Doping of the CNF with
nitrogen is thus crucial for forming ORR active sites, regardless of the
active site structure being CNy or Fe-N; sites.

Cyclic voltammetry of the catalysts in Ar-saturated electrolyte
showed that the electric double layer current increased with treatment.
The slight increase in capacitive current for NCNF-HNO3-900 compared
to the pristine N-CNFs could be due to the increase in specific surface
area from 152 m?/g for NCNFs to 210 m?/g, see Table 1. Even though
there are reports on carbon edges and defects improving the ORR
performance of carbon materials, it is not likely that the change in
surface area influenced the oxygen reduction activity of the N-CNFs.
This is due to un-doped and metal-free carbon nanomaterials not being
active for the ORR in acidic electrolyte, even with high surface area and
porosity [52]. The N-CNFs treated with concentrated HNO3; showed the
highest double layer current which was related to the introduction of
oxygen functional groups on the surface. In addition, a redox reaction
was observed around 0.7 V for NCNF-HNO3 and was attributed to the
quinone to hydroquinone redox reaction (E° = 0.70 V). Since the ORR
current and Eqrg decreased for the HNOs-treated sample, it could seem
that the presence of oxygen functional groups on the surface does not
favor the ORR activity of N-CNFs.

3.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy indicated the presence of iron,
oxygen, nitrogen and carbon in the surface of all the samples and the
elemental composition for the samples are presented in Table 1. In
contrast to TEM, XRD and TPO measurements, a weak iron signal could
still be detected in the acid treated and annealed N-CNFs by XPS ana-
lysis. As can be observed in Fig. 4, the iron signal decreased con-
siderably after post-treatment and the iron content was estimated to
decrease from 0.39 at% to 0.05-0.06 at%. The Fe 2p3 » peak for the as-
synthesized N-CNFs was broad and indicated contributions from both
Fe® (707 eV) and iron oxides; Fe** (709.7 €V) / Fe®>* (711.2eV). The
presence of iron oxides was due to the surface of x-FesC, growth cat-
alyst particles being partly oxidized [53]. After acid treatment the Fe
signal was noisy and it was difficult to distinguish the features. Fitting
of the Fe 2p3,, peak for NCNF-HNO3 and NCNF-HNO3-900 with a
single Gaussian peak indicated a shift to lower binding energy after
annealing suggesting that the oxidation state of iron decreased slightly.

As expected, the treatment with HNO; introduced oxygen functional
groups on the surface of the N-CNFs and increased the oxygen content
from 1.9 at% to 5 at%. Before treatment the most pronounced oxygen
group was found at 530 eV (O1) and originated from the presence of
iron oxides. After acid treatment the amount of especially oxygen
groups O2 and O3 increased considerably. In literature the 02 peak
(531.1-531.3eV) has been assigned to carbonyl oxygen groups in
quinone [54], which is in agreement with the appearance of a peak at
0.7V in the cyclic voltammetry curve (Fig. 3c). The assignment of
oxygen peak O3 (532.4-532.5 eV) is subject to some debate, but is most
likely due to COOH groups, or O=C—O groups in esters and anhydrides
[55,56]. In any case, most of the oxygen groups were efficiently re-
moved by annealing the NCNF-HNO3 at 900 °C in Ar resulting in an
even lower total O-content for NCNF-HNO3-900 (1.2 at%) compared to
pristine NCNF (1.9 at%).

Refluxing the N-CNFs with HNO; not only removed the iron parti-
cles and introduced oxygen functional groups, it also decreased the N-
content drastically. The initial nitrogen content in the surface of the N-
CNFs was 5.1 at%, but after acid treatment and annealing only 2.4 at%
nitrogen was left in the fibers. In addition, the acid treatment altered
the nitrogen groups present in the surface. Deconvolution of the high-
resolution spectrum from the N 1s region revealed that most of the
nitrogen in the as-synthesized N-CNFs was incorporated as pyridinic N,
N1 (398.4 V), and quaternary N, N3 (401.1 eV). In addition, the de-
convolution revealed the presence of four additional peaks located at
399.4eV (N2), 402.6 eV (N4), 404.1 eV (N5) and 405eV (N6) which
were identified as amine (NH,), pyridinic N-oxide, trapped N, gas and
NO, groups respectively [36].

After HNOj treatment a clear peak appeared at 405.5 eV indicating
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Fig. 3. (a) Oxygen reduction of the N-CNFs along with CNF and 20 wt% Pt/C
references at 5mV/s in 0.5M H,SO4. (b) The corresponding amount of H,O,
detected on the Pt-ring for the N-CNF samples. (¢) Cyclic voltammetry at
50mV/s in Ar-saturated 0.5M H,SO,4. Conditions: 245ug catalyst /em?,
1600 rpm.

the introduction of NO, groups from the acid. An additional peak next
to the NO, peak had to be included in the deconvolution. It could
therefore seem that the new peak N7 located at 407 eV was related to

Table 1
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the NO, groups and not an individual contribution. Furthermore, the
N2 peak which was identified as NH, groups shifted to a higher binding
energy (399.8 eV) and increased in intensity. This could be attributed to
the introduction of NO groups which have been reported to appear at
binding energies around 400.1 eV [57,58]. The presence of carbonyl
groups neighboring the NH, groups could also lead to a slight shift in
the N2 peak position. Annealing the NCNF-HNO3 at 900 °C in Ar re-
moved most of the oxygen functional groups introduced by the nitric
acid. Furthermore, in the deconvolution of the N 1s region of NCNF-
HNO3-900, Fig. 4b, the intensity of peak N2 and N6 decreased, while
peak N7 was not present. This confirmed that these peaks were due to
functional groups adsorbed on the N-CNF surface. The distribution of
nitrogen groups was thus almost identical for the as-synthesized N-CNFs
and the NCNF-HNO3-900 sample, even though the nitrogen content
was 50% lower after treatment. It therefore appears that the amount of
all the nitrogen groups decreased with treatment.

3.4. Electron energy loss spectroscopy

As stated above, TEM imaging of NCNF-HNO3-900 did not show
any visible iron nanoparticles in the N-CNFs. However, XPS analysis
indicated that there was still some iron left in the surface of the N-CNFs.
Electron energy loss spectroscopy was therefore employed to identify
the location of iron in the nanofibers. This technique is advantegeous
over energy-dispersive X-ray spectroscopy (EDX) since it is not sus-
ceptible to secondary fluorescence effects by X-rays or scattered elec-
trons. Fig. 5 displays the results from the EELS analysis of a re-
presentative N-CNF from the NCNF-HNO3-900 sample. The analysis
area and the area selected to correct for sample drift are indicated in
Fig. 5a, while the STEM image acquired during analysis is shown in
Fig. 5b. Spectral images of the carbon K-edge and the nitrogen K-edge,
Fig. 5¢, correspond well with the inner structure of the carbon nano-
fiber and indicate that nitrogen is homogeneously doped into the N-
CNFs. In contrast, the Fe L-edge was very weak and the spectral image is
dominated by noise. As judged from the C K-edge map, the intensity of
the Fe L-edge varied weakly with sample thickness suggesting that any
Fe present is uniformly distributed in the analysis area.

The EELS spectrum from the red area in Fig. 5b was extracted and is
shown in Fig. 5d. After background subtraction the edges of carbon,
nitrogen and iron were clearly visible, see Fig. 5e-g. A number of N-
CNFs were analyzed and a weak Fe signal was observed in all of them as
shown in Fig. 5e for the bamboo-like N-CNF. Furthermore, Fe L-edge
spectra from different locations within each carbon nanofiber were
extracted and a weak signal was always detected. This indicates that
iron is atomically incorporated into the N-CNFs as was also suggested
from the spectral image of the Fe L-edge.

Tan et al. have described how the oxidation state of transition metal
oxides correlates with their EELS spectra by using approaches such as
edge onset values and white-line ratios [59]. The N-CNFs were studied
using different spectrometer dispersions to maximize the sensitivity and
resolution of the Fe L-edge peak structure from EELS. Furthermore, the
spectra were compared with those obtained from Fe,O3 and metallic Fe
reference materials. Unfortunately, it was not possible to reach a con-
clusion regarding the oxidation state of the Fe present in the N-CNFs by
these methods here. This was partly due to the extremely weak Fe
signal compared with those obtained from the reference materials.

The peak intensities of the different elements from EELS was

Surface composition from XPS, specific surface area from N, adsorption measurements and oxygen reduction activity of the N-CNFs in 0.5M H,SO,.

Sample N (at%) O (at%) Fe (at%) Sper (M2/g) Eorr (V) E@1 mA/cm{?,,eo W) j@0.7v (mA/cmgeu) H,0, @ 0.7V (%)
NCNF 5.1 1.9 0.39 152 0.93 0.65 0.63 39.5
NCNF-HNO3 2.8 5.0 0.05 199 0.91 0.62 0.51 34.1
NCNF-HNO3-900 2.4 1.2 0.06 210 0.93 0.65 0.68 31.8
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Fig. 4. High-resolution XPS spectra of the Fe 2p (a), N 1s (b) and O 1s (b) regions for NCNF (1st row), NCNF-HNO3 (2nd row) and NCNF-HNO3-900 (3rd row).

employed to estimate the bulk elemental composition of the N-CNFs.
Quantification indicated N-doping levels of ~7 at% and Fe contents in
the range of 0.4 at%. These values are significantly higher than the ones
obtained from XPS quantification where the N and Fe contents were 2.4
at% and ~ 0.06 at% respectively (Table 1). This is expected since XPS is
a surface sensitive technique and acid treatment would mainly remove
nitrogen and iron species at the surface of the N-CNFs. The position of
the K-edge of oxygen was also extracted from the EELS spectra in
Fig. 5g, but it was weak and featureless. Quantification of oxygen
therefore proved difficult as the oxygen signal was very sensitive to
positioning of the peak and background subtraction levels. In general,
the amount of oxygen in the N-CNFs was either very low or non-ex-
istent. As a result, the iron cannot be present as an oxide in the N-CNFs
since this would have required a much stronger oxygen signal. In
conclusion, the EELS analysis showed that growing N-CNFs from iron
nanoparticles leads to the incorporation of iron atoms in the N-CNF
structure.

3.5. X-ray absorption near-edge structure

X-ray absorption near edge structure (XANES) analysis at the Fe K-
edge was used to gain information regarding the atomic structure of the
iron incorporated in the N-CNFs. The XANES analysis was performed on
the acid treated and annealed N-CNFs (NCNF-HNO3-900) since this
sample did not contain iron carbide particles that would interfere with
the analysis. A setup where the N-CNFs could be exposed to an inert
atmosphere and mild heat treatment during XAS measurements was
employed. This allowed for investigation on how possible adsorbed
species would affect the XANES spectra. First, the NCNF-HNO3-900
sample was loaded into a quartz capillary and purged with helium at
room temperature (20 °C) until the XANES of the Fe K-edge was stable.
Fig. 6a displays the initial scan and the final scan, denoted “20 °C/He”,
which was obtained after exposing the N-CNFs to He for 1.5 h. It can be
observed that the whole XANES spectrum, including the position of the
absorption edge, shifts to lower energies when exposing the N-CNFs to
He. In XANES analysis a decrease in the oxidation state of the absorp-
tion site usually results in a corresponding decrease in the absorption
edge energy. It could therefore seem that adsorbed species such as O, or

H,0 are being removed from the N-CNFs by the He flow, resulting in a
lowering of the average oxidation state of Fe. However, this does not
appear to affect the structure of the Fe-sites since the features of the
XANES spectra did not change during He purging. By overlaying
shoulder A at 7115 eV in the XANES of 20 °C/He with shoulder A for the
initial scan, a difference spectrum, Au(E), was obtained. The Au spec-
trum is shown as an inset in Fig. 6a and demonstrates that there are no
significant differences in the XANES features of the final scan compared
to the initial scan. Thus, if desorption of weakly bonded species such as
O, from the Fe centers in the N-CNFs is occurring, it results in a low-
ering of the average oxidation state of Fe without altering the sur-
rounding environment.

A theoretical Fe K-edge XANES spectrum for the Fe site in iron
porphyrin (Fe-N4) was calculated using the FDMNES package and
compared with the XANES spectrum of the NCNF-HNO3-900 sample.
The structure of the modelled Fe-porphyrin was based on the core of the
heme B group in hemoglobin where Fe is complexed to four pyrrolic
nitrogen atoms as displayed in Fig. 6b. The computed XANES for the Fe-
Heme model was similar to experimental XANES spectra obtained for
different iron porphyrins by Xu et al. [60]. Comparing the NCNF-HNO3-
900 XANES spectrum and its first derivative with the Fe-Heme model
(Fig. 6b and c) shows that all the features A-E associated with the Fe-N,4
structure are present, despite differences in the relative intensity of
some spectral features. The shoulder A appeared at 7115eV in the N-
CNF spectrum and can be assigned to the transition of 1 s core electrons
to 3d states [61]. Furthermore, the presence of shoulder B at 7120 eV
and peak C at 7132.5 eV are due to 1 s — 4p transitions characteristic of
square-planar iron(II)-complexes such as Fe-N4 in heme. Shoulder D
(7138.5eV) has been attributed to multiple scattering processes in si-
milar Fe**-complexes and can according to Jia et al. show the local
structure difference between Fe®*-complexes with different Fe-N bond
distances or spin states [61]. The experimental Fe K-edge XANES of
NCNF-HNO3-900 also show the same features as reported by Zitolo
et al. [28], Jia et al. [61] and Kramm et al. [62] for Fe-N-C catalysts
containing high amounts of Fe-Ny sites. It can therefore be concluded
that most of the iron present in the N-CNFs after acid treatment and
annealing originate from Fe-N, sites like the ones found in iron por-
phyrins.
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Fig. 5. (a) STEM and EELS analysis of acid treated and annealed N-CNFs with (b) HAADF image and (c) the corresponding EELS spectral images of C, N and Fe. (d)
EELS spectrum from the red square in the HAADF image along with the (e) Fe L, s-edge, (f) N K-edge and (g) O K-edge (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article).

Since the phase of the N-CNF growth catalyst particles was x-FesCo
as confirmed by XRD, some trace amounts of iron carbide or iron oxide
might remain in the N-CNFs after purification. This could affect the
XANES spectrum and lead to differences in the absorption edge position
and XANES features of NCNF-HNO3-900 compared to the Fe-Heme
model. Therefore, Fe K-edge XANES spectra of metallic iron, iron car-
bides and iron oxides were also acquired. The experimental XANES
spectra of -FesC, and Fe,O3 are shown in Fig. 7 together with the
stabilized spectrum of NCNF-HNO3-900 at 20 °C in He. In -FesCs the
Fe atoms are zero-valent, and the absorption edge is located at a lower
photon energy compared to Fe,O; where iron is present as Fe>*. In
comparison, the Fe absorption edge for the N-CNF sample is located at a
slightly higher photon energy than Fe,O3 suggesting that the iron in the
N-CNFs might also be present as Fe*>*. This edge position is consistent
with the experimentally measured position of different iron porphyrins
bonded with O or Cl atoms [60]. If significant amounts of x-FesC, or

Fe,03 had been present in the post-treated N-CNFs a lowering of the
edge position should have been observed.

Furthermore, the features of the XANES spectra of y-FesC, and
Fe,03 are very different compared to the spectrum of NCNF-HNO3-900.
Combining the experimentally measured XANES of -FesC, and Fe;O3
with the theoretical XANES of the Fe-Heme model would therefore not
yield a spectrum more similar to the one observed for the N-CNFs. This
can be seen by comparing the first derivatives of all the spectra
(Fig. 7b). A combination of the XANES of the Fe-Heme model with for
example Fe,O3 would diminish shoulder B and feature C-D resulting in
even larger differences between the Fe-Heme spectrum and the ex-
perimental NCNF-HNO3-900 spectrum. Thus, it was concluded that the
iron carbide particles initially present in the N-CNFs were removed by
the acid treatment, and are not affecting the XANES spectrum of NCNF-
HNO3-900. Similar assessments were also performed for metallic iron
and other iron carbides and iron oxides. The presence of none of these
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Fig. 6. (a) Normalized Fe K-edge XANES of NCNF-HNO3-900 collected at 20 °C
in He, with the difference spectrum Au(E) between the stabilized and initial
scan after aligning shoulder A (inset). (b) The stable spectrum of NCNF-HNO3-
900 compared with a calculated XANES spectrum for the displayed Fe-Heme
model and (c) the first derivative of the two spectra. The theoretical Fe-Heme
spectrum was shifted 1.5 eV to higher energies to enable comparison of features
A-E.

compounds could explain the slight discrepancies observed between the
XANES of the Fe-Heme model and the acid treated and annealed N-
CNFs. Most likely, the differences are instead related to the presence of
several somewhat different Fe-N, sites in the N-CNFs, or just a con-
sequence of the low loading and hence low signal-to-noise-ratio.

To investigate how the Fe K-edge XANES features of the post-treated
N-CNFs evolved as more species were removed from the surface, the
sample was heated in He atmosphere while acquiring XANES spectra.
First NCNF-HNO3-900 was heated to 100°C and kept for 5.5h
(“100 °C/He”), and then further heated to 200 °C and kept for another
5h (“200 °C/He”), see Fig. 8. Heating at 100 °C in He shifted all the Fe
K-edge features to slightly lower energies as was also observed when
introducing He at room temperature. The Au(E) between spectrum
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for acid treated and annealed N-CNFs, the Fe-Heme model and experimental
spectra for reference samples of iron oxide (Fe,O3) and Hégg carbide (x-Fe,Cs).

100 °C/He and 20 °C/He was obtained by overlaying shoulder A of the
two spectra and is shown in Fig. 8b. The difference spectrum indicated
that the shape of the main adsorption edge at 7124 eV and the white
line were altered, while feature E slightly decreased. All these changes
persisted and were even clearer when heating the acid treated N-CNFs
at 200 °C in He, although shoulder A stayed at the same position as for
100 °C/He (7114.3 eV). When O, molecules are desorbed from Fe-N4
sites in heme the Fe atom will eventually go from being in-plane oxy-
genated Fe>*-N, to dome-shaped deoxygenated Fe* " -N,,. This will alter
the XANES features of the Fe K-edge and even small differences can be
probed using Au(E) spectra. Recently Jia’s research group modelled
how this Fe** to Fe>* phenomenon will affect the Fe K-edge XANES of
Fe-Ny sites and used this to explain changes in XANES features observed
during in-situ oxygen reduction on their Fe-N-C catalysts [29,61]. The
modelled and experimental changes in Au(E) for Fe-N, when removing
oxygen and displacing the Fe atom out-of-plane included a shift in the
adsorption edge to lower energies and a decrease in intensity of feature
D and E [29]. All these changes are observed here when heating the
NCNF-HNO3-900 under a He-flow, and the Au(E) spectra displayed in
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Fig. 8b show the same evolution as a response to more reducing con-
ditions. (Note: here the Au(E) features are opposite since the oxygen
rich state is used as reference, see Eq. 1). The results thus indicate that
O, is being removed from the Fe-N, sites when exposing the N-CNF
sample to He and heating. These observations support the hypothesis
that O, from air will adsorb on Fe-N, sites at normal temperature and
pressure (NTP) as previously suggested by Zhou et al. [46] and Zitolo
et al. [28].

3.6. Active sites for the ORR

Nitrogen-doped carbon nanofibers prepared from or in the presence
of iron usually exhibit higher catalytic activity for the oxygen reduction
reaction compared to N-CNFs prepared from other transition metals
[12-14,16]. However, the nature of the active sites for the ORR on N-
CNFs is still unclear. Two main types of ORR active sites are usually
debated: nitrogen-centered active sites (CN,) and Fe-centered active
sites (Fe-N,). In addition, it has recently been suggested that carbon
encapsulated Fe particles, iron carbide particles and carbon edges can
facilitate the oxygen reduction [31-33,63,64].

Here, characterization with EELS and XANES confirmed that por-
phyrin-like Fe-N, sites are incorporated into N-CNFs grown from iron
nanoparticles by chemical vapor deposition. The results indicate that
the Fe-N, sites are resistant to acid leaching and atomically dispersed
iron centers are still present in the N-CNFs after acid treatment and
annealing. Porphyrin-like Fe-N, centers are known to be active for both
oxygen adsorption and reduction. It is therefore likely that their pre-
sence will contribute to the catalytic activity of the N-CNFs. Active sites
for the ORR consisting of Fe-N, would also explain why N-CNFs and N-
CNTs prepared from Fe usually show higher catalytic activity than their
counterparts prepared from Ni and Co [14,16].

Treatment with concentrated nitric acid removed both the iron
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growth catalyst particles and 50% of the nitrogen in the surface of the
N-CNFs without affecting the ORR activity. This shows that the pristine
N-CNFs contain substantial amounts of nitrogen and iron that are not
contributing to the catalytic activity. According to XPS analysis, the two
major N-groups in the N-CNFs were pyridinic N and quaternary N
(Fig. 4). After acid washing and annealing, the ratio between the dif-
ferent nitrogen groups remained the same suggesting that the quantity
of all the N-groups was reduced. Thus, if pyridinic or quaternary N-
groups had been the main source of the ORR activity of the N-CNFs, a
significant decrease in catalytic performance should have been ob-
served after their removal. Instead, the ORR activity remained intact
after treatment and it therefore seems likely that the presence of Fe-N,4
sites influences the ORR performance of the N-CNFs. This means that
the correlation between N-content and ORR activity found in our pre-
vious study could simply indicate that the amount of Fe-N, sites in-
creases as the total N-content of the N-CNFs increases [36]. Still, the
study also found that the oxygen reduction on N-CNFs occurs through a
sequential pathway. This enhances the possibility for several different
active sites such as Fe-N, and CNy to collaboratively perform the ORR
on the N-CNFs.

Several recent reports have concluded that the presence of iron
carbide particles can improve the electrocatalytic activity of N-doped
carbon nanomaterials [31,65,66]. This is however not the case for the
N-CNFs in this study since an almost complete removal of the particles
by refluxing in HNO;3 did not alter the ORR activity of the N-CNFs. In
addition, undoped CNFs containing the same Hégg carbide particles (-
FesC,) do not exhibit any ORR activity (Fig. 3a) [16], while a previous
publication showed that KOH-treatment of N-CNFs reduced the pre-
sence of iron particles without significantly decreasing the ORR per-
formance [67]. It is therefore clear that carbon encapsulated iron car-
bide nanoparticles are not contributing to the ORR performance of the
N-CNFs prepared in this study. The presence of such iron carbide par-
ticles will instead make it harder to identify the Fe-N, sites by EELS and
XANES analysis.

Carbon edges and defects have also been reported to enhance the
ORR activity of nanocarbons [63,64]. Nevertheless, it is well-known
that un-doped and metal-free carbon nanomaterials do not exhibit
significant oxygen reduction currents in acidic electrolyte [52,68].
Thus, most publications on edge/surface effects of unmodified carbon
materials only report the catalytic activity in alkaline electrolyte
[69-71]. This means that even though the surface area and other sur-
face properties of our N-CNFs was slightly altered by the acid treatment
and annealing, there is no reason to believe this will significantly affect
their ORR performance in acidic electrolyte.

In conclusion, this study confirms that porphyrin-like Fe-Ny sites are
incorporated into N-CNFs grown from iron nanoparticles. Based on the
above discussion, we further propose that the Fe-N4 moieties are active
sites for the oxygen reduction in N-CNFs. It was also discovered that the
Fe-N, structures are resistant to acid leaching and still present in the N-
CNFs after acid treatment and annealing. However, the amount of Fe-N4
moieties in N-CNFs is very low and difficult to detect using standard
characterization techniques such as XRD, TPO, XPS and TEM. Masa
et al. have suggested that nitrogen-doped carbon materials prepared
using metal-containing precursors should be labeled Me-N-C catalysts,
even after purification procedures [72]. This is in line with the results
presented here as Fe-N, moieties are indeed present in N-CNFs grown
from Fe, even after acid treatment. Our results highlight the importance
of defining N-CNFs and N-CNTs prepared from metal-containing pre-
cursors as Me/N/C catalysts, even when they have been subjected to
purification procedures. Possible contributions from Fe-N; sites to the
catalytic activity cannot be ruled out when using N-CNFs and N-CNTs
prepared from Fe directly as catalysts or indirectly as catalyst supports.

4. Conclusion

Nitrogen-doped carbon nanofibers were grown on expanded
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graphite from Fe nanoparticles using a chemical vapor deposition
method. Characterization using XRD, TPO and TEM indicated that the
iron particles were removed from the N-CNFs by thorough washing
with nitric acid. However, a weak iron signal was still detected by EELS
analysis of the acid treated and annealed N-CNFs with no visible iron
particles, indicating that Fe is atomically incorporated into the N-CNF
structure during growth. XANES measurements at the Fe K-edge re-
vealed that the remaining iron in the N-CNFs was coordinated to ni-
trogen forming Fe-N, sites similar to iron porphyrin sites in heme. The
catalytic activity for the oxygen reduction reaction of the N-CNFs was
not affected by the acid treatment, although 50% of the nitrogen groups
present in the surface of the N-CNFs were removed. It is therefore
proposed that the Fe-N, moieties are active sites for the oxygen re-
duction on N-CNFs in acidic electrolyte.
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