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Abstract

A single-step chemical vapor deposition method using simple gaseous precursors was
employed to grow nitrogen-doped carbon nanofibers from Fe and Ni particles on the surface
of expanded graphite (N-CNF/EG). Due to the high electronic conductivity of the expanded
graphite the N-CNF/EG could be used as electrocatalysts without the need for harsh
purification procedures. Electrochemical testing showed that the N-CNFs grown from Fe
exhibited a notable activity for the oxygen reduction in both acidic and alkaline electrolyte, in
addition to demonstrating a high durability with a well-preserved catalytic activity after 1600
cycles in O2-saturated 0.5M H2SO4. Physicochemical characterization revealed the formation
of N-CNFs with a bamboo-like structure, encapsulated Fe particles and high pyridinic nitrogen
content. The combination of high ORR-activity, an easily scalable synthesis approach and a
highly conductive support material makes N-CNF/EG a promising oxygen reduction catalyst

for low temperature fuel cells.

1 Introduction

One of the major obstacles for the commercialization of fuel cells is the necessity for high
cost noble metals to facilitate the electrode reactions. Especially the oxygen reduction reaction
(ORR), the cathode reaction in fuel cells, is slow and requires high Pt loadings [1]. Design of
cheaper materials to replace the noble metals without compromising with the activity has
therefore received increasing scientific and industrial interest. Several types of non-noble
catalysts have been explored over the years, with carbon nanomaterials containing nitrogen and
trace amounts of transition metals being the most promising alternative [2,3]. Recently, it has
even been reported that some of the N-doped carbon nanomaterials show higher ORR-activity,
stability and crossover tolerance compared to conventional Pt-based catalysts in alkaline media
[4-7]. However, in acidic conditions the ORR-activity and stability still remain lower than that
of Pt [8-11].

Carbon nanofibers (CNFs) and carbon nanotubes (CNTS) are attractive as support materials
in electrocatalytic applications due to their electrical conductivity, high degree of graphitization
and corrosion resistance [12]. In addition, nitrogen-doping makes the CNFs and CNTs active
for the ORR without the need for supported noble metal catalysts. One of the most versatile
and economically competitive methods for producing N-CNFs and N-CNTs is chemical vapor
deposition (CVD) [12,13]. In short the N-CNFs are grown by decomposing carbon and nitrogen

precursors over transition metal catalysts such as iron, nickel and cobalt. Commonly used



variations of the CVD method for producing N-CNFs include aerosol assisted CVD, floating
catalyst CVD and pyrolysis-type CVD [14]. The CVD technique offers the possibility for in
situ N-doping of CNFs and CNTs by simply introducing a nitrogen precursor during the
synthesis. A wide range of nitrogen sources have been employed including ammonia[15],
pyridine[16], acetonitrile[17-19], melamine[20] and imidazole[21]. Ammonia might be the
most convenient nitrogen precursor to employ because it is inexpensive, abundant, exists in
gaseous form at room temperature and can easily be added to the precursor feed.

Some of the first to report the use of N-CNF electrodes for the reduction of oxygen was
Maldonado and Stevenson [16]. Their catalyst was prepared by a floating CVD method using
ferrocene and xylene, and showed significant activity towards the reduction of H>O; in alkaline
media. Ozkan’s research group was among the first to demonstrate that N-CNFs also showed
activity for the ORR in acidic media [22,23]. In their reports the catalysts were synthesized by
decomposition of acetonitrile over silica, magnesia and Vulcan carbon supports impregnated
with Fe-, Ni- or Co-acetate. In recent years several research groups have reported oxygen
reduction activity for various forms of N-CNFs in both alkaline electrolyte [4,15,17] and acidic
electrolyte [18,24]. However, complex growth precursors and synthesis procedures are often
employed. Especially the use of oxide supports with low electronic conductivity makes
purification steps such as refluxing in concentrated alkaline and acidic solution necessary
before employing the N-CNFs in electrocatalytic applications. Harsh post treatment procedures
not only complicates the synthesis, but also alters the surface chemistry and the catalytic
properties of the N-CNFs [15,19,25].

Graphene and graphite are highly conductive materials that have been used as supports in a
range of electrochemical energy technologies [26,27]. Unfortunately they are less suited as
supports for N-CNF growth by the CVD method because graphite has low surface area and
porosity, while graphene easily agglomerate or even restack upon drying [28]. Low cost natural
flake graphite can however be intercalated with nitric or sulfuric acids, and a subsequent heat
treatment leads to an expansion along the c-axis of the graphite increasing the volume and
porosity. As opposed to graphene and graphite, expanded graphite (EG) exhibits a more stable
porous structure and has been shown to be well suited for CNT growth [29,30].

In this report N-CNFs are prepared from Fe and Ni by in situ nitrogen-doping using
ammonia as nitrogen precursor and carbon monoxide or ethane as carbon precursors in a
catalytic CVD method. Furthermore, expanded graphite (EG) was used as support material for
the N-CNF growth and due to its highly porous structure 20wt% metal nanoparticles could be

loaded on the surface by incipient wetness impregnation. The electrocatalytic activity of the
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as-grown N-CNF/EG was tested in both acidic and alkaline electrolytes and the N-CNFs
prepared from Fe showed promising ORR-activity and stability. The combination of a single-
step CVD process, simple gaseous precursors and graphite as support material makes this
synthesis method promising for large scale production of N-doped carbon electrocatalysts.

2 Experimental

2.1 Synthesis
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Figure 1 Schematic illustration of the synthesis procedure showing metal nanoparticles
(red balls) supported on expanded graphite, and carbon nanofibers doped with nitrogen

(green balls).

A schematic illustration of the synthesis procedure is shown in Fig. 1. First, expanded
graphite was produced by heating oxidized graphite (Expandable Graphite GHL PX 95/350 N,
Georg H. LUH GmbH, Germany) in a microwave oven at 700W for 60s. EG-supported iron or
nickel catalysts with a metal loading of 20 wt% were prepared by incipient wetness
impregnation of the support with metal nitrates (Iron(lll)-nitrate nonahydrate, Fluka and
Nickel(Il)-nitrate hexahydrate, Fluka) dissolved in 96% ethanol. The growth catalysts were
dried in room temperature for several days before being used.

Nitrogen-doped carbon nanofibers were synthesized using a catalytic CVD-method. The
growth catalyst (0.2 g, 20wt% metal/EG) was loaded in a tubular quartz reactor and reduced in
an Hz:Ar flow (40:160 ml/min, purity 5.0:5.0, AGA) by increasing the temperature of the
furnace 3°C/min up to 650°C. Subsequently, N-CNFs were grown at 650°C using a synthesis
gas mixture of CoHs:NH3:H2 (120:40:40 ml/min, purity 3.5:3.6:5.0, AGA) for Ni/EG, and
CO:NH3:H2 (60:20:20 ml/min, purity 3.7:3.6:5.0, AGA) for Fe/EG. The obtained N-CNF/EG
catalysts are denoted N-CNF/Ni and N-CNF/Fe respectively. The synthesis time was 4.5 hours
for N-CNF/Ni and 24 hours for N-CNF/Fe. For comparison the synthesis on Fe/EG was also
performed without CO in the reaction feed giving Fe/EG-NH3, and without NH3 in the reaction



feed giving CNF/Fe. The synthesis time was 24h for Fe/EG-NH3z and 4h for CNF/Fe. After
synthesis the reactor was cooled down to room temperature under an argon flow. A reference
sample of reduced Fe nanoparticles on expanded graphite, Fe/EG-red, was prepared by cooling
the reactor to room temperature under an Ar-flow after the reduction step.

2.2 Physicochemical characterization

The surface area of N-CNF/EG was characterized by Nz-adsorption measurements in a
Micromeritics TriStar 11 3020. Approximately 100 mg of the N-CNF/EG was degassed at 200
°C overnight prior to analysis. The specific surface area was calculated by the Brunauer-
Emmet-Teller (BET) method.

The microstructure and morphology of N-CNF/EG was observed using a Hitachi S-5500
scanning transmission electron microscope (S(T)EM). The S(T)EM samples were prepared by
attaching the N-CNF/EG to conductive carbon tape. Transmission electron microscopy (TEM)
using a Jeol JEM-ARMZ200F equipped with a Jeol Centurio for X-Ray composition analysis by
energy dispersive spectroscopy (EDS) was employed to characterize the N-CNF nanostructure.
The TEM samples were prepared by dispersing N-CNF/EG in isopropanol by ultra-sonication.
A drop of the dispersion was then deposited on a holey carbon film supported by a copper grid
and dried at room temperature. The EDS data were acquired as spectrum images using the
Gatan Digital Micrograph software.

Raman spectroscopy was employed to analyze the disorder in the N-CNF/EG using a Horiba
Jobin Yvon LabRAM HR800 instrument. The samples were pressed between two glass slides
and the spectra acquired with a laser excitation wavelength of 633 nm.

To identify the crystalline phases, X-ray diffraction (XRD) was performed using a Bruker
D8 Advance DaVinci X-ray diffractometer with a LynxEye™ detector and Cu Ko radiation (A
=1.54 A). The samples were prepared by using high vacuum grease to fix the carbon material
to the sample holders. Measurements were done in the 20 angular range 20° - 80° using a fixed
slit of 0.6 mm. The diffractograms were analyzed using the software DIFFRAC.EVA and the
PDF-4+ database from ICDD.

X-ray photoelectron spectroscopy (XPS) measurements were carried out in a Kratos Axis
Ultra DLD spectrometer using monochromatic Al Ka 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 160 eV while the high resolution

spectra were collected at pass energies of 20 eV. Data analysis was performed using the
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CasaXPS software. The elemental composition was calculated after the subtraction of Shirley-
type backgrounds for the high resolution spectra. The N 1s region was deconvoluted using
Gaussian-Lorentzian line shapes with 30% Lorentzian weighting.

Temperature-programmed oxidation (TPO) was performed in a Netzsch STA 449C thermo-
microbalance coupled with a Netzsch QMS 403C Aéolos® mass spectrometer to analyze the
oxidation products. Around 5-10mg of sample was loaded in the thermogravimetry (TG)
instrument and heated from 40°C to 900°C at a rate of 10°C/min under a flow of synthetic air
(80mL/min, purity 5.0, AGA).

2.3 Electrochemical measurements

The electrochemical measurements were conducted in a conventional 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. A rotating
ring disk electrode (RRDE, disk: 5 mm ¢, ring: Pt with 20 % collection efficiency) was used
as working electrode. The N-CNF/EG catalysts were deposited on the glassy carbon disk
electrode using the method described by Schmidt et al. [31]. A catalyst suspension was
prepared by sonicating 1.0 mg of N-CNF/EG in a mixture of 600 pL Millipore H20, 300 pL
96% ethanol and 100 pL of 0.05 wt% Nafion® (DuPont™ DE521, lon Power,Inc) for one
hour. About 16 uL of the suspension was placed on the glassy carbon disk and dried under a
N-flow. The procedure was repeated 2 times giving approximately 245 pg/cm? of N-CNF/EG
catalyst deposited on the electrode surface. For comparison a commercial Pt/C catalyst (20wt%
Pt on Vulcan XC-72R, E-TEK) was prepared by the same procedure giving a total of 245
ng/cm? of 20wt% Pt/C on the glassy carbon electrode.

Before performing the ORR the electrolyte was saturated with Ar and the electrodes were
cleaned by performing cyclic voltammetry between 1.2 V and 0 V at different scanning rates.
The background current was then measured by performing linear sweep voltammetry (LSV)
from 1.10 V t0 0.01 V at 5 mVs in the Ar-saturated electrolyte. Oxygen reduction experiments
were carried out in Oz-saturated 0.5M H2SO4 (95-97% H2SO4, Sigma Aldrich) and 0.5M KOH
(extra pure KOH pellets, Merck) at room temperature. The potential range of the ORR was
1.10 V - 0.01 V, the scanning rate 5 mVs* and the rotational speed 1600 rpm. The third cathodic
scan for N-CNF/EG and the third anodic scan for Pt/C after background subtraction are
reported. Onset potentials for the oxygen reduction (Eorr) Were determined by comparing the

LSV curve obtained in Ar with the ORR measurement. Finally, the stability test was performed
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by cycling in the potential range 1.1 V - 0.6 V at 20 mVs* and 600rpm in Oz-saturated 0.5M
H2SOa.

In order to detect the amount of H2O2 produced on the working electrode during the ORR,
a constant potential of 1.2 V vs. RHE was applied to the Pt ring electrode. The H>O> yield was
calculated from the ring current (Ir), the disk current (Ip) and the collection efficiency of the
Pt ring (N) using the following equation [32]:

(1 /N)

H,0, (%) =200x— ")
20, () =200 o

(1)

3 Results and discussion

3.1 Physicochemical characterization

S(T)EM images showing the surface morphology of the expanded graphite after N-CNF
growth are presented in Fig. 2a-c. The graphite support was successfully expanded into a fluffy
texture with low density as observed in Fig. 2a. Due to the abundant porous structure of the
expanded graphite it was possible to achieve high loadings of metal nanoparticles on the
graphite by simple incipient wetness impregnation. S(T)EM imaging of 20 wt% Fe/EG after
reduction in Ho/Ar, Fig. 1d, show Fe nanoparticles with sizes ranging from a few nm up to
50nm distributed on the graphite surface. After the CVD process the surface of the expanded
graphite was covered with N-CNFs of various diameters as displayed in Fig. 2b-c. The
variation in N-CNF diameter could be related to the various sizes of the metal nanoparticles
before growth. Furthermore, the N-CNF growth did not seem to change the structure of EG as
seen in Fig.2a. On contrary, the growth of N-CNFs on the surface of EG might help preserve
the fluffy EG structure by preventing it from collapsing. BET measurements showed that the
surface area increased after N-CNF growth, from 35 m?/g for expanded graphite to 226 m?/g
for N-CNF/Ni and 86 m?/g for N-CNF/Fe. The difference in surface area for N-CNF/Ni and
N-CNF/Fe was probably due to the difference in N-CNF yield since the N-CNF growth was

faster on nickel compared to on iron.



Figure 2: S(T)EM images of N-CNF/Fe (a-c) and Fe nanoparticles on expanded graphite
after reduction, Fe/EG-red (d).

Higher magnification TEM images of the N-CNFs obtained from Fe and Ni supported on
EG are presented in Fig. 3 and also show that the diameter of the N-CNFs varied in size. In
addition the TEM images revealed the nanostructure of the N-doped carbon nanofibers. As
shown in Fig. 3a-c, N-CNF/Fe consists of hollow nanofibers with a herringbone structure and
a compartmentalized morphology inside the nanofibers. This bamboo like structure is typical
for carbon nanotubes and carbon nanofibers containing nitrogen [33-35], but has also been
identified for CNTs and CNFs grown from Fe on graphite [36,37]. Interestingly the N-CNF/Fe
also showed smaller compartments in-between the graphene sheets in the surface of the N-
CNFs. On the contrary, structural characterization of N-CNFs/Ni (Fig. 3 d-f) showed N-doped
carbon nanofibers with more randomly oriented graphitic planes and no hollow core. It has
been suggested by van Dommele et al. that the formation of a bamboo-structure for N-CNTs
is related to the thermodynamic stabilities of the metal carbides [35]. Due to the higher
solubility of carbon in Fe than in Ni, the probability for forming a graphitic envelope around

Fe is higher than for Ni and can explain why a graphitic compartmentalization was only



observed for N-CNF/Fe. The carbon solubility might also explain why the Fe particles at the
tip of the N-CNFs were encapsulated by a several nm thick layer of carbon (Fig. 3 b-c), while
the Ni particles were fully exposed (Fig. 3f). Finally, the shape of the Fe and Ni nanoparticles
could influence the morphology of the N-CNFs. As can be observed in Fig. 3b-c, the inner
graphene layers of the N-CNFs grown on Fe follow the curvature of the sidewalls of the cone
shaped Fe catalyst particles resulting in herringbone type nanofibers [38]. The Ni particles on

the other hand exhibit a more spherical shape leading to N-CNFs with a more random structure.

N-CNF/Fe
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Figure 3 TEM images of N-CNF/Fe (a-c) and N-CNF/Ni (d-f).

Elemental mapping of the N-CNFs was done by EDS-analysis with the TEM working in
STEM mode and the analysis of a single N-CNF from Fe and Ni is shown in Fig. 4a and 4b
respectively. The elemental mapping of iron and nickel clearly shows that the metal particles
are located at the tip of the N-CNFs and indicates that the nanofiber growth follows a tip-
growth mechanism for both metals [13]. Furthermore, the examples shown are consistent with
the tendency for Fe-particles to be cone shaped while the Ni-particles are more spherical. The



elemental mapping of oxygen shows that the surface of both the Fe- and Ni-particles is partly
oxidized. The oxide layer for Ni is quite uniform since the Ni particles are exposed at the tip
of the nanofiber (Fig. 4b). By comparison, the Fe particles have been partially protected from
oxidation by being enclosed in the nanofibers and are only oxidized at the tip where they are
covered by only a few layers of carbon (Fig. 4a). The EDS analysis also confirmed the presence
of nitrogen in the N-CNFs and indicated that nitrogen was homogeneously distributed in both
N-CNF/Fe and N-CNF/Ni. Even though the nitrogen signal was weak and susceptible to the
influence of variations in the X-ray background level, the uniformity was confirmed by

examination of spectra extracted from specific positions in the nanofibers.

Figure 4 Elemental maps from EDS-analysis with corresponding bright field STEM
images for N-CNF/Fe (a) and N-CNF/Ni (b).

Disorder in carbon materials can be assessed by Raman spectroscopy, and the Raman
spectra of N-CNF/EG are compared with Fe/EG-red and Fe/EG-NH3 in Fig. 5. The spectra for
Fe/EG and Fe/EG-NHs show a prominent G-band at ~1577 cm™ and a 2D-band at ~2683 cm’
! both related to the sp? hybridization of graphite [39]. Disordered graphite such as edges of

the graphene layers give rise to a D-band at ~1333 cm™ and for Fe/EG-red an additional



shoulder in the G-band around 1618 cm™ indicate the presence of a disorder induced D’-band.
For N-CNF/Fe and N-CNF/Ni the N-doped carbon nanofibers also contribute to the Raman
spectra resulting in an increase in the intensity of the D-band due to a higher degree of disorder
in N-CNFs compared to graphite. It also seems that the 2D-band is only originating from the
expanded graphite and is masked completely by the N-CNF signal for the Ni-sample. The ratio
of the peak intensities Io/lc can be used to characterize the level of disorder in carbon materials,
and indicates that N-CNF/Ni is more disordered than N-CNF/Fe. This corresponds well with
the observed nanostructure of the N-CNFs where N-CNF/Ni shows more disordered fiber
structure compared to N-CNF/Fe. The G-band in the Raman spectra is broadened for both N-
CNF/EG samples, and for N-CNF/Ni the band is shifted to ~1590 cm™ suggesting a strong
contribution from the D’-band. These characteristics are similar to the Raman spectra reported
by Choi et al. for N-doped graphene/carbon nanotube composites [40] and Tang et al. for N-

doped carbon nanotube cups [17].

N-CNF/Ni
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Figure 5 Raman spectra of Fe/EG-red, Fe/EG-NH3, N-CNF/Fe and N-CNF/Ni obtained with

an excitation wavelength of 633 nm.

X-ray diffractograms of N-CNF/Fe and N-CNF/Ni are presented in Fig. 6 together with
Fe/EG-red, Fe/EG-NH3 and CNF/Fe for reference. All samples showed a strong reflection at
20 =26.5° corresponding to the (002) peak of graphite (PDF 00-056-0159), see Fig. 6a. For N-

CNF/Ni the peak was broad indicating that the carbon was less crystalline. Moreover, all the
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Fe-based samples showed additional graphite reflections at 54.7° (004) and 77.5° (110), which
were not detectable in N-CNF/Ni. By using reference files from the ICDD database, the
strongest remaining reflections in Fe/EG-red, Fe/EG-NH3 and CNF/Fe were identified as a-Fe
(PDF 04-007-9753), FesN (PDF 04-012-3036) and FesC. (PDF 04-014-4562) respectively
(Fig. 6b). For N-CNF/Fe the XRD pattern seemed to consist of contributions from iron, iron
nitride and iron carbide. However, no iron oxide could be identified. The XRD peaks for N-
CNF/Ni were identified as metallic nickel (PDF 00-001-1258), NizC (PDF 00-006-0697), as
well as NiO (PDF 04-011-2340). The presence of a metal oxide for N-CNF/Ni and not for N-
CNF/Fe was probably due to the encapsulation of the Fe-particles by carbon resulting in only

a minor oxidation as observed by TEM and EDS characterization (Fig. 3 and Fig. 4).
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Figure 6 Full XRD pattern (a) and magnification of the main metal peaks (b). The peaks

were identified as graphite (*), iron (®), iron nitride (m), iron carbide (A), nickel (¢), nickel
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f

carbide (+) and nickel oxide (x).

X-ray photoelectron spectroscopy was employed to study the elemental composition and
nitrogen distribution in the surface of the N-CNFs, Fig. 7. The elemental composition of N-
CNF/Fe and N-CNF/Ni calculated from high resolution measurements of each element is
shown in Table 1. The metal content detected in XPS is much lower than the initial metal
loading of 20wt% metal on EG. This is mainly due to N-CNF growth, carbon encapsulation
and the formation of oxide layers in the surface of the metal particles. A lower metal content
was observed for N-CNF/Ni which is due to the higher growth yield during the N-CNF

synthesis resulting in a lower metal/carbon ratio compared to N-CNF/Fe. Furthermore, the N-
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CNF/Ni contained considerably less nitrogen and oxygen than the N-CNF/Fe. A possible
explanation can be that the carbon nanofiber formation rate is much faster than the rate of
decomposition of NH3 on the nickel particles. Consequently, the percentage of nitrogen atoms
incorporated in the carbon structure was lower than for N-CNF/Fe. The competitive reaction
kinetics between the decomposition of carbon precursor and nitrogen precursor could influence
both the nitrogen content and the nature of the nitrogen incorporation.

The binding configurations of the nitrogen atoms in the N-CNFs were analyzed by high
resolution XPS for the N 1s region as shown in Fig. 7b-c. Deconvolution of the XPS spectra
showed the presence of 5 peaks for both N-CNF/Fe and N-CNF/Ni which are similar to the
peaks reported by Kundu et al [18]. The contributions of the different nitrogen species to the
N 1s peak are summarized in Table 1. The two main peaks present, N1 and N3, were located
at 398.4eV and 401.0eV and were identified as pyridinic nitrogen and quaternary nitrogen
respectively [41,42]. As much as 48% of the nitrogen was incorporated as pyridinic nitrogen
in N-CNF/Fe (Fig. 7b) and 32% as quaternary nitrogen. For N-CNF/Ni (Fig. 7c), quaternary
nitrogen was the most abundant N-species with 41%, followed by pyridinic nitrogen which
contributed to 27% of the nitrogen detected. In addition three smaller peaks were observed
from the deconvolution of the N 1s spectrum at 399.5eV (N2), 402.1-402.6eV (N4) and 403.7-
404.5eV (N5). The region above 402eV in N1s XPS spectra is generally attributed to nitrogen-
oxygen bonds [43]. The N4 peak was therefore assigned as pyridinic oxide and the N5 peak to
other forms of oxidized nitrogen species [42,44]. It was not possible to assign the N2 peak to
any particular N-group since there are several nitrogen species with binding energy around
399.5eV; amino groups attached to aromatic rings, amide groups and transition metals
coordinated to nitrogen [41,45]. XPS measurements were also performed for Fe/EG-NH3z and
CNF/Fe and the survey spectra are shown in Fig. 7a. There was no nitrogen detected for Fe/EG-
NHz which implies that all the nitrogen observed in N-CNF/Fe and N-CNF/Ni originate from

N-doping of the carbon nanofibers and not of the expanded graphite.
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Figure 7 XPS survey spectra (a) and high resolution spectra of the N 1s region for N-
CNF/Fe (b) and N-CNF/Ni (c).
Table 1 Elemental composition and nitrogen groups present in N-CNF/Fe and N-CNF/Ni
obtained from XPS analysis.
N (at%) | O (at%) | Fe(at%) | Ni(at%) | N1 (%) | N2(%) | N3 (%) | N4 (%) | N5 (%)
N-CNF/Fe 3.9 17 0.35 - 483 7.3 324 7.4 45
N-CNF/Ni 15 08 - 0.05 268 8.8 40.7 16.3 7.4
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Temperature programmed oxidation was used to investigate the thermal stability of the N-
CNF/EG and is shown in Fig. 8a. The CNF and N-CNF samples showed two separate oxidation
regions, one at temperatures between 400-600°C and another above 650 °C. By correlating
these measurements with the TPO profile of Fe/EG-red the oxidation taking place above 650°C
was attributed to expanded graphite. Thus, the oxidation taking place at lower temperatures
was due to CNF or N-CNF oxidation. The bulk oxidation temperature for the N-CNFs grown
on Fe was 430°C and considerably lower than for CNF/Fe (600°C) and N-CNF/Ni (590°C).
Since nitrogen doping induces defects in the carbon structure a lower thermal stability is
expected for N-doped CNFs compared to undoped CNFs. In addition, XPS analysis showed
that the N-content for N-CNF/Ni was lower than for N-CNF/Fe which may explain the higher
oxidation resistance for the Ni sample.

The products formed during the oxidation of N-CNF/EG was monitored by coupling the
TG-instrument to a mass spectrometer and the signal for CO, (m/z=44) and NO (m/z=30) are
displayed in Fig. 8b-c. The CO> signal corresponds well with the two oxidation peaks related
to N-CNF and EG for both N-CNF/Ni and N-CNF/Fe. However, the NO signal was only
observed in the temperature range corresponding to N-CNF oxidation. This indicates that the
nitrogen is only incorporated in the N-CNFs and not in the EG as was already suggested from
the XPS analysis on Fe/EG-NHs. The signal from NO2 (m/z=46) (not shown) was also
measured, but appeared to be a contribution from the CO: signal since it had a lower intensity
than the NO signal and showed the exact same shape as the CO. signal [46].
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3.2 Electrocatalytic activity for the ORR
The performance of the N-CNF/EG as electrocatalysts for the ORR in 0.5M H2SO4 is shown

in Fig. 9a. Corresponding onset potentials for the oxygen reduction are given in Table 2 and
were 0.93V for N-CNF/Fe and 0.65V for N-CNF/Ni. For reference a traditional Pt/C catalyst
with high precious metal loading (245 pg/cm? 20wt% Pt/E-TEK) is included and shows an
oxygen reduction onset potential of 1.05V. Furthermore, the amount of hydrogen peroxide
formed during the ORR was measured using a RRDE with a Pt-ring and calculated using eq.
(1), see Fig. 9b. The oxygen reduction on N-CNF/Ni was highly selective towards H2O> and
as much as 85% of the oxygen was reduced to hydrogen peroxide following a two electron
pathway. For N-CNF/Fe the H>O, formation was significantly lower and ranged from 20-30%
depending on the applied overpotential, with a maximum in H2O; yield at 0.55V. N-CNF/Fe
therefore seems to be more selective towards the four electron pathway for the ORR reducing
most of the oxygen to water. The relatively high amounts of hydrogen peroxide detected for
the N-CNF/EG catalysts could be related to the low catalyst loadings used on the electrode
(245 pg/cm?). Previous studies have shown that the probability for further reduction of
hydrogen peroxide to water within the catalyst layer increases with catalyst loading on the
electrode [47,48].

In order to exclude contributions from expanded graphite, iron particles and carbon on the
ORR-activity of N-CNF/Fe, oxygen reduction was also performed using Fe/EG-red, Fe/EG-
NH3z and CNF/Fe as catalysts (Fig. 9c-d). The Fe/EG-NH3 obtained by performing the CVD
without CO in the feed displayed an increase in ORR-activity compared to Fe/EG-red.
Furthermore, both Fe/EG-NHs and CNF/Fe showed ORR onset potentials of 0.82V, but only
notable ORR currents at very high overpotentials. Although no nitrogen could be detected in
Fe/EG-NH3 by XPS, XRD analysis confirmed the presence of iron nitride in the bulk which
could be the reason for the improved ORR-activity compared to Fe/EG-red. On the other hand,
CNF/Fe was prepared without any nitrogen precursor in the feed and thus contained no nitrogen
or iron nitride as confirmed by XPS and XRD analysis. However, the presence of iron carbide
was revealed by XRD and might be the origin of the observed ORR-activity. For CNF/Fe a
sudden increase in ORR current was observed at 0.3V and seemed to be related to the two
electron reduction of oxygen to hydrogen peroxide since the H>O yield detected on the ring
increased simultaneously (Fig. 9d). In conclusion, the ORR activity observed for N-CNF/Fe
does not seem to originate from expanded graphite, iron, iron nitride, iron carbide or carbon

since their ORR currents were negligible in comparison.
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Figure 9 Polarization curves at 5 mVs™ and 1600 rpm for the oxygen reduction in 0.5M
H>SO4 (a and c¢). The amount of hydrogen peroxide formed during the ORR calculated from

the Pt-ring current (b and d). The catalyst loading was 245 ug cm™.

Table 2 Oxygen reduction onset potentials vs. RHE in 0.5M H>SO4 and 0.5M KOH.

Eorr Eorr
(acid) (alkaline)

Fe/EG-NH3 082V -

Sample

CNF/Fe 082V -
N-CNF/Ni 0.65V 095V
N-CNF/Fe 093V 1.07V

20wt% Pt/C 1.05V 1.09V

In alkaline electrolyte the N-CNFs on expanded graphite showed higher activity for the
ORR compared to in acidic electrolyte as shown in Fig. 10a. The onset potentials for the ORR
in 0.5M KOH increased to 0.95V for N-CNF/Ni and 1.07 V for N-CNF/Fe which is close to
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the onset potential for the commercial Pt/C catalyst (1.09V). The increase in ORR-activity with
pH has been reported for many different nitrogen-doped carbon nanomaterials [21,48,49], and
has been attributed to the weaker adsorption of anions on the surface of the catalyst in alkaline
electrolytes [50]. Furthermore, the yield of the intermediate product HO™ from the two electron
reduction process in alkaline electrolyte decreased considerably at low overpotentials for N-
CNF/Fe. Only 1% HO> was detected on the Pt-ring at 0.8V in 0.5M KOH as displayed in Fig.
10b. The HO; yield changed with applied overpotential and went through a maximum at 0.55V
as was also observed in 0.5M H2SOs. For N-CNF/Ni the amount of HO2™ produced in 0.5M
KOH was 70%, which is 10% lower than the amount of H20 produced in acidic electrolyte.
The decrease in HO2™ formation for N-CNFs in alkaline electrolyte could be related to the
improved residency time of the peroxide intermediates at the catalyst surface facilitating the 4-
electron reduction of oxygen [51,52].
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Figure 10 Polarization curves at 5 mVs™ and 1600 rpm for the ORR in 0.5M KOH (a), and
hydrogen peroxide detected on the Pt-ring (b). The catalyst loading was 245 ug cm™.

In addition to showing a promising onset potential for the ORR, the oxygen reduction
current for N-CNF/Fe was also notable considering the low catalyst loading used on the
electrode (245 pg/cm?), and the high Pt loading used as reference (49 pgp/cm?). By accounting
for the loading of N-CNF/Fe on the electrode an ORR-current of 4.9 mA/mg is obtained at
0.6V in acidic electrolyte, and 7.0 mA/mg at 0.8V in alkaline electrolyte. Thus, the ORR
activity of N-CNF/Fe is higher than recently reported for N-CNFs and N-CNTSs in terms of
both onset potential and current [15,18,19,21]. Moreover, the RRDE measurements showed
that the N-CNFs grown from Fe were much better oxygen reduction catalysts than the N-CNFs

grown from Ni. This is in agreement with the results from Matter et al. [23] and Tang et al.
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[17] who have shown that N-CNTs/N-CNFs prepared from Fe have higher ORR-activity than
catalysts prepared from Ni.

Even though the active sites for the oxygen reduction on N-doped carbons have yet to be
identified, most studies suggest that the presence of iron during the synthesis procedure is
beneficial for achieving an active catalyst [53]. Iron being part of the active site has therefore
been suggested as an explanation for why N-doped carbon nanostructures prepared by Ni show
lower ORR activity compared to the ones prepared from Fe. In our study the presence of iron
in N-CNF/Fe is evident and has been confirmed by TEM, EDS, XRD, TPO and XPS analysis.
However, by testing reference samples of Fe/EG-red, Fe/EG-NH3; and CNF/Fe for the ORR
the contribution from metallic iron, iron carbide, iron nitride and CNFs grown from Fe could
be ruled out. Thus, if iron is part of the active site it must be incorporated in the N-CNFs as a
metal-nitrogen-carbon compound. DFT calculations have suggested that such Fe-Nx moieties
can be identified in XPS N1s spectra at binding energies ~1eV higher than the position of N in
a pyridinic environment [45]. In Fig. 7b, the deconvolution of the N1s spectra for N-CNF/Fe
showed a peak at 399.5eV, which is 1.1eV higher than the pyridinc-N peak (398.4eV).
However, this peak position can also be attributed to amine (399.3eV), and since the N-CNFs
are produced by decomposition of NHs it is more appropriate to attribute the peak to the
presence of NH2-groups rather than Fe-Nx. Further analysis is therefore needed to reveal
whether Fe-Nx moieties are present in N-CNFs grown from Fe.

For N-CNFs prepared by catalytic CVD the transition metal can also contribute to the ORR
activity indirectly by influencing the chemical properties of the N-CNFs. TEM imaging (Fig.
3) revealed that N-CNF/Fe exhibited a characteristic bamboo-like structure while N-CNF/Ni
had a more random structure. However, it is not likely that the bamboo-structure contributes
notably to the catalytic activity as this microstructure has been obtained for several different
transition metals without resulting in the same ORR-activity [17]. Moreover, the choice of
transition metal can affect the decomposition rate of the carbon and nitrogen precursors which
in turn will influence the incorporation of nitrogen in the N-CNFs. XPS characterization (Fig.
7) showed that N-CNF/Fe contained more nitrogen than N-CNF/Ni, with pyridinic-N and
quaternary-N being the primary nitrogen components. Ozkan and co-workers have suggested
that there is a correlation between the amount of pyridinic nitrogen, exposed edge planes and
the ORR activity of N-CNFs, and used this to explain the higher ORR activity for N-CNFs
from Fe compared to N-CNFs from Ni [24,54]. Furthermore, Mo et al. found a correlation
between the amount of pyridinic nitrogen present in N-CNTs and the ORR-activity [21]. In

contrast, Popov’s research group considered both pyridinic and quaternary nitrogen groups
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important for creating active sites for the ORR in their N-doped carbon materials [55,56]. DFT
calculations have also shown that both graphitic and pyridinic nitrogen can be involved in the
oxygen reduction on N-doped carbon [57,58]. Thus, the high ORR-activity of N-CNF/Fe
compared to N-CNF/Ni could simply be explained by the high amounts of both pyridinic and
quaternary nitrogen groups in N-CNF/Fe.

The durability of the most active catalyst, N-CNF/Fe, was tested by performing potential
cycling between 0.6V and 1.1V at a scan rate of 20 mVs™ in Oz-saturated 0.5M H2SO4. The
ORR polarization plots and the H.O> formation before and after cycling are shown in Fig. 11.
After 1600 cycles no significant changes were observed in the electrocatalytic activity and
selectivity of the N-CNF/Fe. The catalyst showed a well-preserved onset potential for the
oxygen reduction reaction of 0.92V after 1600 cycles, as well as a stable diffusion limited
ORR-current. The high stability of the N-CNF/Fe catalyst may be due to the high content of
graphitic carbon in N-doped CNFs which is more resistant towards oxidation compared to
amorphous carbon [59]. In addition, the iron nanoparticles in N-CNF/Fe were encapsulated by
several layers of graphite which might prevent the dissolution of Fe. Nevertheless, a small shift
of the reduction current in the mixed kinetic-diffusion region of about 40 mV and an increase
in the H2O. formation of 2-3% was observed after the stability test. This indicates a slight
change in the ORR Kkinetics for the N-CNF/Fe catalyst over time. Popov and co-workers
suggested that the performance degradation of their nitrogen-modified carbon-based catalysts
in acidic electrolyte was due to the protonation of pyridinic nitrogen groups [49,60]. However,
they also reported a decrease in the limiting current which was not observed for the N-CNF/Fe
catalyst. Herranz et al. further ascribed a decrease in ORR-activity of Fe/N/C catalysts in acidic
medium to anions bonded to protonated nitrogen groups [61], which could also be the case for
the N-CNFs grown from Fe.
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Figure 11 Stability test of N-CNF/Fe in Oz-saturated 0.5M H2SO4 showing the LSV for the
oxygen reduction at 5 mVs™ and 1600 rpm (a), and the H202 detected on the Pt-ring during
the ORR (b). The catalyst loading was 245 ug cm™.

4 Conclusion

Nitrogen-doped carbon nanofibers supported on expanded graphite were successfully
synthesized from Fe and Ni nanoparticles by a single-step CVD method using simple gaseous
precursors. Characterization of the N-CNFs revealed differences in the microstructure, nitrogen
content and nitrogen composition depending on the growth catalyst used during synthesis. Due
to the high electronic conductivity of the expanded graphite support the N-CNF/EG were used
directly as catalysts for the oxygen reduction reaction (ORR) without the need for harsh post-
treatment procedures. The N-CNFs grown from Fe demonstrated high ORR onset potentials
and selectivity towards the 4-electron pathway in both acidic and alkaline electrolyte.
Furthermore, the N-CNF/Fe showed excellent durability after 1600 cycles in O,-saturated 0.5M
H2SOa. The versatile and easily scalable synthesis approach makes the N-CNF/EG a promising
electrocatalyst for the ORR in low temperature fuel cells.
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