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A B S T R A C T

The effect of nitrogen (N) and iron (Fe) on oxygen reduction reaction (ORR) was investigated by using carbon
nanowalls (CNWs) as carbon matrix. The dopings of N and Fe into CNWs are carried out by N plasma and Fe
sputtering, respectively. The onset potentials corresponding to ORR activities are evaluated from steady-state
curve of cyclic voltammogram. The composition and structure of CNW catalysts before and after ORR mea-
surements are characterized by X-ray photoelectron spectroscopy (XPS). The onset potential increases in the
order of non-, N- and Fe-N-doped CNW catalysts. The ORR activity for N-doped CNW catalysts is ascribed
to pyridinic N stabilized near the surface of carbon matrix. The higher ORR activity for Fe-N-doped CNW
catalysts is attributed to trace Fe-N rather than pyridinic N near the surface. Additionally, it is shown that
such ORR activities due to pyridinic N and Fe-N near the surface are further promoted by Fe and Fe-N in-
corporated beneath the surface. These knowledges provide effective strategy for the synthesis of Fe-N-doped
carbon catalysts with higher ORR activities.

© 2019.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted
much attention as green renewable energy devices in view of the in-
creasing global energy demand and environmental impact of tradi-
tional energy sources. In such fuel cells, oxygen reduction reaction
(ORR) at cathode is a key electrochemical reaction, due to its rate-lim-
iting reaction associated with the complex reaction pathways and slug-
gish electron-transfer kinetics. The most effective electrode catalyst
for the ORR is made of highly dispersed platinum (Pt) or Pt alloys
supported on carbon black. However, the Pt has crucial disadvantages
such as the low natural abundance, high costs, and lack of long-term
stability, which have hindered wide applications of fuel cells. There-
fore, the development of non-Pt or inexpensive catalysts for ORR is
strongly desired for practical applications of PEMFCs [1,2].

Carbon-based materials have been found to exhibit apparent ORR
activity and serve as a promising candidate to replace Pt for ORR cat-
alysts. These carbon catalysts are generally doped with heteroatoms
such as N and S, B, P, and the activity is further enhanced by the in-
corporation of transition metals such as Fe and Ni, Co [3,4]. Among
these, Fe-N-doped carbon catalysts stand out because of their re-
markable ORR activity that even rivals that of commercial Pt/C cat-
alysts. The knowledge on active sites is required for the rational de

∗ Corresponding author.
Email address: tachiban@yokohama-cu.ac.jp (M. Tachibana)

sign and preparation of catalysts with higher ORR activity for the
practical applications. However, there are still debates on what are the
real active sites and whether Fe only promotes the formation of active
sites or directly participates in catalyzing ORR [5–8].

One reason why the consensus on active sites is not reached among
researchers is the inhomogeneity and complexity of structure and
composition in the catalysts which are generally synthesized by the
pyrolysis of selected precursors. These leads to the drastic variation of
the ORR activity, since it strongly depends not only the concentrations
and molecular configurations of active sites (dopants) but also poros-
ity, surface accessibility, and electrical conductivity of the carbon ma-
trix. Thus, well-defined carbon materials need to be used as carbon
matrix for the identification of active sites. The other reason is the lack
of the characterization for real or stable states of catalysts during ORR.
The catalysts are often modified due to the elution of the surface ele-
mental species in acid medium during ORR. Thus, to identify the real
active sites in catalysts during ORR, the stable or steady states of cat-
alysts during or after ORR have to be characterized by X-ray photo-
electron spectroscopy (XPS) etc.

In this paper, we show the effect of N and Fe on ORR by us-
ing well-defined carbon nanowalls (CNWs) as carbon matrix, which
are synthesized by using plasma-enhanced chemical vapor deposition
(PECVD)/sputtering hybrid system reported previously [9]. CNWs
are vertical aligned carbon sheets which consist of nano-graphite do-
mains with uniform and high quality. The structural feature means that
CNWs have a lot of domain boundaries which are effective as adsorp-
tion or doping sites. Thus, CNWs are suitable as carbon matrix for the
understanding of active sites.

https://doi.org/10.1016/j.electacta.2019.03.088
0013-4686/ © 2019.
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Fig. 1. Schematic of three-electrode cell including a special working electrode designed
in this work.

Fig. 2. CV curves of Fe-N-doped CNWs in first few cycles.

The dopings of Fe and N into CNWs are carried out by Fe sputter-
ing and N plasma, respectively. The onset potentials corresponding to
ORR activities are evaluated from steady-state curve of cyclic voltam-
mogram. The composition and structure are characterized from XPS
spectra before and after ORR measurements. The onset potential in-
creases in the order of non-, N- and Fe-N-doped CNW catalysts. The
ORR activities for N- and Fe-N-doped CNW catalysts are ascribed
to pyridinic N and Fe-N, respectively, stabilized near the surface of
carbon matrix. Moreover, it is shown that such ORR activities due to
pyridinic N and Fe-N near the surface are further promoted by Fe and
Fe-N incorporated beneath the surface.

2. Experimental

2.1. Sample preparation

Non-doped, N-doped, and Fe-N-doped CNWs were prepared by
using dc-PECVD/sputtering hybrid system. Non-doped or pure CNWs
were synthesized by dc-PECVD. The doping of N into CNWs was car-
ried out by N-plasma so that N-doped CNW were obtained. For the
synthesis of Fe-N-doped CNWs, Fe and N were doped into CNWs by
operating N plasma and Fe sputtering simultaneously.

CNWs as mother carbon materials were synthesized on a substrate
of carbon paper (Mitsubishi Chemical Corporation, Pyrofil™ GDL)
composed of an open mesh of carbon fiber. Note that the carbon pa-
per has been widely used as a gas diffusion layer in PEMFCs. The
square carbon paper of 10 × 10cm2 as the substrate was set on a glass
plate with sample holder in the chamber and covered by a stainless
plate with a square hole of 5× 5cm2 at the center. The carbon paper

was heated to a temperature of 600 or 700°C. In the PECVD, the
flow rates of Ar, CH4, H2 gases were 80, 15, 5 and 70, 10, 20 sccm.
The vacuum of about 5.0× 10−3 Torr was kept during the PECVD. The
plasma current was 70 A. The PECVD synthesis was performed for
6h. CNWs was synthesized on the uncovered part of 5× 5cm2 of the
carbon paper. The other parts of the carbon paper masked were kept
as the original paper.

The dopings of Fe and N into CNWs were carried out by N plasma
and Fe sputtering, respectively. To control the content of the doping,
N plasma was operated with three types of combinations of flow rates
of Ar, H2, N2 gases such as (60, 10, 40), (60, 0, 10) and (60, 0, 40)
sccm. Fe sputtering was performed with negative voltage of 600V ap-
plied to the Fe sputtering target. The ratio of the pulse frequency to
width, i.e. Duty ratio, was 5. These dopings were performed at R.T.,
300, 600 or 700°C. For the synthesis of Fe-N-doped CNWs, the dop-
ings of N and Fe into CNWs are performed by operating N plasma and
Fe sputtering simultaneously. The Fe and N doping were performed at
R.T.∼600°C for 30min or 30min of N plasma treatment with 1min of
Fe sputtering. The Fe sputtering target was covered by stainless mask
when Fe sputtering was not needed.

2.2. Structural characterization

The size and morphology of non-doped, N-doped, and Fe-N-doped
CNWs on carbon fibers were examined by using a field emission
scanning electron microscope (FE-SEM) (S-4300, Hitachi). The struc-
ture of the catalyst sample was also characterized by a micro-Raman
spectroscopy (NRS-3100, JASCO) where the excitation was 532nm
from cw Nd:YVO4 laser. To evaluate the composition and structure
in the samples, X-ray photoelectron spectroscopy (XPS) (PHI5000,
ULVAC-PHI, Inc.) was measured by using Al Kα X-ray source
(1486.6 eV). To evaluate the existence of inner elements beneath the
sample surface, XPS was measured with Ar ion sputtering. The sput-
tering rate was 8.77nm/min conversion verses SiO2. Energy calibra-
tion was established by referring binding energy of C1s of common
adventitious carbon. Additionally, secondary ion mass spectrometry
(TOF-SIMS) (TOF-SIMS5, ION-TOF) was evaluated to define the
existence of infinitesimal amount of Fe and its compounds on ORR
measured sample.

2.3. Electrochemical characterization

ORR activities for non-doped, N-doped, and Fe-N-doped CNWs
were measured in an electrolyte of 0.1M HClO4 aqueous solution
by using a three-electrode cell with a platinum wire as the counter
electrode, a reversible hydrogen electrode (RHE) as the reference
electrode, and a sample paper inserted into glassy carbon rod as the
working electrode as shown in Fig. 1. The potential of the elec-
trodes was controlled by a potentiostat (HZ-5000, HOKUTO DENKO
corp.). As shown in Fig. 1, the sample paper is the carbon paper
with catalyst of 1× 2.5cm2 cut down as including the deposited cat-
alyst part of 1× 1cm2 and virgin part of 1× 1.5cm2. The virgin part
of carbon paper was inserted into the cutting part of one side end
of the glassy carbon rod. Only deposited catalyst part of carbon pa-
per was immersed into the electrolyte solution to evaluate ORR ac-
tivity. Thus, in this work with samples directly synthesized on car-
bon papers, electrochemical measurement can be carried out with-
out troublesome sample preparations such as mixing with Nafion, etc,
which have been generally done for sample preparations in the mea-
surements. These samples with carbon papers, which have been usu-
ally used with gas diffusion layer in PEMFCs, also can provide more
realistic properties as electrodes in fuel cells. Additionally, in this
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Fig. 3. Typical SEM images of (a) carbon paper and (b) non-doped CNW (c) N-doped CNW (d) Fe-N-doped CNW catalysts.

work with deposited carbon paper itself as electrode, it is easy to char-
acterize the sample paper after the measurements, since the sample pa-
per is easily took out from the working electrode after the measure-
ment.

For activating the electrodes, cyclic voltammograms (CVs) of sev-
eral 100 cycles for each sample were collected in N2 in the poten-
tial range of 0–1.2V (vs. RHE) at a scan rate of 100mV−1 at 25°C
controlled by water bus. Especially, in the CV curves for samples
doped by Fe sputtering, the peaks corresponding to the oxidation and
reduction of Fe were clearly observed at 0.9V and 0.7V, respec

tively, as shown Fig. 2. The intensities of both peaks decreased with
cyclic measurements. This means that the elution of unstable Fe oc-
curs in acid solution during the measurements. The peaks related to
Fe finally disappeared so that steady-state CV curves were obtained
usually after about 300 cyclic measurements, i.e. 120 min. Thus, in
all measurement, the CV was repeatedly measured about several hun-
dred cycles until a steady-state CV was achieved. After that, CV ex-
periments were carried out at scan rate of 5mVs−1 in the potential
range of 1.2 to 0.2V in N2 and O2 saturated solution. ORR curve was
acquired under oxygen-saturated conditions with subtraction of the
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Fig. 4. Typical Raman spectra of non-doped, N-doped, Fe-N-doped CNW samples.

Fig. 5. Typical ORR polarization curves of non-, N-doped, Fe-N-doped CNW samples.

data under nitrogen-saturated conditions as a background, in which the
currents were divided by the electrode surface area.

3. Results and discussion

3.1. Morphology and characterization

Fig. 3 shows typical SEM images of non-doped, N-doped and
Fe-N-doped carbon nanowall samples on carbon paper, synthesized
by the PECVD/sputtering technique. In all samples, carbon materials
are uniformly formed around carbon fibers. The thickness of each car-
bon material can be estimated by comparing with bare carbon fibers
of the diameter of 8μm as shown in Fig. 3(a). The non-doped sam-
ple exhibit typical morphology of CNWs as has been reported pre-
viously. The thickness is about 9μm. No significant change in the
morphology is observed in N-doped CNW, although the edges of
CNWs are slightly etched by N plasma, as seen in Fig. 3(c). Fe-N-

Fig. 6. ORR polarization curves on N-doped CNW samples with different N concentra-
tions.

doped CNWs also exhibit similar wall morphology as non-doped
CNW as seen in Fig. 3(d). In the extended figure, some small particles
of Fe are observed to be deposited on edges and surface of CNWs.
These SEM images suggest that doping or deposition of N and Fe into
CNWs occur by N plasma and Fe sputtering.

The corresponding Raman spectra for non-doped, N-doped, and
Fe-N-doped CNW samples are shown in Fig. 4. The Raman spec-
tra were fitted with Lorentzian lines. the Raman spectra exhibit clear
D and G peaks at 1352 and 1590cm−1, which can be associated
with defect-induced and E2g modes in graphite, respectively [10]. In
non-doped CNWs, peak positions and widths exhibit typical features
of CNWs has been reported so far. In N-doped CNW, both peak
widths occur slight narrowing, compared with non-doped CNW. This
can be ascribed to the etching of amorphous layer covering CNW sur-
face by N plasma. On the other hand, in Fe-N-doped CNW, both peak
widths are larger than those of non-doped CNWs [11]. In addition,
a broad peak between D and G bands is also appeared at 1513cm−1,
which has not been observed in non-doped CNWs but amorphous-like
carbon [12–14]. This means that the degree of graphitization of the
Fe-N-doped CNWs is poor compared with that of non-doped CNWs,
although the morphology of Fe-N-doped CNW is similar to that of
CNW. The poor graphitization can be attributed to N plasma and Fe
sputtering.

To confirm the doping of Fe and N, XPS spectra were measured
for non-doped, N-doped, and Fe-N-doped CNW as mentioned above.
In non-doped CNW sample, as expected, no peak corresponding to Fe
and N is observed in XPS spectrum. On the other hand, in N-doped
CNWs, clear peak assigned to N is appeared. From the XPS analy-
sis, the concentration of N is estimated to be 6.1at.%. This means
that N is successfully doped in CNWs by using the plasma of N2. In
Fe-N-doped CNW, peaks assigned to Fe and N are clearly observed.
From the XPS analysis, the concentrations of Fe and N are evaluated
to be 2.5 and 19.8at. %, respectively. Thus, both Fe and N are success-
fully doped in CNWs by using the plasma of N2 and the sputtering of
Fe simultaneously.

3.2. Electrochemical reaction

To evaluate the ORR activity for non-doped, N-doped, and
Fe-N-doped CNW samples, Cyclic Voltammetry (CV) measurements
were carried out by using a three-electrode cell with an electrolyte
of 0.1M HClO4 aqueous solution. Samples with carbon fiber sub-
strates were used as working electrode. In CV measurements, un-
stable CV curves
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Fig. 7. Extended XPS spectra of N 1s for N-doped CNW samples corresponding to Fig. 4 before and after ORR measurements.

are initially obtained since the elution of unstable species such as Fe
and N in sample surface occurs in acid solution. Thus, in our ex-
periments, CV was repeatedly measured until a steady-state CV was
accomplished. The ORR activity was analyzed from the steady-state
CV. Fig. 5 shows current density as a function of potential vs. RHE
obtained from the steady-state CVs. The onset potential in the fig-
ure corresponds to the ORR activity and is defined as the potential at
−10 μA current density in this paper. The onset potentials of typical
non-doped, N-doped, and Fe-N-doped CNW samples are 0.39, 0.55,
and 0.72V vs. RHE. It is obvious that the onset potential correspond-
ing to ORR activity increases in order of non-doped, N-doped, and
Fe-N-doped CNW. This order of ORR activity in CNW-based cata-
lysts is in good agreement with that in other carbon-based catalysts
has been reported so far [15]. Thus, not only N but also Fe doping can
promote higher ORR activity.

3.3. N-CNWs

To more clarify ORR activity in N-doped CNW, samples with dif-
ferent concentrations of N were synthesized, and the ORR activities
were measured as shown in Fig. 6. The values of onset potentials cor-
responding to ORR activities for the samples with various N concen

trations are higher than 0.39V vs. RHE for non-doped or pure CNW
samples. This means that N-doping leads to the increase of the onset
potential of ORR activity in CNW catalysts. Additionally, it should
be noted that the values of onset potentials for N-doped CNW cata-
lysts are limited in the range of 0.40–0.55V vs. RHE. The values are
in good agreement with those in ORR activities for pyridinic-N doped
HOPG reported recently [16]. This can be also understood from the
fact that CNWs are composed of graphite domains with high quality,
as HOPG [11,17].

XPS spectra after ORR measurements for all N-doped CNW sam-
ples are changed compared with those before ORR measurements.
This is due to the elution and absorption of some species such as N
in CNW surface by immersing in acid solution and pre-measurement
of ORR as mentioned above. This means that XPS before ORR mea-
surement might not reflect active site or real state during ORR. We
therefore measured XPS spectra of all samples after ORR measure-
ment, which correspond to steady states associated with active sites
in catalysts during ORR. We analyzed XPS spectra before and after
ORR measurements. In the XPS analysis, not only total concentration
of each elements but also their component concentrations were ana-
lyzed.
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Fig. 8. Relations between onset potentials and concentrations of N components of N2, N3, N4, and N5 for N-doped CNW samples corresponding to Figs. 6 and 7.

Fig. 9. ORR polarization curves on Fe-N-doped CNW samples with different Fe and N
concentrations.

Fig. 7 shows extended XPS spectra of N 1s for various N-doped
CNW samples before and after ORR measurement. It is observed
that the spectra after ORR are changed compared with those before
ORR. The spectra are mainly composed of four peaks. According to
previous reports [18], the peaks can be assigned to pyridinic N at
398.3eV (N2), pyrrolic N at 400.1eV (N3), graphitic N at 401.7eV
(N4), and oxidized N at 404.9eV (N5). Note that N2 component in

Fig. 10. Extended XPS spectra of (a) N 1s and (b) Fe 2p for typical Fe-N-doped CNW
sample (Fe-N-CNW1) before and after ORR measurement.

N-doped CNW samples without Fe can be assigned to only pyridinic
N, although N2 in Fe-N-doped CNW ones should also include a con-
tribution from N bound to the Fe (Fe-N), due to the small differ-
ence between binding energies of Fe-N and pyridinic N [19–21]. The
spectra are fitted with four Voigt curves. From the fitting, not only
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Fig. 11. Extended XPS spectra of N 1s for Fe-N-doped CNW samples corresponding to Fig. 9 before and after ORR measurement.

total concentration of N but also the component concentrations are
analyzed. From the analysis, it is found that only N component cor-
responding to pyridinic N (N2) after ORR measurement is strongly
correlated to the onset potential corresponding to ORR activity for
N-doped CNW samples as shown in Fig. 8, although the intensity of
N2 is not high compared with those of other components. Namely, the
onset potential increases with the increasing of N2 concentration as
seen in Fig. 8. Other components are not absolutely correlated with
ORR activity. This means that the pyridinic N corresponding to N2
plays a crucial role for ORR activity. This is also in good agreement
with that in ORR activity for pyridinic N doped HOPG reported re-
cently [16].

3.4. Fe-N-CNW

Furthermore, to clarity ORR activity in Fe-N-doped CNW cata-
lysts, samples with different concentrations of Fe and N are synthe-
sized, and the ORR activities were measured as shown in Fig. 9. In-
terestingly, the values of the onset potentials in the samples are ranged
from 0.61 to 0.75V vs. RHE. These values are clearly higher than
even a maximum value of 0.55V in N-doped CNW catalysts as men-
tioned above. This means that higher ORR activity needs not only N
doping but also Fe doping.

Compared with that in N-doped CNW samples, significant change
in XPS spectra was observed after ORR measurements for all
Fe-N-doped CNW samples. This is obviously ascribed to the sig-
nificant elution of unstable species such as Fe in the surface of
Fe-N-doped CNW samples by immersing in acid solution and
pre-measurements of ORR, as mentioned above. This is probably re-
lated to the elution of defective and unstable structure in the surface of
carbon matrix deposited by Fe and N. This means that XPS spectra of
the samples before ORR measurements might not reflect active sites
or real states during ORR. Therefore, we also measured XPS spectra
after ORR measurement for Fe-N-doped CNW samples, which corre-
spond to steady states associated with the active sites in catalysts dur-
ing ORR. We analyzed XPS spectra before and after ORR measure-
ments. In the XPS analysis, not only total concentration of each ele-
ments but also their component concentrations were also analyzed.

As mentioned above, XPS spectra after ORR measurements for
all Fe-N-doped CNW samples are drastically changed compared with
those before ORR. Especially, it should be noted that Fe 2p peaks for
all of samples are drastically reduced and disappeared after ORR mea-
surement as shown Fig. 10(b). On the other hand, N 1s is clearly ob-
served even after ORR measurement as shown in Fig. 10(a). How-
ever, as mentioned above, the onset potentials in Fe-N-doped CNW
samples are higher than those of N-doped CNW ones without Fe, in



UN
CO

RR
EC

TE
D

PR
OO

F

8 Electrochimica Acta xxx (xxxx) xxx-xxx

Fig. 12. Relations between onset potentials and concentrations of N components of N2, N3, N4, and N5 for Fe-N-doped CNW samples corresponding to Figs. 9–11.

Fig. 13. Typical extended XPS spectra of (a) N 1s and (b) Fe 2p for N-doped Fe-incor-
porating CNW catalysts before and after ORR measurements.

spite of the fact that no Fe in Fe-N-doped CNW ones after ORR mea-
surements is detected by XPS. It is therefore suggested that trace Fe
below the detection limit (∼0.1at. %) of XPS might lead to higher on-
set potentials of ORR activities than those of N-doped CNW catalysts.

To confirm the trace Fe, TOF-SIMS was measured for Fe-N-doped
CNW samples after ORR measurement [22]. As a result, trace Fe and
Fe compounds were clearly detected for the samples even after ORR
measurement. In the particular TOF-SIMS analysis, Fe concentration,
which is equivalent to that in XPS, is estimated by using Fe+ signal
intensity. For example, for Fe-N-CNW1 sample, the Fe+ intensity of
as-grown sample is assumed as 20at. % of Fe, which is obtained by
XPS. According to the TOF-SIMS analysis, the total concentrations of
Fe in the sample after ORR measurement is estimated to be 0.05at. %
for Fe-N-CNW1. The low concentration is a reason why Fe concen-
tration in samples after ORR could not be detected by XPS. Addition-
ally, Fe-N and Fe-N-C compounds are also detected by TOF-SIMS,
although it is difficult to estimate such compound's concentrations. It
is therefore suggested that such trace Fe and Fe compounds promote
ORR activity. Such promotion of ORR activity by trace Fe is also sup-
ported by previous report [23–26].

The extended XPS spectra of N 1s for various Fe-N-doped CNW
samples before and after ORR measurement are shown in Fig. 11. It
is observed that the spectra after ORR are drastically changed com-
pared with those before ORR. The spectra are composed of five peaks.
According to previous reports [19–21]. these peaks can be assigned
to iron nitrides at 396.4 (N1), pyridinic N and Fe-N at 398.3eV (N2),
pyrrolic N at 400.1eV (N3), graphitic N at 401.7eV (N4), and Ox-
idized N at 404.9eV (N5). Note that N2 component in Fe-N-doped
CNW samples should include a contribution from N bound to the
Fe (Fe-N), due to the small difference between binding energies of
Fe-N and pyridinic N. The spectra are fitted with five
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Fig. 14. Typical etching time dependence of XPS spectrum of Fe 2p for N-doped Fe-in-
corporating CNW samples corresponding to Fig. 13. The etching is carried out by sput-
tering with Ar ion.

Fig. 15. Typical extended XPS spectra of (a) N 1s and (b) Fe 2p for Fe-N-incorporating
carbon catalysts before and after ORR measurements.

Voight curves. From the fitting, not only total concentration of N but
also the component concentration is analyzed.

The peak profile in Fe-N-doped CNWs before ORR are different
from those of N-doped CNW. Namely, N2 peak is predominant in
some of Fe-N-doped CNWs. This means that pyridinic N and Fe-N
corresponding to the N2 is preferentially formed. However, the N2
peak intensity is drastically reduced after ORR. Thus, it is suggested
that the reduction of N2 peak might be mainly ascribed to the elution
of Fe as mentioned above. This is probably related to the elution of de-
fective and unstable structure in the surface of carbon matrix deposited
by Fe and N.

From XPS component analysis in light of ORR activity, it is found
that only N2 component corresponding to pyridinic N and Fe-N af-
ter ORR measurement is strongly correlated to the onset potential for
Fe-N-doped CNW samples as shown in Fig. 12. Namely, the onset po-
tential increases with the increasing of N2 concentration, as N-doped
CNWs catalysts. On the other hand, other N components are not ab-
solutely correlated with ORR activity. This suggests that pyridinic N
and/or Fe-N corresponding to N2 plays a crucial role for ORR ac-
tivity, as N-CNWs. However, ORR activities in Fe-N-doped CNW
samples are clearly higher than those in N-doped ones even in the
same concentration of N2, as mentioned above. Thus, it is suggested
that Fe-N rather than pyridinic N corresponding to N2 contributes to
higher ORR activities.

For example, for Fe-N-CNW1 sample, N2 concentration is esti-
mated to be 0.42at. % by XPS analysis as mentioned above. The con-
centration is quite large compared with 0.05at. % of Fe detected by
using TOF-SIMS. This means that N2 component observed in XPS
is mainly attributed to pyridinic N rather than Fe-N. However mi-
nor Fe-N in N2 component contributes to the higher ORR activity in
Fe-N-CNW samples. Additionally, the strong correlation is observed
between N2 and higher ORR activity. Thus, it is suggested that the
concentration of Fe-N is correlated with that of N2 component, al-
though the concentration is much lower than that of pyridinic N in
Fe-N-doped CNW catalysts.

Moreover, it is found that high concentration of N2 is formed in
Fe-N-doped CNW, compared with that in N-doped CNW as seen in
Fig. 12. This means that more pyridinic N species are stabilized by the
doping of Fe. The stabilization of pyridinic N can occur by the for-
mation of Fe-N. These results suggest the role of Fe not only directly
participating in active site as Fe-N but also promoting the formation
of stable pyridinic N.

As mentioned above, in Fe-N-CNWs, Fe and N are deposited on
the surface of CNWs. Most of the deposited Fe species can be eluted
in acid solution and during pre-measurement of ORR. This is due to
the elution of defective and unstable structure in the surface of carbon
matrix deposited by Fe and N. As a result, it was shown that residual
stable Fe-N on the surface of CNWs leads to higher ORR activity.

To further examine the effect of Fe, or metallic Fe, inside CNWs,
Fe species incorporated inside CNWs were prepared by the sputter-
ing of Fe with carbon deposition by PECVD. The morphology of typ-
ical CNWs is kept even in Fe-incorporating CNWs. For the Fe-in-
corporating CNWs, N doping was carried out by N plasma treat-
ment. As a result, N-doped Fe-incorporating CNWs were obtained.
For these samples, XPS peak of Fe 2p is clearly observed even after
ORR measurement as shown in Fig. 13(b), in contrast with the dis-
appearance of Fe peak in Fe-N-CNWs as mentioned above. The con-
tent of residual Fe is 0.58at. %, whereas as-grown one includes Fe
content of 0.82at. %. Therefore, ∼70% of Fe doped in CNWs is kept
even after ORR measurements. Two main peaks observed at ∼708eV
and 711eV are associated with metallic Fe and Fe2+, Fe3+ oxidation
state or Fe-N, respectively. From the relative intensity, it is found that
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metallic Fe is predominant in the samples after ORR. This means
that most of metallic Fe is stably doped in N-doped Fe-incorporating
CNWs.

Additionally, the XPS peak of metallic Fe at ∼708eV is also ob-
served even inside the samples as shown in Fig. 14, where the mea-
surements are carried out by etching the sample surface by sputter-
ing with Ar ion. This means that the stable metallic Fe species are
contained inside the samples. Additionally, N2 peak is also clearly
observed after ORR measurement. It should be noted that the on-
set potential exhibits 0.8V that is higher than those due to Fe-N in
Fe-N-CNWs. However, only metallic Fe exhibits no significant ORR
activity [9]. Thus, it is suggested that Fe, or metallic Fe, inside the
samples assists the ORR activity due to Fe-N on the surface, although
it is not active site. Namely, metallic Fe inside the samples gives rise
to synergy effect for the ORR activity with Fe-N on the surface.

Furthermore, both Fe and N species incorporated inside carbon
matrix were prepared. In the synthesis, Fe sputtering and N plasma
were simultaneously applied with carbon deposition by PECVD. The
morphologies of carbon catalysts incorporating both Fe and N species
synthesized by this method are often different from that of typical
CNWs. It should be noted that further higher onset potentials are ob-
served. The maximum value is over 0.89V vs. RHE that is further high
compared with those of N-doped Fe-incorporating CNWs. According
to XPS of Fe and N, N2 and Fe components are clearly observed even
after ORR measurements as shown in Fig. 15. The content of resid-
ual Fe is 0.82at %, which is larger than 0.32at % of as-grown one.
Such increase of Fe content after ORR measurements can be related to
the elution of unstable N. The existence of Fe inside the samples are
also observed in XPS measurements with etching sample surface by
sputtering with Ar ion. These results suggest that Fe and Fe-N inside
the samples further promote ORR activity associated with the surface
Fe-N. Namely Fe and Fe-N inside the samples give rise to synergy
effect on ORR activity of surface Fe-N, although the detailed mecha-
nism is not yet clear.

4. Conclusion

We have showed the effect of Fe and N in CNW catalysts on ORR.
The onset potential corresponding to ORR activity increases in the or-
der of non-, N- and Fe-N--doped CNW catalysts. The onset potential
increases in the order of non-, N- and Fe-N-doped CNW catalysts. The
ORR activity for N-doped CNW catalysts is ascribed to pyridinic N
stabilized near the surface of carbon matrix. The higher ORR activ-
ity for Fe-N-doped CNW catalysts is attributed to trace Fe-N rather
than pyridinic N near the surface. It is shown that such ORR activi-
ties due to pyridinic N and Fe-N near the surface are further promoted
by Fe and Fe-N incorporated beneath the surface. These knowledges
provide effective strategy for the synthesis of Fe-N-doped carbon cat-
alysts with higher ORR activities.
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