


Fe, Co and Ni-derived carbon nanotubes, which were all nearly
identical (54–55%). In ESI Fig. S5† it compares the XPS
spectra of C 1s for the samples derived from Fe, Co, Ni and
Mn. Overall, the broad peak can be decomposed into three
components. The sharp peak at 284.7 eV can be assigned to
the C–C bonds in graphitic carbon structures. The full width at
half-maximum (FWHM) of Mn-derived carbon clots was
1.10 eV, which was smaller than carbon nanotubes derived
from Fe (1.25 eV), Co (1.25 eV), and Ni (1.20 eV). The compari-
son of C 1s spectra suggests a relatively high degree of graphiti-
zation in the Mn-derived nanocarbon. This result is consistent
with its XRD pattern, which showed the sharpest (002) peak
among the nanocarbons studied here. The peak at 286.2 eV is
assigned to C–O. The largest C–O content was observed in Fe-
derived catalysts, consistent with its relatively high oxygen
content, as shown in Table 1. These samples all showed a very
small contribution from CvO at higher binding energy, near
288.1 eV.

BET and electrochemical surface areas

In addition to nitrogen doping, the ORR activity is strongly
influenced by the nanocarbon morphology, including its
surface area and pore size distribution. Thus, BET surface
areas of these nanocarbons were measured using N2 physi-
sorption at 77 K. The measured surface areas as function of
the metal used for the synthesis are shown in Fig. S6.† The
Fe-derived carbon nanotube sample, which showed the largest
tube diameters, also exhibited the highest surface area
(868 m2 g−1), followed by the nanocarbons derived from Co
(466 m2 g−1), Ni (391 m2 g−1), and Mn (167 m2 g−1). The
nitrogen adsorption–desorption isotherms for these samples
are compared in Fig. S7.† The Fe-derived sample exhibits the
most dominant mesoporous feature, consistent with the
largest tube size. Thus, the Fe-derived carbon nanotubes with
largest diameter are expected to provide the largest number of
active sites for the ORR with favorable mass transport.

While BET surface area determined by N2 adsorption is
important to characterize porous catalysts, electrochemically
accessible surface area (Sa) is more relevant for electrocatalysis,
and was measured to determine the utilization of surface area
available for the ORR. Fig. 6 shows CV curves for each sample
in the absence of O2. These were used to compute the Sa in
0.5 M H2SO4 solution (a) and 0.1 M NaOH solution (b). The

upper branch of the voltammograms between 0.2 and 0.6 V in
acidic or alkaline solution is attributed to pseudocapacitance
associated with the electrolyte-accessible surface area of the
nanocarbon catalyst. Thus, the effective Sa (m2 g−1) can be
deduced from the gravimetric double layer capacitance C (F g−1).
C can be represented as:45,46

C ¼ I
vm

ð1Þ

where I is the current, m is the electrode mass, and v is the
scan rate (here 20 mV s−1). The Sa value can then be
determined as:

Sa ¼ C
CGC

ð2Þ

where CGC is the double layer capacitance (F m−2) of a glassy
carbon electrode surface, typically 0.2 F m−2.42 The values of Sa
calculated from eqn (1) and (2) are summarized in Table S1†
for both acidic and alkaline electrolytes. Compared to other
samples, the Fe-derived carbon nanotubes show the highest
Sa, reaching 419 m2 g−1 and 403 m2 g−1 in acidic and alkaline
solutions, respectively. The values of Sa decreased in the same
order, Fe > Co > Ni > Mn, in both electrolytes.

Electrochemical activity for the ORR

Electrocatalytic activity of the nanocarbon catalysts for the
ORR was evaluated in both acidic and alkaline electrolytes
using a RRDE at room temperature and a rotation speed of 900
rpm. Generally, TM-derived N–M–C catalysts exhibit improved
ORR activity, relative to metal-free carbon catalysts. Thus, we
did not compare with the poor catalytic activity of the sample
prepared without any metal, but focus on comparing the
results obtained using the different TMs. Fig. 7a and b
compare the steady-state ORR polarization curves measured in
0.5 M H2SO4 and 0.1 M NaOH, respectively. Notably, in order
to minimize the possible effects of post-treatment on ORR
catalytic activity, these samples are not the final catalysts, but
were only subject to the first heat treatment and the acid leach-
ing step. At this synthesis stage, the different TMs indeed lead
to significantly different catalytic activity for the ORR. In both
acidic and alkaline media, the onset potential of the ORR for
TM-derived carbon samples follows the order of Fe > Co > Ni >
Mn, indicating that the nature of the catalytically active sites
varied with the metals used for synthesis. In particular, the
most positive onset potential, measured with the Fe-derived
sample, reached 0.89 V, followed by Co-(0.84 V), Ni-(0.60 V),
and Mn-(0.58 V) derived samples. The Fe-derived sample also
showed the most positive half-wave potential (E1/2) at 0.71 V,
indicating that it provided the largest number of active sites
available for the ORR. Similarly, the Fe-derived catalyst also
exhibited the highest activity in the alkaline solution, again
showing the most positive onset and E1/2 potentials.

Based on our previous effort to develop high-performance
carbon-based NMPCs, a second heat treatment is able to
remove the oxygen-containing functional groups and corrosive
carbon species from catalysts, thereby further enhancing the

Fig. 6 CV curves obtained at room temperature in N2-saturated 0.5 M
H2SO4 (a) and 0.1 M NaOH (b) at a rotation speed of 100 rpm.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 20290–20298 | 20295

Pu
bl

is
he

d 
on

 1
2 

N
ov

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
So

ut
h 

C
ar

ol
in

a 
L

ib
ra

ri
es

 o
n 

30
/1

1/
20

16
 1

5:
30

:2
0.

 
View Article Online

http://dx.doi.org/10.1039/c5nr05864c


ORR activity. Thus, for the two most promising Fe- and Co-
derived catalysts, we applied a second heat treatment at
1000 °C in N2 for 3 h. A comparison of ORR activities of these
samples before and after the second heat treatment at a
rotation rate of 900 rpm is shown in ESI Fig. S8.† Both Co-
derived and Fe-derived catalysts exhibited dramatically
improved activity in both the kinetically-controlled and mass-
transfer controlled potential regions, indicating a significant
increase in the number of active sites for the ORR. In particu-
lar, the onset potential of the Fe-derived catalyst was shifted
from 0.89 V to 0.95 V in acidic solution. In the alkaline solu-
tion measurement, the onset potential was also positively
shifted by 30 mV, to 1.05 V, but the change was much smaller
than in acidic solution. These results clearly show improved
catalytic performance after the second heat-treatment.
Notably, the difference in activity between Fe- and Co-based
catalysts subjected to the second heating is much smaller in
alkaline electrolyte, relative to acidic electrolyte. Once again, it
is very likely that the active sites for the ORR in acid and alka-
line media are different. The final Fe- and Co-derived carbon
nanotube catalysts after the second heating treatment were
further compared with the commercial 20 wt% Pt/C catalysts.
ORR activities in acid and alkaline electrolytes are shown in
Fig. 7c and d, respectively. Like other state-of-the-art nonpre-

cious metal catalysts, in the more challenging acidic media, Co-
and Fe-based catalysts are still inferior to Pt/C. However, in the
alkaline media, the ORR activities are quite comparable to, or
even exceeded, that of the Pt/C, demonstrating their great
promise to replace precious metals in alkaline fuel cells and
metal-air batteries.

The high resolution XPS spectra of the N 1s region for the
catalysts synthesized using Fe and Co before and after the
second heat-treatment are shown in ESI Fig. S9 and Table S2.†
After the second heat-treatment, the total N content of the
Fe-derived catalyst was reduced from 4.49 at% to 2.93 at%.
However, the relative graphitic N content increased by around
6.5%, relative to the pyridinic N content. In contrast, the
second heat-treatment did not lead to a drop of total nitrogen
content for the Co-derived catalyst, but reduced the relative
graphitic N content. Comparing the high resolution XPS
spectra of Fe and Co-derived catalysts in the C 1s region (ESI
Fig. S10†), C–C and CvO peaks became narrower in both
cases. This suggests an increased level of graphitization after
the second heat treatment. Also, the total O content dropped
significantly in both Fe and Co derived catalysts. Therefore,
after the second heat treatment, both catalysts exhibited a
higher degree of graphitization and lower concentration of
inactive surface ligands, as indicated by the reduced
O content. We conclude that those factors enhanced ORR per-
formance in both Fe and Co derived catalysts. Notably, the
reduced total N content does not result in a decrease of ORR
activity for Fe-based catalysts. Once again, relative to total
N content, achieving an optimal ratio of graphitic to pyridinic
N is more important to ORR activity.

In addition to onset potential, the limiting current density
also varied significantly between catalysts derived using
different TMs. The Fe-derived catalyst showed the highest
limiting current density. This can be attributed to two factors.
First, its high electrochemically accessible surface area with
mesoporosity provides efficient mass transfer within catalyst
layers, thereby increasing limiting current. Second, the Fe-
derived catalyst showed the highest selectivity toward four-
electron reduction of O2 to H2O over two-electron reduction to
H2O2, as indicated by results in Fig. 7e and f. These show
H2O2 yields in 0.5 M H2SO4 and 0.1 M NaOH, respectively. Fe-
derived catalysts only yield 5% and 2% peroxide in the acidic
and alkaline electrolytes, respectively. In contrast, the Mn-
derived sample showed low four-electron selectivity, with 50%
and 15% peroxide yield in acid and alkaline electrolytes,
respectively. The selectivity of Co and Ni-derived samples fell
between those of Fe- and Mn-derived samples. This order was
consistent with the order of their limiting current densities.

Based on current understanding along with the correlation
of catalytic activity and physical properties, the ORR activity
order of Fe > Co > Ni > Mn was determined by differences in
electrochemically accessible surface area and nitrogen doping.
At present, the detailed nature of active sites in the N–M–C
catalysts is still of debate, centered on the function of the tran-
sition metal during the catalyst synthesis. Some researchers
have asserted that metals only catalyze nitrogen doping into

Fig. 7 Steady-state polarization plots of the ORR for the samples pre-
pared using Fe, Co, Ni or Mn, after the first heating treatment, in (a) 0.5 M
H2SO4 and (b) 0.1 M NaOH. Final Co- and Fe-derived catalysts, after the
second heat treatment, were further compared with Pt/C reference in (c)
acidic and (d) alkaline electrolytes. (electrolytes used for Pt/C reference
were 0.1 M HClO4 and 0.1 M NaOH; loading: 20 µg cm−2). Peroxide yield in
(e) acidic and (f) alkaline electrolytes during the ORR. All of measurements
were performed at a rotation speed of 900 rpm and room temperature.
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graphitized carbon structures, and are not a part of the active
sites for the ORR. However, increasing evidence suggests that
the metal, especially Fe, could directly participate in the active
site for the ORR by coordinating with nitrogen or carbon.47–50

This controversy notwithstanding, catalytic activity was found to
depend strongly on the catalyst morphology, which is related
to the density of active sites, and mass transfer. These factors
can be controlled in the catalyst synthesis process, through
selection of the nitrogen precursor, transition metal, heating
temperature, and support material. Here we clearly demon-
strated that key morphology-related factors such as surface
area, defect concentration in carbon nanostructures, and
optimal nitrogen doping play important roles in improving
overall catalyst performance. Compared to Fe, Co, and Ni, we
show that Mn was much more effective in catalyzing the for-
mation of perfect graphite-like carbon structures, as demon-
strated by the sharp carbon (002) peak in XRD, the more
negative binding energy in C 1s XPS, and the highly ordered
structures visible in HR-TEM images. However, Mn failed to
induce sufficient nitrogen doping to produce a highly active
catalyst. The perfect graphitic structures with low nitrogen
content produced with Mn resulted in the lowest ORR activity
among the catalysts considered here. In contrast, a substantial
concentration of defects and dislocations was identified in Fe-
based carbon catalysts, which were the most active electrocata-
lysts. This supports the view that defects in the carbon nano-
tubes catalyzed by Fe are critical for achieving high ORR
activity. In addition, Fe-based catalysts have the most favorable
morphology, providing more active sites (high electrochemi-
cally active surface area) and efficient mass transfer (large-size
tubes) for the ORR electrocatalysis.48–50

Notably, although Fe-derived carbon nanotube catalysts had
the highest ORR activity, they had the lowest ratio of electro-
chemically accessible surface area to BET surface area among
the four catalysts studied here. Thus, the Fe-derived carbon
nanotube catalyst still has the greatest potential for further
enhancement of ORR catalytic activity by further optimizing
morphology and structure to increase the catalyst utilization,
i.e. active surface area that is electrochemically accessible and,
therefore, contributes to ORR activity.

Conclusion

Large-size and few-walled N-doped carbon nanotubes have
emerged as a new type of high-performance nonprecious metal
catalyst for the ORR. In this work, we build upon our previous
effort to demonstrate a novel approach for fine-tuning the
diameters of large-size carbon nanotubes by varying the TM
used for catalyst preparation. Among studied metals, Fe, Co
and Ni are very effective in catalyzing formation of carbon
tubes with different sizes following the order Fe (110 nm) > Co
(60 nm) > Ni (40 nm). Rather than tubes, Mn yields cage-like
nanocarbon with a relatively high degree of graphitization, low
concentration of defects, and low nitrogen content. In con-
trast, substantial numbers of dislocations and defects were

found in Fe-based bamboo-like carbon nanotubes. Meanwhile,
ORR activity measured with these nanocarbon samples in
both acid and alkaline electrolytes followed the same
sequence, Fe > Co > Ni > Mn in terms of their onset/half-wave
potentials, four-electron selectivity, and limiting current den-
sities. Notably, the critical second heat-treatment during the
synthesis reduces the ORR activity difference between Co- and
Fe-based catalysts, and this difference was much smaller in
alkaline media than that in acid. These results strongly
suggest that the active sites for the ORR in acid and alkaline
media are significantly different.

This work establishes a synthesis–morphology–property
relationship that can provide a basis for further catalyst
improvements. Compared with other nanocarbons, the unique
large-size and few-walled carbon nanotubes derived from Fe
have the largest surface area, both in terms of traditional BET
surface area and the more relevant electrochemically accessi-
ble surface area. This favorable morphology provides the
highest number of active sites for the ORR. The level of nitro-
gen doping was consistent among these nanotube samples,
which allowed us to specifically study the morphology-depen-
dence of the ORR activity. Although the intrinsic activity of the
catalyst may be associated with the nature of likely M–N moi-
eties (Fe–N or Co–N), morphology clearly also plays an impor-
tant role in governing the catalyst activity. This work provides
new insights into the origins of catalytic activity, which can be
used to design and synthesize advanced nanocarbon catalysts
for electrochemical energy conversion.
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