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ABSTRACT: Oxygen evaluation reaction (OER) is the most
important reaction in hydrogen production from water
splitting. Here we developed metal−carbon nanotubes (M-
CNTs) hybrids with high metal oxide catalyst loading
synthesized by arc-discharge and chemical vapor deposition
(CVD) methods as electrocatalysts for OER in alkaline
solutions. The M-CNTs hybrids produced by arc-discharge
(M-CNTs-Arc) and CVD (M-CNTs-CVD) exhibit a core−
shell-like structure, in which metal nanoparticles (NPs)
encapsulated by graphite shells are connected by carbon
nanotubes (CNTs), forming M-CNTs network hybrids. M-CNTs-Arc has NiCo0.16Fe0.34 metal core and shows very high activity
and superior stability for OER, achieving 100 A g−1 at an overpotential (η) of 0.29 V and 500 A g−1 at η = 0.37 V in 1 M KOH
solution. This is probably the highest activity reported for OER in alkaline solutions. The reaction follows the first-order kinetics
with respect to OH− concentration and Tafel slope of 34 mV dec−1. The results demonstrate a highly efficient, scalable, and low-
cost one-step synthesis method for developing highly active and stable catalysts for electrochemical water splitting in alkaline
solutions.
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1. INTRODUCTION

Hydrogen production from water splitting driving by renewable
energy is an attractive environmental friendly pathway for
renewable energy storage. However, the efficiency of the photo-
or electrochemical water splitting is greatly constrained by the
high overpotentials of oxygen evolution reaction (OER).1 State-
of-the-art OER catalysts such as precious metals based RuO2,
IrO2, and their combination are not economically viable due to
their high price and scarcity.2−6 There are extensive research
activities on the metal oxide based materials as electrocatalysts,
including nickel, iron, and cobalt based oxides/hydrox-
ides,3,7−11 spinels,12 and perovskites.13,14 The results indicate
that high specific surface area is beneficial for the electro-
chemical activity of OER catalysts. There are various synthesis
methods to achieve nanoscaled OER catalysts with high surface
area, including electrodeposition,15−17 sol−gel,18 solution
cast,11 and hydrothermal precipitation.19 Metal oxide thin
films are also attractive due to the high surface area and high
mobility of electrons through the nanometer scale thin-film to
reach the supported electrode.9,20,21 However, large scale
fabrication of thin and crack-free film electrodes within a few
nanometers is a challenging issue for their practical application.
Another strategy is to incorporate the metal oxides with high

surface area and conductive carbon materials. The carbon

material not only can significantly increase the conductivity of
the oxides or hydroxides based electrocatalysts but also can
enhance the stability of the nanostructured catalysts.22 Carbon
nanotubes (CNTs) and graphene have attracted extensive
attention as catalyst supports for OER due to high mechanical
strength, excellent electrical conductivities, and chemical
stability.23 Wu et al.24 prepared Co2O3 particles supported on
single-walled CNTs (SWCNTs) and yielded a current density
of 66 A g−1 at η = 0.37 V in 1 M KOH solution, significantly
better than unsupported Co2O3 nanocrystals. Cobalt oxide
nanoparticles (NPs) supported on oxidized multiwalled CNTs
(MWCNTs) was reported to exhibit an onset potential of 1.51
V vs RHE and a current density of 10 mA cm−2 (40 A g−1) at η
= 0.39 V in 0.1 M KOH.19 Co3O4 nanocrystals grown on
reduced graphene oxide exhibits a current density of 10 mA
cm−2 (10 A g−1) at an overpotential of ∼0.31 V in 1 M KOH
solution with catalyst loading of 1 mg cm−2.25 Manganese oxide
supported onto CNTs also shows high activity and stability for
water splitting in neutral conditions.26 We showed most
recently that graphene supported MnO2 nanowires have a
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much higher electrocatalytic activity for the OER in alkaline
solutions than that of Pt/C catalysts.27 However, preparation of
CNT or graphene supported metal oxide catalysts generally
involves multisynthesis steps and is difficult to control and scale
up.
CNTs are promising supports of metal or metal oxide-based

nanostructured electrocatalysts mainly because of their
excellent conductivity, ultrahigh surface area, and good
chemical, thermal and structural stability.19,28,29 Chemical
vapor deposition and arc-discharge are widely used techniques
to grow high quality CNTs with commercially viable
quantities.30−32 For example, as early as in 1998, we
demonstrated the synthesis of high quality SWCNTs with a
yield of tens of milligrams per batch using a floating catalysts
chemical vapor deposition (CVD) method.33 Industrial-scale
production of SWCNTs is also possible using layered double
hydroxides as catalysts.34 The multistep purification process of
the as-synthesized CNTs is generally required due to the CNTs
inevitably containing carbonaceous impurities (e.g., amorphous
carbon, graphite, and carbon nanoparticles) and metal catalyst
particles, such as Ni, Fe, and Co.32 On the other hand, it may
be possible to incorporate metal oxide catalysts during the
growth of CNTs by the arc-discharge and CVD methods,
instantaneously forming electrocatalysts for electrochemical
energy conversion and storage applications. Here we report an
efficient and scalable synthesis method to fabricate metallic NPs
embedded CNTs (M-CNTs) hybrid catalysts by directly
growing CNTs on transition metal catalysts using arc-discharge
and CVD techniques. The results demonstrate that one-pot
synthesized hybrid catalysts have excellent activity and superior
stability for OER in alkaline solutions.

2. EXPERIMENTAL SECTION
2.1. One-Pot Synthesis of Metallic NPs Embedded CNTs

Hybrids. The metal−CNT hybrids synthesized by arc-discharge and
CVD techniques are denoted as M-CNT-Arc and M-CNT-CVD,
respectively. The M-CNT-Arc samples were prepared by a hydrogen
arc discharge method, the details are described previously.35 Briefly, a
mixture of 2.6 at. % Ni, 0.7 at. % Fe, 0.7 at. % Co, and graphite powder
were used as the anode, hydrogen was used as the buffer gas, and
electric arc was operated under a DC mode between the anode and a
pure graphite cathode. After discharge for a few minutes, a high yield
web-like substance, which consists of CNTs and metallic NPs, was
collected between the cathode and the upper chamber wall.
The M-CNT-CVD samples were prepared by a floating catalyst

CVD method.36 Typically, 99 wt % ferrocene and 1 wt % sulfur serve
as the catalyst precursor and growth promoter, respectively. They were
carried into the reaction zone by 2000 sccm H2 and 3 sccm CH4 to
grow SWCNTs at 1100 °C; thin films of SWCNTs with metallic NPs
embedded were then collected at downstream of the quartz tube
reactor.
Metallic NP catalysts embedded in the M-CNTs network hybrids

were separated from the CNTs networks by calcinations of M-CNTs-
Arc and M-CNTs-CVD at 500 °C for 1 h to decompose the carbon
materials. The composition of metal catalysts was analyzed using
inductively coupled plasma-optical emission spectrometry (ICP-OES
PerkinElmer, Optima 7300 DV). In addition, the metal oxide−CNTs
were also prepared by mechanically mixing NiCoFeOx and FeOx with
pure double-walled CNTs (DWCNTs) and single-walled CNTs
(SWCNTs), respectively, and the metal oxide loading (MOx:CNTs
ratio) was kept the same with that of corresponding M-CNTs hybrids.
Briefly, 30 mg of DWCNTs was mixed with 35.4 mg of NiCoFeOx to
form NiCoFeOx-DWCNTs catalysts and 30 mg of SWCNTs was
mixed with 86 mg of FeOx to form FeOx-SWCNTs catalysts. The
mixtures were ground in a mortar and dispersed in 50 mL of ethanol
solution, followed by mixing under ultrasonication treatment for 15

min. The mixed catalysts were filtered and dried at 70 °C in a vacuum
oven.

2.2. Characterization. Thermogravimetric analysis (TG, Q5000)
was conducted to measure the content of carbon materials in the M-
CNTs hybrids. Scanning electron microscopy with 5 keV and X-ray
energy dispersion spectroscopy with 15 keV (SEM, NEON 40EsB)
were applied to examine the microstructure and element distribution
of the M-CNTs hybrid. The morphology of the catalysts was
characterized using transmission electron microscopy (TEM,
JEOL3000) operating at 200 kV. The structure was identified with
X-ray diffraction (XRD, Rigaku D/MAX RINT 2500) operated at 40
kV and 30 mA with Cu Kα in the range of 20−90°. The Raman
spectra were recorded in air at room temperature using a PerkinElmer
GX FT-IR/Raman spectrometer with a backscattered configuration
and equipped with an Nd:YAG laser at 1064 nm as its light source for
Raman.

The electrochemical measurements were conducted in a three
electrode cell with a Luggin capillary. The tip of the Luggin capillary
was placed 3 mm beneath the working electrode. Generally, 4 mg of
the as-prepared catalyst was ultrasonically mixed in a Nafion solution
(4 mL, Ethanol:Nafion = 9:1, Nafion 520, DuPont, USA) to form a
homogeneous ink. Five microliters of the catalyst ink was pipetted
onto the surface of a glassy carbon electrode (GCE) and dried in air.
The diameter of the GCE was 5 mm. Without specification, the
catalyst loading was 0.025 mg cm−2. The ohmic potential drop
between the working electrode and the tip of the Luggin capillary was
estimated by measuring the electrode resistance at 30 kHz. A Pt wire
and saturated calomel electrode (SCE) were used as the counter and
reference electrodes, respectively. All potentials in the present study
were given versus RHE reference electrode (ERHE = ESCE + 0.247 +
0.059pH, here 0.247 V is the potential for SCE at 20 °C).

The electrochemically active surface area (ESA) was estimated from
the nonfaradaic capacitive current associated with electrochemical
double-layer capacitance of the catalytic surface from scan rate
dependence of cyclic voltammograms (CVs).37,38 The CVs were
obtained at a scan rate of 10 mV s−1 in the potential range between
−1.5 and +0.6 V (vs SCE). The linear scan voltammetry (LSV) was
conducted at a scan rate of 1 mV s−1 in the potential range between 0
and 1 V (vs SCE) and the system was stabilized after 10 cycles. IR-
corrected Tafel plots were recorded at a scan rate of 1 mV s−1 with the
electrode initially conditioned at a potential of 0.65 V (vs SCE) for 5
min before the scan.39 Chronopotentiometry was conducted at
different current densities with catalyst loading of 0.1 mg cm−2,
using a Gamery Reference 3000 Potentiostat. Except for the
measurement of ESA, all the electrochemical tests were conducted
on a rotating disk electrode with a rotation rate of 1600 rpm in order
to minimize the interference of the bubbles formed at the electrode
surface. For comparison, a commercial Ru/C (20 wt % Ru on Vulcan
carbon black from Premetek Co.) was also investigated for OER under
identical conditions.

The effect of pH on the activity of M-CNTs hybrid catalysts was
studied by LSV in KNO3 solution using scanning rate of 10 mV s−1

under static conditions. pH of the solution was adjusted with the
addition of 1 M KOH or H2SO4 (the ionic strength was kept at 1 M).
The pH of the solution was not buffered to avoid influences from the
specific adsorption of multivalent anions.40

3. RESULTS AND DISCUSSION

3.1. Characterization of M-CNTs Hybrids. Figure 1 is the
TGA curves of the as-synthesized M-CNTs-Arc and M-CNTs-
CVD hybrids. The increasing of weight around 350−500 and
200−400 °C for M-CNTs-Arc and M-CNTs-CVD, respec-
tively, is due to the oxidation of metal catalysts. Carbon
supports decompose at temperatures around 500−800 °C for
M-CNTs-Arc and 350−650 °C for M-CNTs-CVD. The
content of carbon supports was estimated to be 45.9 ± 3% in
M-CNTs-Arc and 25.8 ± 2.8% in M-CNTs-CVD. This
indicates that metal catalyst embedded was 54.1 and 74.2%
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for M-CNTs-Arc and M-CNTs-CVD, respectively. The
composition of metal catalysts separated from M-CNTs-Arc
as analyzed by ICP consists of 35.7 ± 0.2% Ni, 12.1 ± 0.15%
Fe, and 5.7 ± 0.12% Co. Thus, the atomic ratio of Ni:Co:Fe of
the metal catalysts in M-CNTs-Arc is 1:0.16:0.34, giving the
catalyst formula NiCo0.16Fe0.34 in metallic form and NiC-
o0.16Fe0.34Ox in oxidized form. In the case of M-CNTs-CVD, as
expected, only Fe was detected, indicating the calcinated
catalysts is FeOx. The BET surface area of M-CNTs-Arc, M-
CNTs-CVD, NiCo0.16Fe0.34Ox, and FeOx is 166.5, 88.5, 38.3,
and 36.8 m2 g−1, respectively.
Figure 2 is the SEM and HRTEM micrographs of metal NP

embedded CNTs hybrid catalysts. The SEM images indicate
that both M-CNTs-Arc and M-CNTs-CVD have a porous
structure with a metal particle connected by interconnected
CNTs or CNTs bundles (Figure 2A,B). The metal−CNTs
hybrids produced by arc-discharge and CVD show an
interesting core−shell-like structure, in which metal NPs core
is encapsulated by a graphite shell and connected by CNTs
network (Figure 2C−F). M-CNTs-Arc exhibits a metal core
with an average size ∼6.7 nm and a 1−3 nm thick graphite or
amorphous carbon shell, which is connected mainly by
DWCNTs (Figure 2C,D). The diameter of DWCNTs is ∼3
nm (inset a in Figure 2C). In the case of hybrid catalysts
synthesized by CVD, M-CNTs-CVD, and the size of metal core
is ∼11.0 nm surrounded by a 1.5−2.5 nm thick graphite shell
(Figure 2E,F). The core−shell structures are mainly connected
by SWCNTs with sizes around 2 nm (inset c in Figure 2E).
The observation of SWCNTs in M-CNTs-CVD is consistent
with a previous study.41 The NiCo0.16Fe0.34Ox and FeOx metal
oxide catalysts obtained from the M-CNTs hybrids were also
characterized by TEM (Figure 2G,H). The average size of the
NiCo0.16Fe0.34Ox metal oxides and FeOx catalysts is 38.2 and
34.8 nm, respectively. The large size of the metal catalysts is
mainly due to the sintering and aggregation of the metal
catalysts during the decomposition treatment at 500 °C. The
EDS spectra confirm the existence of Ni, Fe, and Co for M-
CNTs-Arc (Figure 2I), whereas in the case of M-CNTs-CVD,
the metal catalysts only contain Fe (Figure 2J).
Figure 3A is the XRD spectra of M-CNTs-Arc and M-CNTs-

CVD, as well as the separated metal oxide catalysts. For M-
CNTs-Arc, the high intensity peak around 26.5° and 54.7° is
from CNTs and graphite. The peaks around 44.1° and 51.3°
can be attributed to FeNi3, FeNi, or CoFe alloy. In the case of
M-CNTs-CVD, the peak at 44.6° is related to metallic Fe,
consistent with the EDS analysis. This indicates that M-CNTs-
CVD is composed of a metallic Fe nanoparticle core. However,
no peak around 26.5° was observed, probably due to the lower
content of graphite and CNTs in the sample. Fe2O3 was

detected after the calcination of M-CNTs-CVD hybrids. The
XRD spectra also indicate NiCo0.16Fe0.34Ox is mainly composed
of NiO and NiFe2O4. No Co based oxides were detected,
probably due to the small amount of cobalt and the formation
of alloy with Fe and Ni.
Figure 3B is the Raman spectra obtained from M-CNTs-Arc

and M-CNTs-CVD. The peaks around 1270, 1590, and 2540
cm−1 correspond to the D band, G band, and the second order
G′ band of typical CNTs. The ID/IG is calculated as 1.01 and
0.57 for CNTs produced by arc-discharge and CVD,
respectively. In the case of M-CNTs-CVD, the high intensity
radial breathing mode (RBM) observed around 100−300 cm−1

is typical for SWCNTs,42−44 indicating that the encapsulated Fe
particles are mainly collected by SWCNTs, consistent with the
HRTEM results. However, the largely depressed RBM and
increased ID/IG ratio observed for M-CNTs-Arc indicate the
presence of DWCNTs45 between the encapsulated NiC-
o0.16Fe0.34 metal core in the case of M-CNTs-Arc catalysts.

3.2. Electrochemical Analysis. Figure 4 is the CV of M-
CNTs-Arc, M-CNTs-CVD, NiCo0.16Fe0.34Ox, and FeOx,
measured at scan rate of 10 mV s−1 in 1 M KOH solution.
The catalyst loading was 0.025 mg cm−2. In the case of M-
CNTs-Arc hybrid catalysts, the oxidation and reduction
potential change with the cycling time (Figure 4A). The
oxidation peak potential is 1.43 V for the first cycle and
decreases to 1.4 V after 11 cycles. And the increase of the area
for the redox couple with cycling is attributed to the increasing
passivation of NiCo0.16Fe0.34 into Ni-based hydroxides and
oxyhydroxides during cycling.7,20,21 The redox potential at 1.4
and 1.3 V is most likely associated with the transformation
between Ni(OH)2 and NiOOH in alkaline electrolyte.1,20,21,46

Similar to M-CNTs-Arc, the redox potentials of
NiCo0.16Fe0.34Ox redox peaks occur at potentials of 1.4 and
1.32 V. However, the area of the redox reaction of metal oxide
is much smaller than that of M-CNTs-Arc due to the smaller
surface area and low electronic conductivity.47 In the case of M-
CNTs-CVD, the passivation of metallic Fe to Fe(II)/Fe(III)
oxides/hydroxides occur at potential between −0.1 and +0.3 V
(Figure 4B).48,46

The electrochemically active surface area (ESA) for the M-
CNTs hybrid catalysts was estimated from the electrochemical
double-layer capacitance (CDL) of the catalytic surface (here we
use a general specific capacitance Cs = 0.040 mF cm−2 to
estimate the ESA for carbon proposed by McCrory et al.37).
The CDL is calculated based on the plot of ic as a function of the
scan rate ν, yielding a straight line with a slope equal to CDL (ic
= νCDL) (Figure 4C). On the basis of the slopes, the ESA is
23.4, 16.4, 5.7, and 6.0 m2 g−1 for M-CNTs-Arc, M-CNTs-
CVD, NiCo0.16Fe0.34Ox, and FeOx, respectively. The ESA of the
catalysts is substantially smaller than the corresponding BET
surface area (see Table 1).

3.3. Electrocatalytic Activity for OER. Figure 5A is the
LSV for OER on M-CNTs-Arc , M-CNTs-CVD,
NiCo0.16Fe0.34Ox, FeOx, and 20%Ru/C catalysts, measured at
scan rate of 1 mV s−1 in 1 M KOH solutions. The catalyst
loading was 0.025 mg cm−2. M-CNTs-Arc hybrid catalysts show
the best activity for OER. The onset potential of M-CNTs-Arc
is 1.48 V, which is 100 and 70 mV lower than that of 20% Ru/C
(1.58 V) and M-CNTs-CVD (1.55 V), respectively. The
current density measured at 1.7 V (η = 0.47 V) is 196 mA cm−2

for M-CNTs-Arc, which is 3.6 times of that of M-CNTs-CVD
(54 mA cm−2) and 20 times of 20% Ru/C (10 mA cm−2). The
metal catalysts separated from the M-CNTs hybrids show a

Figure 1. TGA curves of M-CNTs-Arc and M-CNTs-CVD hybrid
catalysts.
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much lower activity for OER. The onset potential for OER on

NiCo0.16Fe0.34Ox and FeOx is 1.55 and 1.60 V, respectively, 70

and 50 mV higher than that of the corresponding M-CNTs-Arc

and M-CNTs-CVD hybrid catalysts, respectively. The current

density at 1.7 V is 18 and 3.2 mA cm−2 for the reaction on

NiCo0.16Fe0.34Ox and FeOx, much lower than that of the

corresponding M-CNTs-Arc and M-CNTs-CVD. The much

lower activity of separated metal catalysts is partially due to the

significant sintering and growth of the metallic catalysts during
the high temperature decomposition treatment.
To separate the surface area effect from the intrinsic catalytic

activity of the hybrid catalysts, we calculated the specific
catalysts activity based on the ESA of the catalysts. The ESA
specific activity of M-CNTs-Arc, M-CNTs-CVD, NiC-
o0.16Fe0.34Ox, and FeOx was calculated to be 32.8, 13.4, 11.8,
and 2.2 mA cm−2 at a potential of 1.7 V in 1 M KOH,
respectively. This indicates that high electrocatalytic activity of

Figure 2. SEM images of (A) M-CNTs-Arc and (B) M-CNTs-CVD and TEM images of (C and D) M-CNTs-Arc. The inset shows (a) a DWCNT
and (b) metal core with graphite shell, (E and F) M-CNTs-CVD. The inset shows (c) a SWCNT and (d) the metal core with graphite shell. (G)
NiCo0.16Fe0.34Ox, and (H) FeOx. EDS spectra of (I) M-CNTs-Arc and (J) M-CNTs-CVD.
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M-CNTs-Arc and M-CNTs-CVD as compared to the
corresponding metal core catalysts is not completely due to
the high surface areas of the former.
The electrochemical activity of mechanically mixed

NiCoFeOx-DWCNTs and FeOx-SWCNTs were also tested
by LSV in 1 M KOH solution under identical conditions, and
the results are shown in Figure 5B,C. The results indicate that
the mechanically mixed NiCoFeOx-DWCNTs and FeOx-
SWCNTs catalysts show slightly higher electrochemical activity
for OER as compared with corresponding NiCoFeOx and FeOx
metal catalysts, but still significantly lower than that of one-pot
synthesized M-CNTs-Arc and M-CNTs-CVD catalysts. For
example, for the reaction on NiCoFeOx-DWCNTs, the onset
potential is 1.52 V, ∼30 mV lower than that on
NiCo0.16Fe0.34Ox, but still 40 mV higher than that on M-
CNTs-Arc. The current density measured at 1.7 V is 35 mA
cm−2, about twice of that on NiCo0.16Fe0.34Ox (18 mA cm−2);
however, it is only 17.8% of 196 mA cm−2 obtained for the
OER on M-CNTs-Arc. The much lower electrocatalytic activity
of the mechanically mixed metal oxide-CNTs as compared to
the one-pot synthesized M-CNTs hybrids indicates that there
might be a synergistic effect between the encapsulated metal
catalysts and the interconnected carbon materials including
CNTs and graphite. Such a synergistic effect could be
responsible for the lower onset potential and significantly
higher current density for OER.
Figure 6A shows the chropotentiometry curves at different

current densities for the OER on M-CNTs-Arc, M-CNTs-
CVD, NiCo0.16Fe0.34Ox, and FeOx measured in 1 M KOH. The

catalyst loading was 0.1 mg cm−2. The potential to achieve a
current density of 2, 5, 10, 20, and 50 mA cm−2 for M-CNTs-
Arc is 1.488, 1.506, 1.524, 1.550, and 1.595 V, respectively. For
the reaction on NiCo0.16Fe0.34Ox, the potential at a current
density of 2, 5, 10, and 20 mA cm−2 is 1.596, 1.629, 1.658, and
1.685 V, considerably higher than that observed on M-CNTs-
Arc. In the case of M-CNTs-CVD, the potential to achieve 2, 5,
10, 20, and 50 mA cm−2 is 1.542, 1.581, 1.615, 1.655, and 1.725
V, respectively, higher than that of M-CNTs-Arc under the
same current loads. Also, at a current density of 50 mA cm−2,
the potential for OER on M-CNTs-CVD is not stable; the

Figure 3. (A) XRD patterns of (a) M-CNTs-Arc, (b) M-CNTs-CVD,
(c) NiCo0.16Fe0.34Ox, and (d) FeOx. (B) Raman spectra of M-CNTs-
Arc and M-CNTs-CVD.

Figure 4. Cyclic voltammograms (CV) of (A) M-CNTs-Arc and
NiCo0.16Fe0.34Ox and (B) M-CNTs-CVD and FeOx, measured in 1 M
KOH solution with scan rate of 10 mV s−1 and catalysts loading of
0.025 mg cm−2 at a rotating rate of 1600 rpm. (C) Anodic charging
currents measured at −0.05 V vs SCE plotted as a function of scan
rate. The determined double-layer capacitance of the catalysts is taken
as the average value of the slope of the linear fits to the data.
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potential increased rapidly from 1.725 V to over 2 V after
testing for 20 min. This indicates that M-CNTs-CVD hybrids
have a much lower stability for OER as compared to M-CNTs-
Arc hybrids. In addition, FeOx is not able to achieve a current
density of 5 mA cm−2. This indicates that the electrocatalytic
activity of FeOx is much lower than that of NiCo0.16Fe0.34Ox.
The durability of M-CNTs-Arc, M-CNTs-CVD, and Ru/C

for OER was determined using controlled-current electrolysis
in 1 M KOH (Figure 6B). The catalyst material was held at a
constant current density of 10 mA cm−2 for 10 h at a rotation
rate of 1600 rpm, while the operating potential was measured as
a function of time. For M-CNTs-Arc, the potential at 10 mA
cm−2 is 1.52 V (η = 0.29 V) at t = 0, and the changes in the
potential during the stability test are very small. After 10 h of
continuous operation, the potential to deliver 10 mA cm−2 is
1.524 V (η = 0.294 V), very close to the potential before the
test. This indicates excellent stability of the M-CNTs-Arc
hybrid catalysts. In the case of 20% Ru/C catalysts, the
potential to achieve 10 mA cm−2 is 1.585 V (η = 0.355 V) when
t = 0, increases to 1.625 V (η = 0.395 V) after tested for 5 h and
then remains stable around 1.625 V. However, the stability of
M-CNTs-CVD hybrids is very poor. The potential to deliver a
current density of 10 mA cm−2 rises from 1.6 V at t = 0 to 1.8 V
at t = 1 h. The M-CNTs-CVD is completely decomposed after
2 h of operation and the electrolyte solution turned brownish,
most likely due to the dissolution of FeOx. The outstanding
stability of the M-CNTs-Arc was also further confirmed by
polarization at a current density of 50 mA cm−2 in 1 M KOH.
The results show that the potential to achieve 50 mA cm−2

(500 A g−1) is 1.595 V (η = 0.365 V) and the potential
remained the same after tested for 10 h, indicating that the M-
CNTs-Arc is also very stable at high current densities.
McCrory et al. recently studied the benchmarking heteroge-

neous electrocatalysts prepared by electrodeposition for OER
in 1 M KOH with a rotating rate of 1600 rpm.37 The
overpotentials for achieving a current density of 10 mA cm−2

for IrOx, NiFeOx, CoFeOx, NiCoOx, CoOx, NiLaOx, NiCuOx,
NiOx, and NiCeOx films are 0.32, 0.35, 0.37, 0.38, 0.39, 0.41,
0.41, 0.42, and 0.43 V, respectively. Liang et al. showed that
Co3O4 nanocrystals grown on reduced graphene oxide
(Co3O4/N-rmGO) exhibit a current density of 10 mA cm−2

(or 1 A g−1) at η = ∼0.31 V in 1 M KOH solution with catalyst

loading of 1 mg cm−2.25 Ultrathin nickel−iron layered double
hydroxide nanoplates supported on oxidized multiwalled
carbon nanotubes (MWCNTs) was reported to achieve a
current density of 10 A g−1 at η = 0.228 V in 1 M KOH with
catalysts loading of 0.25 mg cm−2.11 In the present study, the
M-CNTs-Arc hybrid catalyst achieved a current density of 10
mA cm−2 (or 100 A g−1) at η = 0.29 V (i.e., 1.524 V vs RHE) in
1 M KOH with catalyst loading of 0.1 mg cm−2. This indicates
that M-CNTs-Arc hybrids are among the most active
nonprecious metal OER catalysts. The results demonstrate
that M-CNTs hybrid produced by the arc-discharge technique
using NiCo0.16Fe0.34 metal catalysts is a promising catalyst with
high activity and superior long-term stability for OER in
alkaline solutions.

3.4. Effect of pH. The activity of M-CNTs for OER has
been found to be critically related to the pH of the solution.

Table 1. Physical and Electrochemical Properties of the
Catalysts Materials Studied

sample

M-
CNTs-
Arc

M-
CNTs-
CVD NiCo0.16Fe0.34Ox FeOx Ru/C

BET surface area
(m2 g−1)

166.5 88.5 38.3 36.8

ID/IG 1.01 0.57
ESA (m2 g−1) 23.4 16.4 5.6 6.0
onset potential
(V)

1.48 1.55 1.55 1.60 1.58

jGEO, η=0.47 V
(mA cm−2)

196 56 18 3.2 8

jESA, η=0.47 V
(mA cm−2)

32.8 13.4 11.8 2.2

Tafel slope
(mV dec−1)

34 34 50 74 50

#The onset potential, j, and Tafel slope measured in 1 M KOH
solution with rotating speed of 1600 rpm. jGEO is the geometric area
based current density and jESA is the specific electrochemically active
surface area (ESA) based current density.

Figure 5. Linear scan voltammograms (LSV) of (A) M-CNTs-Arc, M-
CNTs-CVD, NiCo0.16Fe0.34Ox, FeOx, and Ru/C, (B) M-CNTs-Arc,
NiCo0.16Fe0.34Ox-DWCNTs and NiCo0.16Fe0.34Ox, and (C) M-CNTs-
CVD, FeOx-SWCNTs, and FeOx. The LSV was measured in 1 M
KOH solution with a scan rate of 1 mV s−1 and catalyst loading of
0.025 mg cm−2 at a rotating rate of 1600 rpm.
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Figure 7 shows the effect of pH on the OER activity for M-
CNTs-Arc and M-CNTs-CVD. The variation trend for the
onset potential and current density for M-CNTs-CVD and M-
CNTs-Arc with pH is similar. The onset potentials for OER on
M-CNTs-CVD and M-CNTs-Arc hybrids electrodes increased
from ∼1.7 V at pH = 2.11 to ∼2.2 V at pH = 10, then
decreased sharply to ∼1.5 V when the pH was above 11 (Figure

7C). The current densities of M-CNTs measured at 1.7 V are
low in the pH range of 1−10. However, a dramatic increase
were observed when pH increased to 12−14, reaching current
density of 180 and 55 mA cm−2 at pH = 13.6 for M-CNTs-
CVD and M-CNTs-Arc, respectively (Figure 7D). The different
behavior of M-CNTs as a function of pH of the electrolytes
indicates that fundamentally different mechanisms exist for
OER under acidic, neutral, and basic conditions. The reason for
such drastic change of the reaction activity of the M-CNTs
hybrid catalysts for OER as a function of solution pH is not
clear at this stage. One possible reason may be related to the
significant role of the surface electrochemistry of hydrous oxide,
formed in acidic, neutral, and basic conditions on the electrodes
of transition metals due to their amphoteric nature.7,8,49

Takashima et al. found that the OER overpotential for
manganese oxide increased from 0.5 to 0.7 V when the pH
increased from 4 to 8, but sharply decreased to 0.48 V at pH ≥
9, and proposed that the pH dependence of onset potential and
current density might be due to the surface charge caused by
OH− species.50 At low pH, the M-CNTs-Arc and M-CNTs-
CVD are protonated and thus positively charged. At high pH,
they would act as acids, adsorbing OH− or donating protons
and thus becoming negatively charged. Lower onset potentials
are expected in basic solutions than in acidic/neutral solutions
because the highly charged metal ions with excess hydroxide
ions are active sites for oxygen evolution and for oxygen species
such as M-O−, it is easier to donate electrons in alkaline
solutions than in acid or neutral solutions with positively
charged species.50

Figure 8 is the Tafel slope plots for OER on M-CNTs-Arc
and M-CNTs-CVD hybrids, measured in 1 M KOH solution at
a scanning rate of 1 mV s−1. The Tafel slope of M-CNTs-Arc is
34 mV dec−1, lower than 50 mV dec−1 obtained on the
NiCo0.16Fe0.34Ox metal catalysts (Figure 8A). For the OER on
hydrous NiO, Lyons et al. reported the Tafel slope of 40−60
mV dec−1 at low overpotentials.8,51 In the case of M-CNTs-

Figure 6. (A) Chronopotentiometry of M-CNTs-Arc, M-CNTs-CVD,
NiCo0.16Fe0.34Ox, and FeOx. (B) Stability plots, measured at current
densities of 10 and 50 mA cm−2. The measurements were carried out
in 1 M KOH solution with catalyst loading of 0.1 mg cm−2 and the
rotating rate of 1600 rpm. Numbers are current density in mA cm−2.

Figure 7. Linear scan voltammetry of (A) M-CNTs-Arc and (B) M-CNTs-CVD under different pH solutions for OER, measured at scan rate of 10
mV s−1. (C) Plots of onset potential as a function of pH. (D) Plots of current density measured at 1.7 V vs RHE as a function of pH.
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CVD, the Tafel slope is 34 mV dec−1, also lower than 77 mV
dec−1 measured on FeOx. The lower Tafel slopes observed on
M-CNTs as compared to that on metal oxide catalysts indicate
an increased electron transfer for OER,11,20,21 an indication of
the synergistic effect of graphitic shell and CNTs network on
the electrocatalytic activity of metal NPs catalyst. The reaction
order plots with respect to OH− activity (log I vs log aOH‑ at a
given value) of M-CNTs-Arc were also constructed based on
the polarization data in 0.5, 1, and 2 M KOH solution (Figure
8C). A reaction order of 0.97 was obtained, indicating that the
OER follows a first-order kinetics with respect to the OH−

concentration. However, the reaction order was not obtained
for M-CNTs-CVD because of the poor stability of the catalysts,
which results in the nonlinear function of log I and log aOH‑.
The Tafel slopes of M-CNTs for OER were also measured in

1, 0.1, and 0.01 M KOH solutions and the results are shown in
Figure 9. For M-CNTs-Arc, the Tafel slope recorded is 74 mV
dec−1 in 0.01 M KOH solution. However, the Tafel slope is
decreased to ∼34 mV dec−1 when the concentration of KOH of
solution is in the range of 0.1−1 M KOH. In the case of M-
CNTs-CVD, a Tafel slope of 34, 41, and 89 mV dec−1 was
obtained in 1, 0.1, and 0.01 M KOH solutions, respectively,
indicating that the rate-determining step is influenced by the
concentration of KOH.
The significant dependence of OER activity on pH

demonstrates that OH− is playing a critical role in OER on

M-CNTs hybrid catalysts. As shown in Figure 3A, the
transformation of NiCo0.16Fe0.34 into NiCo0.16Fe0.34-OOH (M-
OOH) occurs before the oxygen evolution reaction. Thus, the
initial steps of OER could be the absorption of OH− on M-
CNTs-Arc, forming M-CNTs-NiCo0.16Fe0.34-OOH.

8,46 The
surface-enhanced Raman spectroscopy also provides evidence
of the formation of MOOH intermediates for Ni52 and NiFe
oxides.20 A Tafel slope of 34 mV dec−1 with a reaction order of
∼1.0 for M-CNTs-Arc indicates that oxygen evolution on M-
OOH begins with absorbing OH− as a fast step and the
subsequent electrochemical interaction between the surface
adsorbed intermediate and OH−.46,48 The rate-determining
step is most likely the formation of metal oxide or metal oxo
species, as shown by Lyons et al.46,48,51

The superiority of M-CNTs-Arc hybrid catalysts can be
attributed to the following reasons. First, NiCo0.16Fe0.34 and its
oxides are superior catalysts for OER as compared with that of
Fe and FeOx in the case of M-CNTs-CVD. Second, the M-
CNTs hybrids produced by arc-discharge using NiCo0.16Fe0.34
catalysts are connected mainly by DWCNTs networks, and the
encapsulated NiCo0.16Fe0.34 with graphite enhances the activity
and stability for OER. For M-CNTs-CVD, metal catalysts are
interconnected via SWCNTs networks, which generally
contains large amount of semiconductor.53−55 The excellent
conductivity of DWCNTs would provide a better path way for
electron charge transfer during OER, as compared to SWCNTs.

4. CONCLUSION
Here we, for the first time, reported a simple, scalable, and one-
pot synthesis method to fabricate metal−CNTs network hybrid
catalysts using conventional arc-discharge and CVD techniques
for OER of water electrolysis. The metal−CNTs hybrids

Figure 8. Tafel plots for oxygen evolution in 1 M KOH solutions at
(A) M-CNTs-Arc and NiCo0.16Fe0.34Ox and (B) M-CNTs-CVD and
FeOx. (C) Plots of reaction order for OER on M-CNTs-Arc.

Figure 9. Tafel plots for oxygen evolution reaction at (A) M-CNTs-
Arc and (B) M-CNTs-CVD catalysts measured in 1, 0.1, and 0.01 M
KOH solutions.
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synthesized by the arc-discharge technique with NiCo0.16Fe0.34
catalysts (M-CNTs-Arc) and the CVD technique with Fe
catalysts (M-CNTs-CVD) have significantly higher electro-
catalytic activity for OER in alkaline solutions as compared with
bare metal oxides or CNTs-supported metal oxide catalysts.
The as-synthesized M-CNTs-Arc catalysts show a low onset
potential (1.48 V), significantly high activity, and super stability
for OER. The M-CNTs-Arc hybrids produced the highest
activity for OER in alkaline solutions, achieving 100 A g−1 at η
= 0.29 V, and 500 A g−1 at η = 0.37 V. And the Tafel slope of
34 mV dec−1 with a reaction order of ∼1.0 for M-CNTs-Arc
indicates that oxygen evolution on M-CNTs-Arc is mainly
limited by the formation of metal oxide or metal oxo species.
The excellent activity and durability of the M-CNTs-Arc
network hybrids is most likely due to the synergistic effect
between the encapsulated metal catalysts and the intercon-
nected CNTs. The one-pot synthesis techniques show a
promising potential for the development of highly active
electrocatalysts for OER of water splitting.
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