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Abstract: Efficient hydrogen evolution reaction (HER)
through effective and inexpensive electrocatalysts is a valuable
approach for clean and renewable energy systems. Here, single-
shell carbon-encapsulated iron nanoparticles (SCEINs) deco-
rated on single-walled carbon nanotubes (SWNTs) are intro-
duced as a novel highly active and durable non-noble-metal
catalyst for the HER. This catalyst exhibits catalytic properties
superior to previously studied nonprecious materials and
comparable to those of platinum. The SCEIN/SWNT is
synthesized by a novel fast and low-cost aerosol chemical
vapor deposition method in a one-step synthesis. In SCEINs
the single carbon layer does not prevent desired access of the
reactants to the vicinity of the iron nanoparticles but protects
the active metallic core from oxidation. This finding opens new
avenues for utilizing active transition metals such as iron in
a wide range of applications.

Progress in hydrogen economy and utilization of hydrogen
as a future energy carrier will require sustainable, efficient,
and cost-effective production of hydrogen.[1] Among current
technologies for H2 production, water splitting (i.e., H2O!
H2 + 1=2 O2) is one of the most attractive and simple methods
to produce hydrogen. Electrochemical water splitting is
divided into two half reactions: the hydrogen evolution
reaction (HER, 2H+ + 2e¢!H2) and the oxygen evolution
reaction (OER, H2O!2H+ + 2e¢+ 1=2 O2).[2] For HER, plat-

inum-based catalysts are currently the most efficient electro-
catalysts with an onset overpotential (h) close to zero;
however, the high cost and scarcity of platinum limit its
large-scale commercial application.[3] Therefore, low-cost,
efficient, and stable non-noble-metal catalysts for HER are
required, especially for acidic media because of the strongly
acidic conditions met in devices based on proton exchange
membrane technology.[4] In the past decade, many researches
have been devoted to introduce efficient non-noble-metal
catalysts for HER. Recent advances have been reported for
molybdenum-based compounds,[5] Co-based compounds,[4, 6]

Ni2P,[7] a FeCo alloy encapsulated in nitrogen-doped carbon
nanotubes (NCNTs),[8] FeP–graphene sheets,[9]

a C3N4@nitrogen-doped graphene hybrid,[10] and nitrogen
and phosphorus dual-doped graphene.[11]

Metal nanoparticles encapsulated in carbon cages are
promising highly active nanostructures with high chemical
and thermal stability, because the encapsulating shell protects
the metal nanoparticle from atmospheric-oxygen-induced
degradation and agglomeration of neighboring nanoparticles.
Thus, these new structures enable technological applications
of metal nanoparticles as the naked ones are not stable
enough in ambient air.[12] Few-shell carbon-encapsulated
metal nanoparticles have been found to catalyze the oxygen
reduction reaction (ORR)[12] and HER.[6, 8] A high catalytic
activity towards ORR is also reported for iron carbide
nanoparticles encased in graphitic layers.[13] However, in
these structures, the multiple layers of carbon covering the
particles hinder desired access of the reactants to the vicinity
of the iron nanoparticle and therefore the catalytic activity of
the metal is significantly decreased. To our knowledge, single-
shell carbon-encapsulated metal nanoparticles (SCEINs)
have not been experimentally reported earlier. However,
they were recently studied with density functional theory
(DFT) and a considerable charge transfer from iron to carbon
was reported, inducing active sites for catalysis in these
materials.[14]

The unique structure and intrinsic properties of carbon
nanotubes such as high surface area, high chemical stability,
high electrical conductivity, and insolubility in most solvents,
make them extremely attractive as supports for heteroge-
neous catalysts.[3a, 4, 5f, 15] Thus, the growth of nanoparticles
supported on carbon nanotubes is an interesting approach to
create efficient catalysts. In this study, we focused on the
growth of SCEINs decorated on single-walled carbon nano-
tubes (SWNTs) to obtain the desired catalytic activity for
HER. Moreover, we used a low-cost chemical vapor depo-
sition (CVD) method in which both the catalyst (SCEIN) and
the support (SWNT) were synthesized simultaneously; this
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implies a fast procedure for producing CNT-supported
catalyst.

The SCEIN/SWNT sample was grown using a one-step so-
called floating catalyst (aerosol) CVD synthesis process
described elsewhere.[15c] An aerosolized feedstock solution
of ferrocene and thiophene in toluene was introduced into
a high-temperature reactor to produce Fe catalyst nano-
particles. Ethylene (C2H4) was utilized as a carbon source for
the CNT synthesis because hydrocarbons have shown a high
reaction yield, which is a key factor for industrial applications
(Figure S1). Carbon dioxide was used as an etching agent that
can remove amorphous carbon coated on the surfaces of iron
catalyst nanoparticles. It can also prevent the formation of
cementite (Fe3C) which is believed to be an inactive phase for
the growth of nanotubes.[16] This method for the growth of
CNTs has recently been described to fabricate highly
conductive and transparent films.[15c]

After the synthesis, the product was studied by high-
resolution transmission electron microscopy (HRTEM). This
observation (Figures 1a–c and S2) indicates SCEINs with
a size distribution of 2–3 nm on the sidewalls of the SWNTs.
Single-layer carbon shells around Fe nanoparticles are clearly
observed in Figure 1b and c. A schematic representation of
the structure of the SCEIN/SWNT determined from the
HRTEM images is shown in Figure 1 d. An HRTEM image of
SCEINs (Figure 1 b inset) shows lattice fringes with a d-

spacing of 0.21 nm corresponding to the (110) reflection of
iron. Size distribution analysis of the iron nanoparticles in
SCEINs and diameter distribution of SWNTs in the SCEIN/
SWNT material were performed by measuring 200 individual
nanoparticles and 100 CNTs, respectively, from the HRTEM
images (Figure S3). This analysis resulted in an average size of
2.6 nm for the iron nanoparticles in SCEINs and an average
diameter of 1.7 nm for SWNTs in the SWNT/SCEIN material.

A low-magnification scanning electron microscopy
(SEM) image and an energy-dispersive X-ray spectroscopy
(EDS) spectrum taken from the whole area of the measured
SCEIN/SWNT electrode confirmed that no noble metal was
present (Figure S4). X-ray photoelectron spectroscopy (XPS)
of the SCEIN/SWNT material (Figure S5) showed two peaks
at binding energies of about 707 and 720 eV, which were
ascribed to the metallic Fe 2p3/2 and Fe 2p1/2 peaks, respec-
tively.[17] The absence of iron oxides in the XPS results
supports the observation that the iron nanoparticles were
completely covered by a carbon shell protecting them from
oxidation in air. The Fe content is estimated from the XPS
analysis to be 5.6 wt%; however, the encapsulation and
clustering of the iron particles may cause an underestimation
of the bulk amount of Fe in the SCEIN/SWNT sample.[18] The
Raman spectrum of the product (Figure S6) demonstrates
radial breathing modes (RBM) corresponding to SWNTs and
an IG/ID ratio of 14.7 (detailed information provided in the
Supporting Information, SI).

In our experiments for aerosol synthesis of CNTs, the
TEM observations showed that iron nanoparticles with an
average size of 2.6 nm are mostly inactive for the growth of
CNTs and they are preferentially encapsulated with a layer of
carbon, instead of growing CNTs. Figure 1c displays the small
SCEINs decorated on the sidewall of SWNTs and the Fe
catalyst particles of the CNTs. In the presence of etching
agents, such as CO2, the smaller particles have less probability
to serve as a catalyst for the growth of CNTs as described in
our previous paper.[16a] Small particles (in our case they are 2–
3 nm in diameter) have higher curvature and require small
graphitic cap for the nucleation of carbon nanotube. On the
contrary, the larger particles catalyze larger nucleation
embryos, which have higher probability to survive in the
harsh oxidizing conditions. Therefore, the larger particles may
catalyze the growth of carbon nanotubes, whereas small
particles are encapsulated by carbon (Figure 1c). The latter
occurs in the cooling zone of the reactor, due to the decrease
in carbon solubility and etching reaction rate. In the literature,
inactive iron nanoparticles have been reported during growth
of CNTs as impurities which are oxidized or covered by
multilayer graphene or amorphous carbon.[17, 19] In contrast,
we presented here a method in which those inactive Fe
catalyst particles for the growth of CNTs can actually be used
to synthesize SCEINs.

The catalytic activity of the SCEIN/SWNT sample for the
HER was evaluated using a standard three-electrode electro-
chemical configuration in 0.5m H2SO4 purged with N2. As
a reference, commercial Pt catalyst (20 wt % Pt/C) was also
measured. All the measured catalysts were deposited on
a glassy carbon electrode with a similar loading of
0.18 mg cm¢2. Figure 2a shows typical polarization curves of

Figure 1. a) TEM image of single-shell carbon-encapsulated iron nano-
particles (SCEINs) supported on SWNTs showing distribution of the
particles on the SWNTs. b) HRTEM image of the SCEIN/SWNT
sample, the inset indicates the (110) lattice plane of the Fe particles in
SCEINs (scale bars = 2 nm). c) HRTEM image of SCEINs decorated on
the sidewalls of the SWNTs, the inset shows Fe catalyst particles for
the growth of the SWNTs (arrows demonstrate the SWNT). d) Sche-
matic representation of SCEIN/SWNT sample simplifying the HRTEM
images and HER on SCEINs.
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HER on the pristine SWNT, SCEIN/SWNT, and Pt/C
electrodes. The SCEIN/SWNT material exhibited an onset
potential of about 0 V versus the reversible hydrogen
electrode (RHE) which is very close to the thermodynamic
potential of HER (i.e., 0 V). This onset potential is similar in
magnitude to that of platinum and notably lower than that of
SWNT (�¢0.4 V), suggesting a high HER activity of
SCEINs. SCEIN/SWNT resulted in a Tafel slope of 40 mV/
decade (h = 0–48 mV) compared to Tafel slopes of 37 and
197 mV/decade for Pt/C and SWNT, respectively. The low
Tafel slope of 40 mV/decade for SCEIN/SWNT showed that
this material catalyzes the HER through a Volmer–Heyrov-
sky mechanism in which a fast discharge step (Volmer
reaction, H3O

+ + e¢!Hads + H2O) is followed by an electro-
chemical desorption step (Heyrovsky reaction, Hads + H3O

+ +

e¢!H2 + H2O) and the desorption of hydrogen is the rate
limiting step.[5b–d, 20] The HER exchange current density (j0) for
SCEIN/SWNT and Pt/C, calculated from the Tafel plots by
extrapolation method, are 0.19 and 0.17 mAcm¢2, respec-
tively, which are clearly higher than that of SWNT (5.6 ×
10¢3 mAcm¢2). Most importantly, the exchange current
density and the onset potential are of the same magnitude
or even better for SCEIN/SWNT than for the commercial Pt/
C catalyst. Moreover, SCEIN/SWNT requires low overpo-
tentials of 42, 77, and 135 mV to achieve current densities of 2,
10, and 50 mAcm¢2, respectively. In comparison to the most
active nonprecious-metal catalysts for HER, SCEIN/SWNT
demonstrates very promising electrocatalytic activity toward
HER in acidic media (Table S1). Hence, SCEIN/SWNT

introduces a novel nonprecious catalyst for HER with an
activity that rivals platinum in acidic media.

A stability test of the SCEIN/SWNT catalyst was per-
formed by cycling the potential between¢0.15 and 0.15 V (vs.
RHE) in 0.5m H2SO4 at a scan rate of 100 mVs¢1. This
method of stability measurement was selected according to
the previous accelerated HER testing.[4–5, 7,21] The lower limit
(¢0.15 V) corresponds roughly to a current density of about
50 mAcm¢2. Figure 3a shows the HER polarization curves

for the SCEIN/SWNT before and after 1000 potential cycles.
There was no observable degradation in HER activity after
this measurement, indicating that SCEIN/SWNT is a stable
catalyst for HER. Time dependence of the current density for
SCEIN/SWNT at a static overpotential of 135 mV was
monitored for 18 h (Figure 3b). The loss in current density
was smaller than that for Pt/C[5e] indicating slower poisoning,
and rather similar to that of MoO2@N-doped MoS2 catalyst
for which an approximately similar current density
(� 50 mAcm¢2) was reported[5e] .

In summary, SWNT-supported iron nanoparticles have
been encapsulated in a carbon shell through a novel fast and
low-cost one-step CVD synthesis. The encapsulation of the
active transition metals, such as iron nanoparticles, in a single-
layer carbon cage is proposed as a promising method to
protect the active metal nanoparticles from oxidation while
the desired access of the reactants to the vicinity of the metal
is not prevented. The SCEIN/SWNT has been shown to be

Figure 2. a) The polarization curves and b) corresponding Tafel plots
of SWNT (blue), SCEIN/SWNT (black), and Pt/C (red). The polar-
ization curves were measured at a scan rate of 50 mVs¢1 in 0.5m
H2SO4 acidic solution.

Figure 3. a) The polarization curves of SCEIN/SWNT before cycling
durability test (black) and after 1000 cycles (red) between the
potentials of ¢0.15 and 0.15 V (vs. RHE) in 0.5m H2SO4 at a scan rate
of 100 mVs¢1. b) Time dependence of the current density obtained for
SCEIN/SWNT at a static potential of ¢135 mV for 18 h in 0.5m H2SO4.

..Angewandte
Zuschriften

4620 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 4618 –4621

http://www.angewandte.de


a highly active and durable nonprecious catalyst for HER in
an acidic electrolyte. The catalytic properties of this material
demonstrate an inexpensive acid-stable electrocatalyst for
HER with a high activity comparable to that of the best
precious-metal catalysts such as platinum and superior to the
best nonprecious catalysts available today. This is the first
time that a method for the synthesis of metal nanoparticles
encapsulated in a single-layer carbon cage is reported. This
work introduces a new catalyst for HER and opens new
avenues for the growth of encapsulated metal nanoparticles
which can be used in various applications.
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nonprecious metal catalysts
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