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ABSTRACT: The important roles of Ni in electrocatalytic reactions such as hydrazine
oxidation are limited largely by high oxidation states because of its intrinsically high
oxophilicity. Here, we report the synthesis and properties of highly metallic Ni
nanoparticles (NPs) on carbon black supports. We discovered that the heat treatment
of as-prepared Ni NPs with an average particle size of 5.8 nm produced highly metallic
Ni NPs covered with thin carbon shells, with negligible particle coarsening. The carbon
shells were formed by the segregation of carbons in the Ni lattice to the surface of the
Ni NPs, leaving highly metallic Ni NPs. X-ray photoelectron spectroscopic analyses
revealed that the atomic ratio of metallic Ni increased from 19.2 to 71.7% as a result of
the heat treatment. The NPs exhibited higher electrocatalytic activities toward the
hydrazine oxidation reaction in alkaline solution, as compared to those of the as-
prepared Ni NPs and commercial Ni powders.
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The late first-row (3d) transition metal nanoparticles have
long attracted scientific and technological interest because

of their applications in various devices for energy conversion
and magnetic storage.1−5 These metal nanoparticles have a
huge potential as electrocatalysts in alkaline media for the O2

and CO2 reduction reactions.6,7 It has been recently reported
that these non-noble metals, specifically, Ni and Co and their
alloys, catalyze the electrochemical (faradaic) oxidation reaction
of hydrazine to nitrogen and water via a four-electron transfer
process, whereas noble metals such as Pt catalyze a chemical
(nonfaradaic) reaction (decomposition) of hydrazine to
nitrogen and hydrogen.6 On the basis of this finding, various
Ni-based binary and ternary alloy systems have been
investigated for hydrazine oxidation reaction by using an
electrochemical combinatorial array.8−10 These previous
reports focused on the effects of alloying rather than chemical
states of 3d transition metal nanoparticles to enhance the
electrocatalytic activity. Thus, dependence of the activity on
chemical states in 3d transition metal nanoparticles has not
been well studied, partly because of the lack of a facile synthetic
route for highly metallic nanoparticles and their intrinsic
susceptibility toward oxidation.11−13

A typical preparation method of preparing 3d transition
metal nanoparticles such as Ni, Co, and Fe involves the
decomposition of metal chelate complexes in the presence of
strongly adsorbing stabilizers in the absence of oxygen-
containing species such as air and water.14−17 However, in
most cases, the resulting nanoparticles are oxides rather than
metals. Recently, it has been claimed that the thermal
decomposition of Ni-oleylamine complexes with triphenyl-

phosphine (P(C6H5)3) could produce metallic Ni nanoparticles
with nearly amorphous structure.16 In this case, subsequent
exposure to air caused rapid oxidation of the particles, resulting
in the formation of NiO.
Metal nanoparticles are often anchored to carbon black

supports with high surface area for applications as electrode
materials such as fuel cell catalysts. The metal−carbon contact
offers some advantages in stabilizing the nanoparticles against
aggregation and enhancing catalytic activity.18,19 There have
not been many reports on the synthesis of late-3d transition
metal nanoparticles dispersed on carbon black supports. It has
been suggested that carbon supports could change the electron
density of the 3d transition metal nanoparticles but not mitigate
their surface oxidation under ambient conditions.16,17

Herein, we report a facile preparation method for highly
metallic Ni nanoparticles on carbon black supports. We
discovered that a carbon shell was formed in situ on the highly
metallic Ni nanoparticles by surface segregation of a carbon-
containing species (acetylacetonate (C5H8O2)2 in Ni(acac)2
being the most probable source of the carbon), as a result of the
heat treatment. The Ni nanoparticles supported on carbon
black (Ni/CB) were found to show high catalytic activity
toward hydrazine oxidation under alkaline conditions.
Ni/CB was prepared from Ni(acac)2 by reduction with

sodium borohydride (NaBH4) in a solution containing 1,2-
propanediol, oleylamine (C18H37N), and CB at 110 °C (see the
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Supporting Information for synthetic details). The reaction was
carried out in the absence of oxygen-containing species
(oxygen, water). Three samples with different Ni loading
amounts (13.8, 22.0, and 28.7 wt % as nominal values) were
prepared. The metal loadings of as-prepared Ni/CB (denoted
as ASP-Ni) determined by elemental analysis were 12.3, 21.5,
and 25.0 wt %, which corresponded to Ni recoveries of 88, 97,
and 83% (see the Supporting Information). The ASP-Ni
sample with 12.3 wt % Ni was heated at 400 °C for 4 h under a
flow of a mixed gas of N2 containing 5 vol % H2 to remove
organic moieties and to yield Ni nanoparticles with higher
crystallinity (denoted as HT-Ni). Heat treatments were also
performed under different atmospheres, i.e., pure N2 and
synthetic air (see the Supporting Information).
The structure of Ni/CB was analyzed by X-ray diffraction

(XRD) (Figure 1a). The ASP-Ni sample did not show

diffraction peaks assignable to Ni, NiO, or Ni2O3. Instead, it
exhibited a weak, broad peak centered at 43.7°, which is very
close to the (100) diffraction angle (43.5°) of graphitic carbon,
as can be seen for the pattern for CB. In other words, its
diffraction pattern is similar to that of carbon. The three ASP-
Ni samples with different Ni-loadings (12.3, 21.5, and 25.0
wt %) showed similar XRD patterns (see Figure S2 in the
Supporting Information). Its electron diffraction pattern
(Figure 1b) also exhibited a bright center and diffuse rings,
which are largely attributable to a carbon support, implying that
the Ni of ASP-Ni was not crystalline. Compared to the ASP-Ni
sample, the HT-Ni sample exhibited clear diffraction peaks
centered at 44.5, 51.8, and 76.4° 2θ, which corresponded to the
diffraction angles for (111), (200), and (220) of face-centered
cubic (fcc) Ni (JCPDS file 04−0850), respectively. These peaks
were also observed for commercial Ni black (see Experimental
Methods). The HT-Ni sample did not exhibit peaks assignable
to Ni oxides such as NiO or Ni2O3, whose diffraction patterns
are shown on the lower horizontal axis of Figure 1a. The
diffraction peaks of Ni are clearly seen, with several rings in the
electron diffraction pattern (Figure 1c), which were indexed as
(111), (200), (220), etc., from the center. These results suggest

that crystalline Ni nanoparticles were formed after the heat
treatment (HT-Ni). We dare not calculate the average particle
size of the Ni nanoparticles using the Scherrer equation,
because the Ni(111) peak was overlapped with the graphite
(100) peak, and the Ni(220) peak was very low in intensity.
Images a and b in Figure 2 show TEM images of the ASP-Ni

and HT-Ni samples. In both samples, the nanoparticles were

highly dispersed on the carbon support. The mean particle
diameters, which were determined by counting 100 randomly
selected particles, were 5.6 ± 1.2 and 5.8 ± 1.5 nm for ASP-Ni
and HT-Ni, respectively (see Figure S4 in the Supporting
Information). Therefore, the heat treatment did not cause
coarsening of the nanoparticles. Closer investigation of the HT-
Ni sample in Figure 2b revealed that most Ni nanoparticles
were covered by unidentified layers. The d-spacing of the layers
seemed to be related to the plane-to-plane distance of graphite;
the value was 0.38 ± 0.02 nm, which is very close to that of the
hexagonal graphite (002) plane (0.34 nm) and is also
comparable to that of the carbon support (0.39 ± 0.02 nm),
as shown in the inset of Figure 2b. It has been reported that
carburized Ni particles can segregate carbons to their surfaces
and form carbon layers by heat treatement.20−22 Therefore, it is
reasonable to conclude that the shell consists mainly of carbon.
These layers were also observed for the Ni nanoparticles heated
under various conditions (see Figure S5 in the Supporting
Information for pure N2 and air).
It is considered in this study that the heat treatment caused

the surface segregation of carbons and the concomitant
formation of crystalline Ni nanoparticles. Therefore, it is
worth investigating the source of the segregated carbon making
up the carbon shell. 1,2-Propanediol as the solvent was an
unlikely source of the carbon shell, since the reaction
temperature at 110 °C was not high enough to cause
decomposition of the solvent under the inert atmosphere.
The most probable source was the acetylacetonate from
Ni(acac)2. To confirm this assumption, we prepared the Ni/
CB sample from nickel chloride (NiCl2) and heat-treated as a
control experiment under the same conditions as mentioned
above. The as-prepared Ni nanoparticles from NiCl2 exhibited a
similar XRD pattern to that of ASP-Ni (see Figure S8a in the
Supporting Information). In contrast, the surface-covering

Figure 1. (a) Powder X-ray diffraction patterns of carbon black (CB),
commercial Ni black, ASP-Ni (12.3 wt % Ni), and HT-Ni. Cu Kα
radiation (50 kV, 200 mA). On the lower horizontal axis, red vertical
lines represent the fcc Ni phase (JCPDS file 04−0850), black vertical
lines the fcc NiO phase (JCPDS file 04−0835), and light gray lines the
hexagonal closed-packed (hcp) Ni2O3 phase (JCPDS file 14−0481).
The electron diffraction patterns of (b) ASP-Ni and (c) HT-Ni.

Figure 2. Transmission electron microscopic images of (a) ASP-Ni
(12.3 wt % Ni) and (b) HT-Ni; (c) X-ray photoelectron spectra of the
Ni 2p3/2 region for ASP-Ni, HT-Ni, and commercial Ni black.
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layers were not observed in the TEM images of the heat-treated
sample (see Figure S8b in the Supporting Information). Similar
results have been reported for Pd nanoparticles.23,24 It was
revealed that acetylacetonate from Pd(acac)2 was a contami-
nant both in the bulk and on the surface of as-prepared Pd
crystallites, and subsequent heat treatment induced surface
segregation. Consequently, the Pd particles were partially or
completely encapsulated by thin carbon layers. The previous
reports20−26 and our comparative studies of Ni(acac)2 and
NiCl2 led us to conclude that acetylacetonate was the source of
carbon present into the solid matrix.
Ni 2p core-level X-ray photoelectron spectra are shown in

Figure 2c. The curve-fitting suggests that Ni exists in various
states, such as 852.7 eV, corresponding to Ni0, 853.5 eV (e.g.,
NiO) and 856.0 eV (e.g., Ni2O3 or Ni(OH)2), corresponding
to Nix+, respectively. The ratio among these states changed
significantly as a result of the heat treatment. The atomic ratio
of Ni0 was calculated by subtracting the background from the
spectrum and then performing a deconvolution, enabling the
contribution of the Ni0 peak to be separated from those of the
other oxidation states, as well as from the shakeup satellite (ca.
862.3 eV). The atomic percentage of Ni0 increased drastically,
going from 19.2 to 71.7% after the heat treatment. The large
increase in Ni0 was also observed for the heat-treated samples
under various atmospheres: in pure N2 (62.7% Ni0) and
synthetic air (39.8% Ni0) (see Figure S6 in the Supporting
Information). The order of Ni0 percentages decreased in the
following order: N2 + H2 (5 vol %) > N2 > air. The results are
reasonable, taking into account the contributions of hydrogen
gas in reducing oxidized Ni and those of oxygen gas in oxidizing
metallic Ni at elevated temperatures. It should be noted that
the segregation of carbon and the formation of a thin carbon
layer took place for the heat treatment in all of these different
atmospheres, whereas the content of metallic Ni was dependent
on the presence of hydrogen or oxygen. Compared to the
carbon-segregated Ni nanoparticles, the commercial Ni black
contained only 2.7 at% of Ni0. It is worthwhile to discuss the
shakeup satellite peak at ca. 862.3 eV, which is often observed
for Ni oxides such as NiO, Ni(OH)2, and Ni2O3. It is well-
known that the shakeup satellite is caused by the perturbation
of the central potential upon photoionization of an inner shell

electron, attributed to a valence electron excited by an emitted
2p photoelectron; this peak is not observed for metallic Ni with
fcc structure.27,28 In other words, the shakeup peaks are
indicative of Ni oxides. The shakeup peak was observed for the
ASP-Ni sample but exhibited a negligible contribution to that
for the HT-Ni sample. This result is consistent with the Ni 2p
core-level spectra mentioned above and the XRD data.
Assuming that Ni oxides exist only in the outer layers of the

spherical nanoparticles (Ni0 core covered with a Ni oxide shell),
the amount of oxidized Ni was calculated. The thickness of the
surface oxide layer was estimated using the average particle size
and the atomic ratio of Ni0 obtained by TEM and XPS,
respectively. The HT-Ni sample had a 4.3 nm diameter Ni core
with a 0.7 nm thick oxide shell, which were much lower than
the average diameter of Ni core (5.8 nm) and the average
thickness of NiO shell (1.6 nm) reported in the literature.17

The 0.7 nm thick shell corresponded to 2.7 monolayers of Ni
oxide, which consisted of 87.0 at% Ni2O3 and 13.0 at% NiO.
The d-spacing values of hexagonal Ni2O3(0002) and fcc
NiO(111) were used to estimate the number of the surface
oxide layers. The Ni nanoparticles treated under different
atmospheres in pure N2 and synthetic air had 3.3 monolayers
(0.91 nm thick oxide shell and 4.0 nm diameter Ni0 core) and
4.8 monolayers (1.33 nm thick oxide shell and 3.1 nm diameter
Ni0 core) monolayers of Ni oxide, respectively. Although these
calculations are based on several approximations, it can
reasonably be assumed that the Ni oxides exist within ca. 3−
5 monolayers on the surfaces of the heat-treated Ni
nanoparticles.
HT-Ni nanoparticles covered with thin carbon shells were

highly stable to oxidation. After exposure to air for a certain
period of time, there were no changes observed in the level of
metallicity of HT-Ni; the same XPS results were obtained for
the sample left in the air for 2 months. Compared to typical Ni
nanoparticles reported in the literature that experienced rapid
oxidation when contacted with air,16,17 HT-Ni nanoparticles
covered with thin carbon shells were much more stable.
Figure 3a shows cyclic voltammograms (CVs) for the CB,

ASP-Ni, HT-Ni, and Ni black samples measured in three
different potential ranges (from −0.006 to 0.425, 1.4, and 1.6 V
vs RHE, respectively) in 0.1 M NaOH. The oxidative

Figure 3. (a) Cyclic voltammograms for ASP-Ni, HT-Ni, CB, and commercial Ni black in 0.1 M NaOH (aq). The fifth scan for each catalyst is
plotted. Current densities were normalized to the geometric area (0.283 cm2) of the glassy carbon-disk electrode. The loading amount of Ni black on
the glassy carbon electrode was equivalent to that of Ni nanoparticles in the Ni/CB samples. (b) Hydrodynamic voltammograms for ASP-Ni, HT-Ni,
and commercial Ni black using a rotating disk (glassy carbon) electrode in 0.1 M N2H4 + 0.1 M NaOH (aq). The first scan for each catalyst is
plotted (without prepotential cycling). The Ni black exhibited negligible current over the whole potential region examined. The voltammograms for
the HT-Ni sample in the absence of hydrazine are also plotted for comparison (denoted by a dashed line). The rotation rate was 1600 rpm for all
catalysts. The inset shows the massNi-specific activities at 0.1 V. The amounts of Ni loaded on each electrode are based on the sample weight and the
loading amount.
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desorption of hydrogen absorbed in the Ni lattice is thought to
be mainly responsible for the anodic peak at around 0.24 V, and
metallic Ni is continuously oxidized to β-Ni(OH)2 over 0.108
V, NiO over 0.132 V, and β-NiOOH over ca. 1.37 V.29 CB
exhibited a typical CV in each potential region, i.e., a featureless
double layer region and current for the oxidation of carbon at
potentials over ca. 1.1 V. The hydrogen desorption from Ni at
0.24 V was not observed for the ASP-Ni sample, indicating a
lack of hydrogen absorbability. The result is in accordance with
the XPS data mentioned above, i.e., that the ASP-Ni sample
contained only a small amount of metallic Ni. The double layer
currents for ASP-Ni were smaller than those of CB, probably
because the deposition of Ni nanoparticles lowered the surface
area of exposed carbons available for OH− adsorption. In the
potential region in which the oxygen evolution reaction (OER)
begins, around 1.55 V, ASP-Ni showed higher OER current
than those on HT-Ni, presumably because of the absence of
carbon shells that can hinder the OER on Ni and prevent the
Ni atoms from undergoing oxidation and dissolution. HT-Ni
exhibited typical CVs for metallic Ni, including hydrogen
desorption on Ni at 0.24 V, oxidation from α/β-Ni(OH)2 to β-
NiOOH at ca. 1.41 V, and the OER at ca. 1.55 V. These peak
positions were only slightly lower than those for bulk Ni
reported in the literature.29,30 It is noteworthy that HT-Ni
showed higher current densities for hydrogen absorption/
desorption and Ni oxidation, compared with those for ASP-Ni.
Taking the XPS data mentioned above into account, it is
considered that the higher ratio of Ni0 resulted in higher
amounts of hydrogen absorption and higher anodic currents in
each potential region. The CVs on the commercial Ni black
showed much lower currents in the whole potential region and
no characteristic peaks of Ni because of the very low content of
Ni0.
We have then investigated the catalytic activities of the CB,

ASP-Ni, HT-Ni, and Ni black samples for the hydrazine
oxidation reaction under alkaline conditions (in 0.1 M NaOH
containing 0.1 M N2H4), as shown in Figure 3b. The large
anodic peak on the positive-going potential scan at ca. 0.245 V
corresponds to the oxidation of hydrazine but appears to
depend on either the desorption of absorbed hydrogen or the
oxidation of Ni0 to NiOx and α-Ni(OH)2. The anodic currents
between 0 and 0.1 V are considered to originate from the
electrocatalytic reaction of hydrazine on Ni0, because Ni0 is
thermodynamically stable in the potential range of −0.095−
0.108 V. While both hydrazine and hydrogen oxidation
reactions could contribute to the oxidation currents at 0.1
V,6,29 the possibility of the latter reaction was ruled out by the
control experiment; HT-Ni exhibited negligible anodic current
in the absence of hydrazine. The massNi-specific activity of HT-
Ni at 0.1 V vs RHE was calculated to be 608 A/g, which was 2.4
times higher than that of ASP-Ni (256 A/g) (inset of Figure
3b). Ni black showed essentially no catalytic activity for the
hydrazine oxidation reaction. These results, combined with the
XPS data mentioned above, indicate that the content of metallic
Ni plays a decisive role in the catalytic activities for the
hydrazine oxidation reaction. Interestingly, the thin carbon shell
was effective in protecting the metallic Ni from further
oxidation in air, whereas it did not deactivate the catalytic
activity of the Ni for hydrazine oxidation.
In summary, we have developed a new preparation method

for highly metallic Ni nanoparticles supported on CB. Ni
nanoparticles (ASP-Ni) with an average particle size of 5.8 nm
were obtained by the chemical reduction of Ni(acac)2 in the

presence of oleylamine and 1,2-propanediol. Heat treatment of
the ASP-Ni caused the formation of highly metallic Ni
nanoparticles covered with thin carbon shells without particle
coarsening. By combining TEM, XRD, and XPS analyses, it was
concluded that carbon was present in the solid matrix and was
segregated from the solid as a result of the heat treatment,
leaving highly metallic Ni nanoparticles. The highly metallic Ni
nanoparticles exhibited superior catalytic activity for the
hydrazine oxidation reaction, with 2.4 times higher massNi-
specific activity than that of ASP-Ni. This new synthetic
approach should also be applicable to the other 3d transition
metals as electrocatalysts for a variety of electrochemical
reactions, including the hydrazine oxidation, hydrogen
oxidation, and oxygen reduction reactions. Because the carbon
material used in this study (Ketjen black) contains amorphous
components, applicability of this method to other carbon
materials such as graphene and carbon nanotubes needs to be
investigated.
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