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The Structure of Carbon Encapsulated NiFe Nanoparticles
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Carbon encapsulated NiFe nanoparticles (NiFe@C) have been
prepared by high-temperature methane encapsulation of the bare
bimetallic particles on alumina. High-resolution transmission elec-
tron microscopy pictures show that about 6-nm thick carbon lay-
ers encapsulate 10–20-nm diameter NiFe nanoparticles. The NiFe
nanoparticles are shown to be single-crystalline and no carbide is
found at the NiFe–C interface. This is confirmed by the electron
energy-loss spectroscopy (EELS) measurements that in addition
show that both Ni and Fe have a zero (metal) valence and that only
graphite is present. EELS also shows that the nickel-to-iron ratio
is exactly unity for all particles studied. Metallic Pd nanoparticles
with a diameter of 1–2 nm can be anchored on the carbon layers,
which creates a Pd/NiFe@C type of catalyst that could be used for
liquid phase reactions. The EELS analysis reveals that part of the
nanoparticles present are not Pd but other oxidic carbon encapsu-
lated nanoparticles. c© 2001 Academic Press
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INTRODUCTION

A major goal in catalysis research is the development of
small solid bodies that can be suspended in and extracted
from the liquid phase. These bodies need to be small to over-
come the transport limitations in the liquid phase. Bodies
smaller than a few µm cannot be separated by filtration
or centrifugation. Magnetic separation offers a route to
use particles of about 50 nm, but requires these nanoparti-
cles to have a sufficiently high saturation magnetization,
while redispersion asks for magnetic softness. NiFe and
CoFe bimetallic systems are satisfactory candidates from
the magnetic point of view. For the particles to be used as
catalytic support material, they must be inert and resistant
to the conditions during catalytic reactions. Bare metallic
nanoparticles certainly do not fulfill these requirements and
a solution is the embedding of the bimetallic nanoparticles
in carbon sheets.
1 To whom correspondence should be addressed. Fax: ++31 30 2511027.
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Carbon encapsulation has attracted much attention after
the discoveries of fullerenes, single-walled carbon tubes,
and related systems (1, 2). Multiwalled carbon fibers, also
known as carbon filaments, have a long history, ever since
the 1889 patent on the growth of carbon filaments by metal
crucibles (3). Throughout the twentieth century the nucle-
ation and growth of carbon fibers has been an important
field of research, mainly because of the destructive nature
of carbon fibers on reactor walls (4, 5). The knowledge of
the prevention of carbon fiber growth automatically yielded
new insights on the optimization of carbon fiber growth
modes and, closely related, on the growth of encapsulated
metal particles (5).

EXPERIMENTAL

Carbon encapsulated NiFe particles (NiFe@C) have
been prepared by (a) growing NiFe metal particles on γ -
alumina, (b) encapsulating these NiFe metal particles in
a methane flow, followed by removal of alumina and also
any incompletely covered particles with an acid treatment,
and (c) having Pd nanoparticles anchored on the outside of
the carbon encapsulated particles. Compared to the arc dis-
charge method (1, 6–9), as well as other methods (10–12),
this catalytic route to the production of carbon encapsu-
lated nanoparticles offers a much more detailed control of,
for example, the alloy composition. In addition, scaleup is
expected to be easier.

(a) The NiFe particles are prepared by depositing
sodium nitroferricyanide (Na2Fe(CN)5NO) and nickel
nitrate Ni(NO3)2 precursors, which have a nickel-to-iron
ratio of 1 : 1. The aqueous iron cyanide solution is injected
at a rate of 1 ml/min into a vigorously stirred suspension of
γ -alumina in an aqueous solution of nickel nitrate and kept
at pH 5. The NiFe loaded alumina was filtered, washed, and
dried at room temperature in a vacuum for 24 h. The 425–
850-µm sieve fraction was calcined in a 95 ml/min flow of
20% oxygen in helium at 573 K for 3 h. This gives NiFe–
oxide particles on alumina. This treatment is followed by a
reduction in a 100 ml/min flow of 20% hydrogen in argon
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at 700◦C for 2 h. This gives about 20 wt% bare NiFe alloy
particles on γ -alumina (13, 14).

(b) The encapsulation procedure is based on the large
body of knowledge developed for the growth of carbon
fibers (5). The alloy particles were brought to 998 K under
flowing hydrogen, exposed to a 100 ml/min flow of 20%
methane in argon at 998 K for 1 h and cooled to room
temperature in a flow of argon. This yields carbon encapsu-
lated NiFe particles as well as partly uncovered alloy par-
ticles. To isolate the encapsulated NiFe particles, 200 mg
of alumina was dissolved by boiling the sample with 50-ml
concentrated hydrochloric acid for 30 min. 200 ml of cold
demineralized water was added and the material was fil-
tered, washed, and dried in air at room temperature. The
acid treatment has removed all NiFe particles with porous
carbon layers, in this way excluding the presence of nickel–
iron alloy particles in not fully closed shells. The relative
yield of the NiFe particles prepared in this manner is 68%
(14).

(c) To prepare NiFe@C supported palladium catalysts,
we used incipient wetness impregnation with PdCl2 dis-
solved in hydrochloric acid. It turned out from previous
research on carbon fibers that no further activation proce-
dure is required for anchoring the palladium complex on
the carbon (15, 16). The pore volume (voids between the
spherical NiFe@C particles) of the material was measured
to be 0.9 ml/g. To prepare a catalyst with a Pd loading of
2.5 wt%, NiFe@C was placed in an impregnation flask and
brought under static vacuum. The calculated amount of the
Pd solution was injected into the flask and kept under static
vacuum for 15 min. Next, an argon flow was passed over at
a temperature of 333 K for 1 h. The Pd complex anchored
to the carbon layers was converted to metallic palladium
upon reduction in hydrogen. Samples of Pd/NiFe@C were
placed in a reactor in a gas flow of 10% H2 in Ar, raising
the temperature with 1.5 K/min to 473 K.

RESULTS AND DISCUSSION

The geometric and electronic structure of NiFe@C par-
ticles has been characterized with transmission electron
microscopy (TEM) and electron energy-loss spectroscopy
(EELS) using a scanning TEM. The TEM images were ac-
quired with a Topcon 002B electron microscope operating
at 200 kV, equipped with a LaB6 filament, and providing a
point resolution of about 0.2 nm. Samples were prepared
by suspending the solid in ethanol under ultrasonic vibra-
tion. One or two drops of the thus prepared suspension
were brought onto a punched carbon film on a copper grid.
The EELS data were recorded with a scanning transmission
electron microscope VG HB 501, equipped with a field-
emission source and a parallel Gatan 666 EELS spectrom-

eter. This instrument produces EELS spectra with a typ-
ical 0.7-eV resolution recorded from subnanometer areas
N ET AL.

FIG. 1. TEM image of carbon coated nickel–iron particles. The line
indicates the probe position during the EELS analyses.

(17, 18). In the line-spectrum mode, spectra are recorded
while ramping the probe with given steps across the speci-
men. Acquisition times required for achieving a satisfac-
tory signal-to-noise level on core edges are on the order of
100 ms–1 s. A checking of the materials after EELS mea-
surements indicated that there was no radiation-induced
structural damage.

A TEM picture of the particles is shown in Fig. 1.
The metallic core is encapsulated in polyhedral concentric
graphitic shells with a varying number of layers. Figure 2
shows a high-resolution photo of the lattices of the metal-
lic core and the surrounding carbon. From this figure the
lattice distance found for the NiFe core is 0.21 nm, in agree-
ment with the (111) lattice dimension of metallic NiFe. For
graphite we measured a lattice distance of 0.34 nm, close to
its (002) lattice. All particles studied showed only one ori-
entation of the NiFe lattice, without grain boundaries. This
indicates that the particles measured are single crystals. As
far as detectable from the images, no dissimilarity in the
lattice distances are observed at the interface of the NiFe
metal core and the carbon layers. This indicates that no car-
bidic phase is present, an observation that will be confirmed
by the EELS measurements.

An EELS spectrum, taken at a probe position on the
NiFe metal core is represented in Fig. 3. The electron,
energy-loss fine structure of the carbon K edge at 280 eV, the
iron L2,3 edge at 710 eV, and nickel L2,3 edge at 850 eV are
clearly visible. The iron and nickel edges are much weaker
than the carbon K edge and they have been multiplied by

8.0 in Fig. 3. The spectral shapes of the EELS core edges
provide chemical information on the nature of the elements
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FIG. 2. High-resolution TEM image of the NiFe core and the surroun-
ding graphite layers. The graphite layer thickness is approximately 6 nm.

(19, 20). The nickel and iron L2,3 spectra (shown with better
statistics in Fig. 5) indicate metallic nickel respectively iron
(21), while the carbon K edge is reminiscent of graphitic
carbon.
FIG. 3. Electron energy loss fine structure of the carbon K edge and
the iron and nickel L edge. The spectrum is taken at one probe position.
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FIG. 4. 2D plot of a line spectrum (64 spectra) as the probe beam
scans along a line of approximately 40 nm from vacuum through a 35-nm
NiFe@C particle. Horizontal scans represent the energy-loss values.

Figure 4 represents the 2D plot of a sequence of spectra
taken across a particle of about 35 nm with a metallic core
of about 12 nm. The path was chosen through the center of
the particle as indicated in Fig. 1. The sequence of 64 spectra
was recorded with a 0.5-nm probe, a 0.6-nm pixel increment,
and an acquisition time of 1 s per pixel. This amounts to a
total path length of 40 nm within a total acquisition time of
64 s. To obtain the nickel-to-iron ratio within the alloy par-
ticle, the cross sections of the carbon K edge, nickel L edge,
and iron L edge were estimated for every EELS spectrum.
Figure 5 shows part of one EELS spectrum. The region used
for background subtraction is indicated before the iron and
nickel edges and the resulting background is given as the

FIG. 5. L2,3 edges for iron and nickel recorded from carbon encapsu-
lated particles. Also shown are the two characteristic signals after back-
ground subtraction, the energy window for integration of the characteristic

signals and calculated ionization cross sections, and the calculated atomic
cross sections calculated in a Hartree–Slater model.



N
172 TEUNISSE

FIG. 6. The normalized intensity variations of the carbon K, nickel
L2,3, and iron L2,3 edges as the beam is scanned across an encapsulated
NiFe particle.

thin lines. The characteristic signals after background sub-
traction are shown with filled surfaces, indicating also the
energy window for integration of the characteristic signals
and the calculated ionization cross sections (22). In order
to improve the statistics and limit potential sample damage,
we did measure the EELS spectra over the core level region
only; i.e., the plasmon region was not detected in parallel.
We note that this has the disadvantage that for thick samples
it is not possible to correct the intensity profile for multiple
scattering events.

The results of the analysis have been summarized in Fig. 6.
No elements other than carbon, nickel, and iron were de-
tected. As the beam scans across the particle, the intensity
of the energy-loss peaks corresponding with the K edge
in graphite (window: 280–325 eV) increases corresponding
with the increasing number of carbon atoms in the column
that the beam encounters, exhibits a drop in the center due
to the internal hollow space, and follows the same pattern
on the other side. The shape of the profile essentially shows
a cylindrical geometry (23), which is in agreement with a
small slice in the center of a spherical particle projected in
a two-dimensional way. A distortion from a perfect hollow
sphere can be observed in the small dip around the posi-
tion at 14 nm. This indicates that the graphitic layer deviates
from a perfect sphere. The intensity of the energy loss from
the L2,3 edges of nickel and iron correlates well with the
position of the central core of the particle and the peaking
of intensity in the center clearly indicates that the alloyed
nickel and iron is present as a solid sphere and is not just
wetting the inside surface. An elemental quantification us-
ing tabulated atomic 2p ionization cross sections (24) gives a
constant ratio of nickel and iron very close to unity, in agree-
ment with the adjusted nickel-to-iron ratio in the cyanide
complex used during preparation, namely NiFe(CN)5NO.
A similar result was found for all six investigated particles.

In summary, the shape of the different curves in Fig. 6 con-
firms the approximately spherical geometry of the particle,
ET AL.

with a hollow core for carbon, filled with a solid core with
a nickel-to-iron ratio of unity.

No spectral variations were found across the iron and
nickel L2,3 edges in the particle core and also at the inter-
face with graphite. The iron and nickel spectral shapes (cf.
Fig. 5) indicate that both are present in their metallic state
(21). The carbon K edge indicated in Fig. 3 corresponds
to graphite and shows no indication for the presence of
any carbidic species in the filled portion of the particle. The
high-temperature synthesis of the surrounding graphite lay-
ers seems to result in nonsegregated, NiFe alloy particles
encapsulated by closed shells of pure graphite with the ab-
sence of carbides at the interface. However, the comment
must be made that a carbidic phase formed during synthe-
sis, not finally resulting in nonporous surrounding graphitic
layers, will be removed during treatment in hydrochloric
acid. This result confirms the HRTEM images (cf. Fig. 2),
where also no indication was found for a carbidic phase.

Anchoring of Pd Particles

A TEM micrograph of a NiFe@C-supported palladium
catalyst after reduction is represented in Fig. 7. Clearly visi-
ble are the small particles on the external edge of the carbon
layers. Most of these particles turned out to be metallic Pd,
but as will be discussed below other types of small particles
were found from the EELS analysis. The large particles are
the ferromagnetic NiFe cores of the support. Apart from
small particles on the outside of the NiFe@C particles, also
small particles are visible at other positions in the sample,
FIG. 7. TEM images of palladium on NiFe@C, prepared via impreg-
nation.
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FIG. 8. 2D plot of a line spectrum along a line of approximately 40 nm
from vacuum through a 60-nm Pd/NiFe@C particle. Horizontal scans re-
present the energy-loss values.

for example, on the empty sphere to the right of the NiFe@C
particle.

Figure 8 shows the 2D plot of a sequence of spectra taken
halfway across a particle of about 60 nm with a metallic core
of about 40 nm. The sequence was recorded in the same
manner as Fig. 4. In addition to the carbon K edge at 280 eV,
the iron L2,3 edge at 710 eV, and the nickel L2,3 edge at
850 eV, the Pd M2,3 edge at 532 eV can be observed. Figure 9
displays the profile of the relative intensities of Pd, C, Ni,
and Fe calculated from the line scan shown in Fig. 8 and us-
ing the same procedure as described above for the NiFe@C
particles. The carbon profile of Fig. 9 agrees with an almost
perfect hollow spherical carbon particle. Palladium is lo-
cated on the external edge of the particle, anchored to the
carbon layers. A particle with a diameter of approximately
5 nm is found in Fig. 9. The spectral shape of the Pd M2,3

FIG. 9. The variation of intensity of carbon K, palladium M , nickel
2,3

L2,3, and iron L2,3 edges as the beam is scanned across a Pd/NiFe@C par-
ticle.
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edge shows that Pd is in its metallic state. However, we
should mention that the detection of a small amount of
oxygen is complicated due to the presence of the Pd M3

edge in the O K energy range. We were not able to de-
tect any deviation of the Pd or C spectra at the Pd/C in-
terface, but we cannot rule out detection limitations due
to the very small interface area. The iron-to-nickel ratio
is constant throughout the particle, but deviates from the
adjusted 1 : 1 ratio.

All particles with a NiFe core less than 12 nm in diameter
show exactly the 1 : 1 ratio. Therefore we believe that this
deviation is due to the incorrect background modeling and
the consequent incorrect evaluation of the characteristic
absorption signals. As indicated above, we did not measure
the plasmon region of the EELS spectrum simultaneously,
which excludes the elimination of multiple scattering eff-
ects. The Ni : Fe ratio in Fig. 9 is still found to be constant
over the core of particle. This ratio seems to increase in
the carbon region between the NiFe core and palladium
nanoparticle. However, as the absolute Ni and Fe intensities
decrease in this region, the uncertainty in the ratio increases
and the determined value is not reliable enough to draw a
firm conclusion.

A systematic scan on all small particles that are observ-
able with EELS in a certain area showed that only about
half of these particles consisted of Pd. Some of the small
particles we examined turned out to be iron oxide or nickel–
iron oxide, fully covered with graphite, where in some cases
also aluminium is present. In Fig. 10 the EELS spectrum is
shown of the analysis of a nickel–iron oxide particle, ob-
tained by using the gain variation routine in the derivative
mode. The particles found can originate from the interlayer
between the metal and alumina support, which often is hard
to reduce. With the formation of encapsulating graphite

FIG. 10. Electron energy-loss fine structure of the carbon K edge, the

oxygen K edge, and the iron and nickel L2,3 edge. The spectrum is obtained
using the gain variation routine, recorded in the derivative mode.
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layers the interaction between the alloy particles and sup-
port has to be overcome. We suggest that the interface be
broken up, leaving some particles in the oxidic phase which
become fully encapsulated. These iron oxide, or nickel–iron
oxide, encapsulated particles will also be present in the sam-
ple where no palladium is anchored to the NiFe@C parti-
cles. However, in a TEM picture a palladium nanoparticle of
2 nm will be better visible than a 2-nm NiFe–oxide particle.
It is only with an EELS analysis that these nanoparticles
reveal their elemental nature.

CONCLUSIONS

It can be concluded that TEM–EELS provides a detailed
picture of the nature of the carbon encapsulated metal par-
ticles. The EELS intensity profiles reveal the relative ratio
of the elements present. It should be noted that EELS in-
tensity profiles have a spatial resolution of approximately
0.5 nm, which is intrinsically much better than the resolu-
tion that can be obtained from an EDX elemental analysis.
The EELS elemental analysis is quantitatively correct for
thin samples. For samples with a thickness larger than about
30 nm, EELS can also yield quantitatively correct values if
the values are corrected for multiple scattering events. The
high spatial resolution of the EELS spectra has been used
to study potential chemical interface effects. These effects
were not observed with the resolution of 0.5 nm.

The NiFe core is found to be metallic and single-
crystalline with a lattice distance equal to bulk NiFe and
with exactly a 1 : 1 Ni : Fe ratio. The diameter of the particles
varies between 10 and 30 nm. The particle is encapsulated
by graphitic planes with an interplanar distance equal to
bulk graphite. The graphite forms a hollow sphere around
the NiFe nanoparticle and no carbidic interface between
the metal core and the graphite is visible.

We conclude that the preparation method for anchoring
small Pd particles to carbon encapsulated NiFe particles
is very effective. This keeps alive promises for the devel-
opment of encapsulated metal particles as catalyst support
materials that can be suspended in, magnetically extracted
from, and redispersed in the liquid phase.

Half of the small nanoparticles observed in TEM are re-
lated to carbon encapsulated oxides, which is a result that
could only be obtained from the EELS analysis. It would

be very hard to distinguish such oxidic particles from the
Pd particles using TEM only.
ET AL.
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