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Graphitically encapsulated ferromagnetic Ni nanocrystals have been synthesized via
a modified tungsten arc-discharge method. By virtue of the protective graphitic coati
these nanocrystals are stable against environmental degradation, including extende
exposure to strong acids. The magnetic properties of the encapsulated particles are
characterized with regard to the nanoscale nature of the particles and the influence
the graphitic coating which is believed to be benign insofar as the intrinsic magnetic
properties of the encapsulated nanocrystals are concerned. The Curie temperature
graphitically encapsulated Ni nanocrystals is the same as that of microcrystalline Ni.
However, saturation magnetization, remanent magnetization, and coercivity of these
particles are reduced, for a range of temperatures. The unique features are compar
with those of unencapsulated nanocrystalline and coarse microcrystalline nickel part
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I. INTRODUCTION

Nanocrystalline materials with particle or grain size
in the range 10–100 nm have gained considerable att
tion in recent years because of the potential for enhan
or even unique physical properties compared to their m
crocrystalline or bulk counterparts.1–5 A variety of metals
and nonmetallic materials have been synthesized by
phase condensation6–12 and aqueous chemical routes.13–15

Nanocrystalline metals, although readily available, ha
the disadvantage of being prone to rapid environmen
degradation, owing to a very high surface area to volum
ratio and high reactivity. This tends to limit potentia
industrial applications and even scientific evaluation
nanocrystalline properties. A recent breakthrough in th
regard is encapsulation of nanocrystals with chem
cally stable species such as graphitic layers,16–29 which
not only protects the nanocrystals from environmen
degradation, but is also believed to be benign inso
as the intrinsic nanocrystalline magnetic properties a
concerned.

The recent studies of the graphitic encapsulation
metal carbides16–23 have promoted an extensive resear
on similar protection of ferromagnetic materials, e.g
Fe, Co, and Ni.24–29 Appropriately encapsulated ferro
magnetic materials may find applications ranging fro
ferrofluids and recording media to novel biomedic
applications such as drug delivery and immunoassa
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Such potential applications pose stringent requireme
of the physical and magnetic properties of nanocrysta
The synthesis method employed should result in hi
quality encapsulated nanocrystals of well-defined a
controlled size distribution with high yield. In addition
carbonaceous debris should be minimal and the graph
coating should be clean and amenable to surface che
cal treatment. Unfortunately, the conventional graphit
graphite arc method utilized to synthesize graphitical
encapsulated ferromagnetic nanocrystals suffers fro
many shortcomings. The conventional process provid
little or no control over the particle size, the yield is ofte
low, and there is considerable carbonaceous debris wh
is very difficult to remove from the desired product
Despite these difficulties, a number of researchers ha
made significant headway in the synthesis and ch
acterization of graphitically encapsulated ferromagne
nanocrystals and metal carbides.16–29 McHenry et al.24,28

reported carbon encapsulation of ferromagnetic meta
and conducted magnetic property measurements. T
showed that encapsulated ferromagnetic Co nanocr
tals dispersed in epoxy exhibited superparamagnetic
havior at room temperature.28 Paramagnetic behavior
was observed in encapsulated Gd2C3 nanocrystals.22

Encapsulation of Fe (includinga –Fe,g –Fe, and Fe3C)
produced larger coercivity than is seen in microcry
talline materials.29 However, encapsulated TaC exhibite
 1997 Materials Research Society
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the same superconducting transition temperature,Tc, as
the bulk materials, and antiferromagnetic nanocrystall
CeC2 was reported to have the same N´eel temperature
as bulk specimens.23

As an alternative to the graphite-graphite a
process, we have recently been successful in encaps
ing significant quantities of ferromagnetic nanocrysta
(Ni, Co, and Fe) in graphitic shells using a modifie
W-arc method.30

In this study, the magnetic properties of graphitica
encapsulated Ni nanocrystals are evaluated, including
Curie temperature, and magnetization versus magn
field (M-H plots) as a function of temperature. Th
magnetic properties of graphitically encapsulated
nanocrystals are then compared with those of large g
size nickel particles and with values reported in t
literature for nanocrystalline and amorphous nickel.

II. EXPERIMENTAL PROCEDURE

The modified tungsten arc apparatus and synthe
procedure have been fully described elsewhere.31 A
tungsten rod was used as a cathode while a molten
pool supported by a graphite crucible was employed
the anode of the material to be encapsulated. An arc
generated at a helium pressure of 400 Torr at 130 A a
20–21 V. The arc plasma produced a mixture of ba
nanocrystalline Ni, Ni particles encapsulated in graph
shells, and some carbonaceous debris. The resu
powder was leached in strong acids, e.g., hydrochlo
acid, nitric acid, or aqua regia to dissolve unencapsula
nanocrystals. Subsequently, the encapsulated Ni com
nent of the powder was separated with a strong mag
from the solution, washed, and dried under ambie
conditions. Magnetic separation removes a portion
carbonaceous debris from the encapsulated Ni powd

The encapsulation of nickel particles was confirm
by a field emission transmission electron microsco
(FE TEM, HF-2000, Hitachi Ltd., Tokyo, Japan). Th
particle size distribution and average particle size w
determined using TEM micrographs. The phase w
identified by x-ray diffractometer (XDS 2000, Scinta
Inc., Santa Clara, CA). The encapsulated Ni powder w
pressed into a disk (1y8 in. in diameter) at 200 MPa
Microcrystalline (2–3mm) Ni powder was similarly
pressed into a disk to provide a reference specim
Magnetic measurements on compacted specimens w
made using a SQUID magnetometer (MPMS, Quant
Design, Inc., San Diego, CA) at 10 K and 300 K wit
a magnetic field up to 33 104 Oe. The weight ratio
of Ni and C and thermal stability were studied throug
a subsequent oxidation experiment and thermogravim
ric analysis (DuPont 951 Thermogravimetric Analyze
DuPont Company, Wilmington, DE).
J. Mater. Res., Vol.
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III. RESULTS AND DISCUSSION

An x-ray diffraction (XRD) scan of the graphitically
encapsulated Ni particles is shown in Fig. 1, indicatin
the sole presence of fcc nickel. The broadening
the diffraction peaks is attributed to the small partic
size. Diffraction peaks of graphite were not observe
indicating the nanoscale nature and/or low content
graphitic layers. Of course, any amorphous carbonace
debris would not be detected. The presence of graph
encapsulation was identified by HREM lattice imagin
(Fig. 2), nanodiffraction and x-ray microanalysis.32 The
particle size distribution is shown in Fig. 3; the averag
particle size was 18.46 9.2 nm. It should be noted that
the nickel particles were protected from aggressive atta
by strong acids, by virtue of the graphitic layers.

FIG. 1. X-ray diffraction pattern of graphitically encapsulated N
nanocrystals. (The aluminum peak is due to the x-ray specim
holder.)

FIG. 2. HREM micrograph of nickel particles encapsulated wit
several graphitic layers.
12, No. 4, Apr 1997 1077
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FIG. 3. Particle size distribution histogram of graphitically enca
sulated nickel particles. The thickness of graphitic layers was n
considered.

The difference in weight before and after hig
temperature treatment in air allows the relative weig
ratio of carbon to nickel to be calculated. At room
temperature, the initial state consists of Ni and carbo
while the final product is made up of nickel oxide
after CO2 formation and thermal oxidation of Ni at
high temperature. Therefore, the weight of nickel oxid
can be used to calculate the carbon amount from
initial weight. In this work, the weight percentages o
Ni and C were estimated from two thermal oxidatio
experiments. One was performed in a furnace at 900±C
for 12 h and the other was performed under flowin
air atmosphere at 900±C for 6 h. The average weight
percentages of Ni and C are calculated to be 60.9% a
39.1%, respectively, with an approximate experimen
error of 9.2%. Considering the number of the graphit
layers with regard to the average particle size, t
estimated weight of C is less than the current valu
indicating the presence of approximately 33% carbon
ceous debris.32 From thermogravimetric analysis, the
encapsulation shells appear to be stable below,200 ±C
in air. Above that temperature, the conversion from
to CO2 and/or CO and the subsequent oxidation of N
takes place. Under vacuum, the encapsulated partic
are stable to still higher temperatures.

The magnetization versus field plots (i.e., M-H
loops) for graphitically encapsulated Ni nanocrysta
are shown in Fig. 4 (at 300 K) and Fig. 5 (at 10 K). A
300 K, the saturation magnetization reaches,79% of
bulk Ni with regard to the Ni content of the specimen
whereas remanent magnetization and coercivity decre
to ,32% and ,15% of that of microcrystalline Ni,
respectively. The detailed information is listed in Table

Figure 6 shows a plot of the magnetization ve
sus temperature (i.e., Curie plot) for graphitically en
1078 J. Mater. Res., Vol. 1
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FIG. 4. (a) Magnetization versus magnetic field plot for graphi
cally encapsulated nickel nanocrystals at 300 K. (b) Enlargement
magnetization versus magnetic field near the origin.

capsulated Ni nanocrystals kept under vacuum. T
extrapolated Curie temperature was determined to
358 6 10 ±C. This value is in agreement with theTc of
microcrystalline Ni.33 However, Duet al. claimed that
the Tc of nanocrystalline Ni decreased with decreasin
crystal size.34 The evidence for this is not clear from
the published magnetization versus temperature curv34

McHenry et al.24 reported a similar trend in encapsu
lated Ni nanocrystals prepared using the Kratschmer
process.
2, No. 4, Apr 1997
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FIG. 5. (a) Magnetization versus magnetic field plot in graphitica
encapsulated nickel nanocrystals at 10 K. (b) Enlargement of ma
tization versus magnetic field near the origin.
J. Mater. Res., Vol.
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The saturation magnetization of encapsulated
nanocrystals is suppressed in magnitude compared to
of the microcrystalline Ni, as shown in Table I. Near th
Curie temperature, the curvature of the magnetizati
is smaller than that of the bulk Ni; the magnetizatio
decreases gradually toward the Curie temperature.
similar phenomenon was observed in unencapsula
Ni nanocrystals.34 No oxides or nickel carbides were
detected. However, a small amount of carbon solubil
in these nickel nanocrystals cannot be discounted, wh
may also reduce magnetization compared to purer c
stituents. Therefore, the gradual decrease in satura
magnetization can be attributed to the nanocrystalline
ture of the encapsulated particles, coupled with possi
carbon solution in nickel nanocrystals.

Graphitically encapsulated Ni nanocrystals, with a
average size of about 18.2 nm, may be conside
to have just a single magnetic domain, the origin
magnetic hysteresis being spin rotation. The magne
behavior is therefore size-dependent and should be
derstood in conjunction with thermal energy and su
face anisotropy aspects. In particular, single doma
particles below a certain critical diameter are grea
affected by temperature. For graphitically encapsulat
Ni nanocrystals, the room temperature remanent m
netization and magnetic coercivity are greatly reduc
compared to their coarse polycrystal counterparts. T
reduced remanent magnetization and coercivity at ro
temperature is close to one of the characteristics
superparamagnetism.

Compared to microcrystalline nickel particles, th
significant decrease inMr andHc at 300 K of graphiti-
cally encapsulated Ni nanocrystals implies that the th
mal energy to demagnetize becomes dominant o
spontaneous magnetization. At 10 K (see Fig. 5), graph
ically encapsulated nickel particles show much larg
remanent magnetization and coercivity, as a result
the significant decrease in thermal energy, compa
with 300 K. The above trend suggests that the magne
properties of graphitically encapsulated Ni nanocrysta
are controlled by the particle size and can exhibit cha
acteristics associated with superparamagnetism belo
critical diameter smaller than in this study.

Amorphous nickel also exhibits a decrease inMs and
Tc, compared with microcrystalline nickel.35 A SANS
TABLE I. Comparison of saturation magnetization (Ms), remanent magnetization (Mr ), and coercivity (Hc) in encapsulated nanocrys-
talline and bulk Ni.

T (K) Ms (emuyg) Mr (emuyg) Hc (Oe) d

Graphitically encapsulated Ni nanocrystals 300 43.76 4.0 0.866 0.08 15 18.26 9.2 nm
Bulk Ni 300 55 2.7 100 2 – 3mm
Graphitically encapsulated Ni nanocrystals 10 49.56 4.6 11.2 6 1.0 250 18.26 9.2 nm
12, No. 4, Apr 1997 1079
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FIG. 6. Magnetization versus temperature of graphitically encap
lated Ni nanocrystals. (The data were taken under vacuum wi
magnetic field of 10 kOe.)

(small angle neutron scattering) study on nanocrystal
Fe36 concluded that nanocrystalline Fe consists of fer
magnetic cores of Fe and nonmagnetic or less magn
interfaces. In this context, the term “interface” deno
an interruption of lattice periodicity, such as that fou
at a grain boundary or a surface. The above reports35,36

indicate that the disordered structure in amorphous m
rial and at interfaces provide less magnetic moment
unit mass than that of ferromagnetic core regions. Fr
the temperature dependence ofMs in unencapsulated
Ni particles,37 the reduced magnetic moment at t
interfacial regions was calculated. The detrimental eff
of interfaces on saturation magnetization,Ms, increases
dramatically with decreasing particle sizes since
volume fraction of interface increases. Consequen
there is a good probability that the decrease inMs for
graphitically encapsulated Ni nanocrystals is due to
nonmagnetic or weakly magnetic interfaces which le
to a decrease in the effective magnetic moment
unit mass. The other possibility is that some carb
may have remained trapped inside Ni nanocrystals
metastable solid solution. The effect of graphite on
magnetization behavior of encapsulated nanocrystals
also considered. Graphite is diamagnetic, with 21.503

1026 emuyg parallel to magnetic field and20.5 3

1026 emuyg perpendicular to the magnetic field.38 Since
the mass susceptibility of nickel is much higher than t
of graphite, the effect of graphitic and amorphous lay
is likely to be very small.

The saturation magnetization,Ms, and magnetic co-
ercivity, Hc, of graphitically encapsulated Ni nanocry
1080 J. Mater. Res., Vol.
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tals as a function of grain size are compared w
those of bare nickel nanocrystals,20,37,39–41 in Fig. 7
and Fig. 8, respectively. The magnetic saturation a
coercivity values are significantly scattered, without a
particular trend. Auset al.41 reported that the saturation
magnetization is independent of particle size and t
an electroplated Ni film can exclude the effect of a
oxide layer. Except in Auset al.,41 unencapsulated
Ni particles were synthesized using gas evaporation
sputtering and the materials were subsequently expo
to ambient conditions. The formation of oxide laye
cannot be avoided due to the thermodynamic instabi
of nanocrystalline metals like Ni. Secondary phases w
reported in ultrafine nickel powders: NiO, Ni2O3, and
Ni(OH)2.34,37,42,43 Schaeferet al., Gong et al., and Du
et al.34,37,40 suggested the possibility that the oxidatio
layer induces exchange coupling between ferromagn
Ni and antiferromagnetic NiO, retaining high coerciv
ity. As can be seen in Fig. 8, unencapsulated nic
nanocrystals that were exposed to ambient conditio
show significant deviations, making the postulate dif
cult to validate. Interestingly, our encapsulated nick
nanocrystals exhibited much lowerHc than the exposed
nanocrystalline nickels. Considering that the graphi
encapsulation tends to protect the nanocrystals from
environmental degradation, and that the nanocrystals
pure Ni metal discounting carbon solid solution, th
reduction ofHc appears to be intrinsic to the nanocrysta
owing to their small size, and the contribution from hig
density of surface atoms with respect to the bulk.

FIG. 7. Comparison of magnetic saturation (Ms) in encapsu-
lated nanocrystalline nickel particles and unencapsulated nic
particles. (The dashed line indicates the measured value fr
microcrystalline Ni.)
12, No. 4, Apr 1997
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IV. CONCLUSION

Graphitically encapsulated nanocrystalline Ni par
cles were synthesized using an arc-discharge techniq
and their various magnetic properties were measur
The Curie temperature of encapsulated Ni nanocrys
is in general agreement with that of the bulk and u
encapsulated nanocrystals. However, magnetization w
temperature is seen to be suppressed compared to th
bulk nickel. Generally, the encapsulated Ni nanocryst
show significant decreases in magnetic coercivity a
saturation magnetization at room temperature, compa
with those of bulk Ni. However, the difference seem
to be associated with the significant increase in surfa
area due to the nanoscale particle size and unlikely du
the graphitic coating. However, possible minute carb
solubility cannot be ruled out at this time.

The obvious environmental and thermal stabili
of graphitically encapsulated nanocrystals, coupled w
retention of their intrinsic magnetic properties provid
interesting opportunities to develop their technologic
applications. The lack of coarsening of encapsula
nanocrystals (owing to the blocking graphitic sheets) a
any other degradation (e.g. oxidation) with temperatu
also opens opportunities to investigate the temperat
dependence of nanocrystal properties which is not oth
wise possible.

FIG. 8. Comparison of magnetic coercivity (Hc) in encapsu-
lated nanocrystalline nickel particles and unencapsulated nic
particles. (The dashed line indicates the measured value fr
microcrystalline Ni.)
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