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We produced, for the first time, monodisperse Nithnoparticles with particle diameters of 7.0 nm and
investigated their magnetic properties. We also produced monodisperse Ni nanoparticles with nearly the same
particle diameters as those of NiRanoparticles as a comparison. The magnetic properties gfridirbparticles

were quite different from those of Ni nanoparticles. We observed two compositional phases ,in NiH
nanopatrticles, similar to bulk material: one is the nearly pure Ni phase with the blocking tempeTfajure (

of 11 K and the other is the hydride phase. We obseitedf 40 K in Ni nanoparticles.

1. Introduction properties between the Njldnd the Ni nanoparticles. We found
that the magnetic properties of Njanoparticles were quite
different from those of Ni nanoparticles. We observed two
compositional phases in Njthanoparticles, similar to bulk
material.

Nickel hydride NiH, and other metal hydrides have been
considered to be important materials that can be used for
hydrogen storage for both fuel cells and electrodes in batferies.
As a solid, NiH has an advantage over gas in both handling
and application. In addition to these important technological 2 Experimental Procedure
applications, NiH has attracted much attention from scientists
because both their physical and thermodynamic properties
largely depend orx.

There exist both theoretical and experimental studies on the
magnetic properties of Niffor both gas-phase clustéfsand
bulk materials such as film§2° The magnetic properties of

bulk materials changed from ferromagnetism to paramagnetism k > ) ! )
with increasingx. Interestingly, it had been found that NiH @S received. The solutions were magnetically stirred while argon

consists of two magnetic phasd114-20 originating from the gas flowed. At the solution temperature of 90, the Ni(acag)
limited solubility (~70%) of H atoms in N2° They are the solution was quickly injected into the other solution. After this,
ferromagnetia-phase (the nearly pure Ni phases 0.03) and the solution temperature increased to 2@and stayed at that
the paramagnetig-phase (the hydride phase,> 0.7). The temperature for 34 h, during which the solution color changed

magnetic moments of NiHdecreased with increasingand from dark green to thick brown. The solution temperature further
eventually became zero (i.e., paramagnetic) wken 0.7. In increased to 160C and stayed at that temperature for about 30

the case of gas-phase nickel hydride clusters, the magneticmin' during which the S(_)Iution color changed from thick brown
moments were small but nonzeto. to black. After the solution was cooled to room temperature, a
In this work, we prepared, for the first time, monodisperse Mixture of 15 mL of chloroform and 15 mL of methanol was
NiHx nanoparticles with particle diameters of 7.0 nm and @dded to the product solution. After 1 day, the nanoparticle
investigated their magnetic properties. We also produced preC|p|Fate was separated from the solution. The nanopartlt_:les
monodisperse Ni nanoparticles with the same particle diametersere diluted with ethanol and then separated from the solution
within the experimental limit to see the difference in magnetic through centrifugation. This process was repeated three times.
However, a further heating at 18Q provided the monodisperse
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2.1. Preparation.To produce the monodisperse Nikano-
particles, we prepared two solutions in separate flasks, i.e., one
with 9 mL of hydrazine (1.0 M solution in tetrahydrofuran) in
8 mL of oleylamine solution and the other with 0.15 g of
Ni(acac) (acac= acetylacetonate) in 10 mL of oleylamine
solution. All chemicals were purchased from Aldrich and used
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Figure 1. TEM micrographs of (a) multilayer and (b) monolayer
assemblies of Nikinanopatrticles and (c) multilayer and (d) monolayer
assemblies of Ni nanoparticles.

decreasé! However, nucleation also occurs simultaneously. For
the present experimental condition (i-21 h and 30 min heating

at 160°C), the particle diameter did not change. However, a
longer heating will certainly yield nanoparticles with larger
particle diameters. We summarize the main part of the reaction
as follows. That is, as the reaction progresses, the following
reaction occurs:

Ni(acac) + N,H, — NiH, nanoparticles~
Ni nanopatrticles

2.2. Characterization.We characterized the diameters with
a transmission electron microscope (TEM) (200 keV, Philips
CM200), the structure with an X-ray diffractometer (XRD)
(Philips, X-PERT, Cu K lines, A = 1.5418 A), and the
magnetic properties with a Squid magnetometer (Quantum
Design, MPMS 7). For the TEM measurements, the nanopar-
ticles were dispersed into benzene solvent. For the magnetic
property measurements, the nanoparticles were weighed and the
filled into capsules in an inert gas environment. After this, the
capsules were sealed with paraffin wax to prevent nanoparticles
from air oxidation.

3. Results and Discussion

3.1. TEM Micrographs. Figure la,b represents the TEM
micrographs of Nil nanopatrticles. As can be seen in the TEM
micrographs, the nanoparticles are monodisperse with particle
diameters of 7.0 nm. Also, we present the TEM micrographs
of Ni nanoparticles in Figure 1c,d. As can be seen in Figure
1c,d, the Ni nanopatrticles are also monodisperse with particle
diameters of 7.0 nm.

3.2. XRD Patterns.Figure 2 represents the XRD pattefas,
which show that both the Nitand the Ni nanoparticles possess

the face-centered-cubic (fcc) structure with lattice constants of o
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Figure 2. XRD patterns of (a) Nildand (b) Ni nanoparticles. The

asterisk ) originates from the glass substrate. The assignments are
the Miller indices [kl).
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Figure 3. Zero field cooled (ZFC) @) and field cooled (FC)®)
magnetization curves versus temperature of (a) \Nadd (b) Ni

nanoparticles at an applied field of 100 Oe.

Eull widths at half-maximum (fwhm’s) of the peaks, we
estimated the average particle diameters for both the Hitd
the Ni nanoparticles to be-4 nm, which are consistent with
the ones observed in the TEM micrographs, respectively.

3.3. Magnetic Properties. We measured the magnetic
properties by recording the temperature-dependent magnetization
curves M—T curves) at an applied field of 100 Oe and the
hysteresis loopsM—H curves), which are shown in Figures 3
and 4, respectively. From thd—T curves, we estimated the
blocking temperaturesTg’'s). Both theM—T and theM—H
curves of Ni nanoparticles show behaviors typical for ferro-
magnetic materials. Th&g and the coercivity @85 K of Ni
nanoparticles were estimated to be 40 K and 270 Oe, respec-

tively. Above the Tg of 40 K, the Ni nanoparticles are

superparamagnetic.
For NiHy nanoparticles, there is clearlyTa at 11 K. Based
n the magnitude of the magnetic moment, this blocking

a=3.75and 3.54 A, respectively. These values are consistenttemperature corresponds to a ferromagnetic to superparamag-

with the corresponding bulk values, respectivély224 The
larger lattice constant of NiHnanoparticles than that of Ni

as observed in bulk materidis?4Here, it is known by neutron
diffraction that hydrogen atoms in the NjHoccupy the
octahedral interstitial site¥.Using Scherrer's formufa and the

netic phase transition. Above 11 K, the magnetic phase relevant

to this Tg is superparamagnetic. The coercivity @ K was
nanoparticles confirms the volume expansion due to hydrogens,m

easured to be 210 Oe. However, unlike that of Ni nanopar-

ticles, the field cooled (FC) curve of Njthanoparticles deviates
from the zero field cooled (ZFC) curve at220 K, far above
the Tg of 11 K, which is further discussed below.
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’ Figure 6. Three repeated measurements (in the order labeld®, as
@, andO) of theM—T curves of NiH nanopatrticles at an applied field

of 100 Oe. They were measured with time intervals of 1 day.

-0.2 . . . .
/ -2 J in NiHy nanoparticles seems to correspond to the ferromagnetic

-50000 -25000 25000 5000050000 25000 0 25000 50000 o-phase in bulk material because both are ferromagnetic. Then,
the remaining hydride phase in Njkhanoparticles will cor-
H (Oe) respond to the paramagnetitphase in bulk material. The
Figure 4. Hysteresis loops of (a) Nitand (b) Ni nanoparticles at 5  former assignment is likely because both are ferromagnetic. The
and 300 K. latter assignment is also likely because the paramagnetic
behaviors in hysteresis loops in Nithanoparticles were
s —o—NiH_ observed. However, another weak ferromagnetism observed in
:g‘a —o—Ni NiHyx nanoparticles as mentioned in the previous paragraph is
§ unusual.
o \ One possibility for the weak ferromagnetism of the unusual
Rj \ magnetic phase in Nithanoparticles may be related to the Ni
2 ‘V atoms with hydrogen atom vacancies in the hydride phase. Two
A ,‘ kinds of hydrogen atom vacancies may exist. These include the
0.0]  7o°00000000332888800000000000 unoccupied octahedral sites by H atoms in Nitanoparticles
0 100 200 300 resulting from limited solubility of H atoms in Ni metal and
TK) the superabundant vacancies which are almost exclusively
Figure 5. FC—ZFC difference curves of NiH(®) and Ni (©) produced at high temperatures500 °C) through the coales-
nanoparticles. The scale in the FZFC difference is arbitrary. cence of vacancies formed by the escape of H atoms, as

As noticed above, thBl1—T curve of NiH nanoparticles looks observed by Fukai et & * Since the Niki nanoparticles were
’ . - > characterized below room temperature, however, the super-
fsomevr\]/hat cor}w_p:gx. Tr;aé's’zg‘g field COOIedQ(z'BC& cfurvebdewates abundant vacancies will not be much. In fact, magnetic moments
LomTt efzirlo lée ﬁoo ed( h I):gurve neaf Ni ,far a 0\_/e| localized to Ni atoms with vacancies had been also noticed in
Eie?/ia?eg from th;vzirgasu:v: just ;gg\'g ?ﬁeolf Z%nzpﬁrktéc €S bulk material® From the repeated measurements of the ZFC/

. . . . P FC curves with time intervals of 1 day, we did not see any
&'E'?raéljrevr;om?\ﬂpf ::gnrg;;er:;glg's -lr—r?all?/ ggunig?é Eﬁaﬁgzegnt:f increase in the magnetic moments of the curves measured later,
the FC-ZFC difference curve, as shown in Figure 5. In Figure as shown in Figgre 6. Th_at i_s, _the th_rMeT curves are identical
5, the FC-ZFC difference cu}ve of Ni nanoparticles shows a within t_he experimental limit, |mply|ng that the hydrogen atom
behavior typical for ferromagnetic materials, i.e., it quickly drops \(;?(t:ﬁg?\'/lef_lt_héﬁlrj\?gsﬂxe?eemy;rggggiggg ((jgrrlgg tt)kc]aitmr?:;:ijgrg?gyem
to zero after th@g of 40 K, whereas that of Nikhanoparticles SRS

B khanop produced). Thus, the hydrogen atom vacancies inyMi&ho-

shows an additional slow decay between 20 and 220 K after a . . -

quick drop up to 20 K. This implies that there should exist parucl_es, if any were to exist, should_be those produced_V\_/hen

another magnetic phase relevant to this slow decay. Looking attN® NiFk nanoparticles were synthesized. Another possibility

the magnitude of the magnetic moments of this unusual magnetic©" the weak ferromagnetism may be related to the intrinsic

phase in the ZFC curve (Figure 3a), its magnetic moment is particle size effect of the hydride p_hase. In fact, unusual

not negligible. That s, this unusual magnetic phase corresponds’€fomagnetisms have been observed in small metal cléftérs

to a very weakly ferromagnetic phase. The upper bound of the @1d metal oxide nanoparticfés? even though their bulk

Tg for this unusual magnetic phase is estimated to be:230 materials are paramagnetic or antiferromagnetic.

K from the deviation point of the FC curve from the ZFC curve ~ The ratio in the amount of the ferromagnetic (i.e., the nearly

in Figure 3a. pure Ni phase) to the paramagnetic (i.e., the hydride phase,
Referring to bulk material, it was found that there existed 0.7 < X < 1) phases will be much less than 30%, as expected

two magnetic phases, i.e., the ferromagnetishase (the nearly ~ from thexrange, i.e., 0.7 x < 1. This is confirmed from the

pure Ni phasex < 0.03) and the paramagneifcphase (the XRD pattern that even the most intense (111) peak among the

hydride phasex > 0.7)10.111420 Thjs phase separation resulted peaks arising from the former phase in the XRD pattern is not

from the limited solubility of H atoms in Ni (i.e.;~70%)2° noticeable (see Figure 2a) even though it seems to weakly occur

Thus, the existence of the two magnetic phases in,NiH between the (111) and the (200) peaks of theMi&hoparticles.

nanoparticles is also expected because solubility of H atoms in However, this minor ferromagnetic phase mainly contributed

Ni nanoparticles will be also limited as in bulk material. Let us to the magnetic moments in Nifdanoparticles as can be noticed

further consider which phase in NjiHanoparticles corresponds from the large magnetic moments observed in bothMhReT

to which phase in bulk material. The phase with Tgeof 11 K and theM—H curves (see Figures 3a and 4a). Although we are
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not sure, we consider that the nearly pure Ni phase may

constitute the core of NiHnanoparticles to give th@g of
11 K.
4. Conclusion

In this work, we produced, for the first time, monodisperse
NiHy nanoparticles (0.7%< x < 1) with particle diameters of

7.0 nm and investigated their magnetic properties. We also
produced monodisperse Ni nanoparticles with nearly the same

particle diameters within the experimental limit in order to see
the difference in magnetic properties between the Niktl the

Ni nanoparticles. Both Nikland Ni nanopatrticles possessed the
fcc structure. We observed a larger lattice constant inyNiH

nanoparticles, indicating the volume expansion due to hydro-
gens, as in bulk material. Here, the H atoms are known to

occupy the octahedral interstitial sites in Ni. Thg of Ni

nanoparticles was estimated to be 40 K. We observed that the
NiHyx nanoparticles consisted of two compositional phases,

resulting from the limited solubility of H atoms in Ni, as in
bulk material. One is the ferromagnetic phase with Taeof

11 K and the other is the paramagnetic hydride phase. Compare

to the bulk NiH, the former corresponds to the ferromagnetic
a-phase (the nearly pure Ni phaseg 0.03) of bulk material
whereas the latter corresponds to the paramagfigiftase (the
hydride phasex > 0.7) of bulk material. In addition to these,
we observed another weak ferromagnetism in Nitdnopar-
ticles. We consider this as due to either the Ni atoms with
hydrogen atom vacancies in hydride phase in,Nighoparticles

or the intrinsic particle size effect of the hydride phase, or both.
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