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Electroless Deposition of Cobalt Nanowires in an Aqueous
Solution under External Magnetic Field

Mary Donnabelle L. Balela,™” Shunsuke Yagi,”* and Eiichiro Matsubara
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We report a fast preparation method for cobalt (Co) nanowires of about 59 nm in diameter and up to 30 um in length by electroless
deposition in an aqueous solution at room temperature under an external magnetic field. The reduction process is observed by in
situ monitoring of mixed potentials. When the mixed potential decreases below the oxidation-reduction potential of the Co(II)/Co
redox pair (Ecory/co), spherical Co nanoparticles are formed in the solution and then magnetized by the magnetic field. Attractive
dipolar interactions are generated along the magnetic field direction, which results in the self-assembly of Co nanoparticles into

nanowires.
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Magnetic nanomaterials with controllable morphology and
dimensions are important for the fabrication of nanoscale devices
and functional materials.'? Recently, the formation of one-dimen-
sional (1-D) nanostructures, such nanowires and nanorods, has
attracted considerable attention due to their large anisotropic mag-
netism and surface area, which are excellent for applications in
permanent magnets, high-density magnetic storage media, sensors,
and catalysts.>* 1-D Co nanostructures have been prepared by a
variety of methods, including microlithography,® vapor-liquid-
solid growth,® surfactant-assisted electroless deposition,”™ and
template-based electrodeposition.”'®'* Among these methods,
template-based electrodeposition has successfully fabricated well-
aligned magnetic nanowires and nanorods with controllable diameter
and length. However, application of these methods to large-scale
production is complicated by the preparation of the templates and
their subsequent removal from the nanowires or nanorods.'>~'’
Recently, the application of magnetic fields during solution reduc-
tion, e.g. hydrothermal and solvothermal syntheses, has been widely
used to fabricate 1-D Co nanostructures due to its simplicity and
effectiveness.'®° However, these processes need high temperature,
high pressure, and long reaction time.

We have synthesized metallic spherical Co nanoparticles by
electroless deposition in an aqueous solution at room temperature
using hydrazine monohydrate (N,Hy, H,0) as a reductant.’'*> The
overall cobalt deposition reactions are described as follows

Co(Il) + 1AN;Hy + 20H™ — Co + 14N, + 2H,0 (1]
Co(Il) + 2N,H, + 20H Co — N, + 2NH; + 2H,0  [2]

where Co(II) represents all Co(II) species in the solution, e.g. Co?t,
Co(OH),, HCoO; or Co(OH)5, CoO3~ and Co(OH); ™. In this work,
Co nanowires are fabricated by performing the above reactions
under a magnetic field of 10 T. The formation mechanism of Co
nanowires is investigated by observing the change in mixed poten-
tial with time and the evolution of morphology and structure of the
products under a magnetic field. The present method offers a simple
and inexpensive room-temperature fabrication for Co nanowires in
an aqueous solution.

Experimental

All chemical reagents used were reagent-grade (Nacalai Tesque,
Inc.). The Co(Il) solution was prepared by dissolving 0.010 mol
Co(Il) acetate tetrahydrate (Co(C,H30,),-4H,0), 1.3 x 10~* mol
poly(ethylene glycol) (PEG, H(OCH,CH,)nOH, M, =20,000), and
0.025 mol NaOH in 75 cm > distilled water while nitrogen gas
(N,) was bubbled at 50 cm > min~'. Then, 2.5 x 10> mol chloro-
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platinic acid hexahydrate (H,PtCls-6H,O) in 10 cm > propylene
glycol (PG, C3HgO,) solution was added as a nucleating agent. The
reducin§ agent solution was then prepared by dissolving 0.10 mol
(5 em ) N,H, H,0 in 25 cm ™ deaerated PG. The Co(Il) solution
was placed under 10 T immediately after adding the N,H, solution.
The final solution had a total volume of 115 cm ™ and the final con-
centrations of the reagents were 0.087 M Co(Il) acetate, 1.1 mM
PEG, 0.22 M NaOH, 0.22 mM H,PtClg, and 0.87 M N,H,. After
the reaction for 1 h, Co nanowires were magnetically separated
from the solution and ultrasonicated for 10 min in ethanol
(C,HgO). This washing process was repeated 10 times to remove
organic contaminants.

The samples were observed by a field-emission-scanning
electron microscope (JEOL JSM 6500-F) and a transmission
electron microscope (TEM, JEOL JEM 2010). The mean diame-
ter was calculated from the values of 100 nanowires measured
by image analysis. Similarly, the lengths of the nanowires were
also measured. The crystalline structure was analyzed by X-ray
diffraction (XRD, MAC Science MO3XHF22) using Cr Ko radi-
ation. The mixed potential was monitored by a potentios-
tat/galvanostat (Hokuto Denko Co. Ltd., HA-151) using a Pt-
sputtered quartz crystal substrate and a silver/silver chloride
(Ag/AgCl) electrode in 3.33 M potassium chloride (KCI) aque-
ous solution (Horiba 2565-10T) as working and reference elec-
trodes, respectively.

Results and Discussion

Figure 1 shows the electron micrographs of the products after
electroless deposition in an aqueous solution at room temperature
under 0 and 10 T. Spherical Co nanoparticles with a mean diameter
of about 54 nm are prepared under O T as shown in Fig. 1a. When a
magnetic field of 10 T is applied, Co nanowires of less than 30 um
long and an average diameter of about 59 nm are formed. The nano-
wires in Fig. 1b consist of self-aligned spherical nanoparticles.
Although Co nanoparticles in Fig. la are somewhat linearly
agglomerated even without the magnetic field, the morphology of
the nanowires fabricated under 10 T is evidently different from
them. Further, the nanowires exhibit some degree of mechanical
strength since they maintain the morphology even after ultrasonica-
tion during washing. Without a magnetic field, Co nanoparticles
magnetize one another by weak dipolar interactions, resulting in
agglomeration during the reaction. In contrast, the Co nanoparticles
are strongly magnetized by an external magnetic field, and localized
magnetic fields are induced along the field direction.'” Conse-
quently, the dipole moments of Co nanoparticles are increased and
self-assembly of Co nanoparticles into nanowires proceeds parallel
to the magnetic field.

To elucidate the influence of magnetic fields on the assembly of
Co nanoparticles in an aqueous solution, 52 nm Co nanoparticles
are subjected to a field of 10 T for 1 h after washing. As shown in
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Fig. 1c, only interlinked Co nanoparticles are present in the solution
and nanowires are not formed. Since Co nanoparticles could be
magnetized by strong magnetic fields, it is reasonable to expect that
the nanoparticles would also assemble into linear chains. However,
attractive dipole interaction between Co nanoparticles is possibly
too weak to maintain the linear chains. They easily break up during
washing unless Co atoms, which are generated in the solution during
electroless deposition, deposit on the gaps between nanoparticles
and fix the structure.

Figure 2 shows the corresponding XRD profiles of the sam-
ples. The diffraction peaks of the products are fundamentally
attributed to both hexagonal close-packed (hcp) and face-centered
cubic (fcc) Co. The strongest peak at 68.0° and the small peak at
80.5° are 111 and 200 of fcc Co, respectively. The peak at 68.0°
has a shoulder at a higher scattering angle because of the pres-
ence of the 002 hcp Co peak at 68.9°. The diffused peaks at
63.8° and 73.6° are 100 and 101 of hcp Co. The crystallite sizes
of Co nanoparticles (12 nm) and nanowires (15 nm) calculated
from the 111 fcc Co peaks by Scherrer’s equation are smaller
than the apparent particle sizes or the apparent wire diameters
(~54-59 nm). This indicates that they are polycrystals. A very
weak peak at about 55.5° is attributed to CoO, which is formed
on the surface of the products during washing and XRD measure-
ments in air after the reaction.
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Figure 2. XRD profiles of Co products prepared by electroless deposition in
an aqueous solution at room temperature under (a) 0 and (b) 10 T. (c) Corre-
sponding XRD pattern of 52 nm Co nanoparticles subjected to a magnetic
field of 10 T for 1 h after washing.

Figure 1. SEM and TEM images of prod-
ucts obtained by electroless deposition of
Co in an aqueous solution at room temper-
ature under (a) 0 and (b) 10 T. (c) SEM
image of 52 nm Co nanoparticles sub-
jected to a magnetic field of 10 T for 1 h
after washing.

The fabrication process of Co nanowires under the magnetic
field is investigated by in situ mixed potential measurement and by
sampling products during the reaction. Figures 3a-3d show SEM
images of precipitates obtained after 5, 10, 15, and 20 min. At the
start of the reaction (5-10 min), spherical Co nanoparticles are
observed and show no clear difference regardless of the applied
magnetic field. The nanoparticles slightly grow from 44 to 52 nm
from 5 to 10 min. Short chain-like nanowires up to 1 um long are
formed by 15 min. The nanowires have a mean diameter of about
52 nm, which is identical to the size of the Co nanoparticles
obtained after 10 min. This suggests that self-assembly of Co nano-
particles must have started after they have grown to a certain size
of about 52 nm. Co nanowires grow up to 20 um long after 20 min
under 10 T. Further increase in reaction time results in longer Co
nanowires with slightly larger diameters. On the other hand, the
corresponding XRD patterns of the products obtained under 10 T
(Fig. 3e) show the same hcp and fcc Co peaks with similar inten-
sity ratios. This suggests that the structure of Co is not affected by
the magnetic field.

Figure 4 shows the changes in mixed potential with time dur-
ing electroless deposition of Co. From the thermodynamical
viewpoint, Co can only be deposited when the mixed potential is
less than the redox potential of the Co(Il)/Co redox couple,
Ecoan/co=—0.62 V vs SHE (standard hydrogen electrode), cal-
culated by the Nernst equation assuming that the Co®" aquo ions
equilibrate with Co(OH), and the total concentration of Co(Il) is
0.087 M.2'=2* The mixed potential decreases below —0.62 V after
4 min and the solution color starts changing from pink to black.
This indicates that a very fast reduction of Co(Il) has started, i.e.
many Co atoms are generated at a time in the solution. This is
consistent with the SEM and XRD analyses of the product, i.e.
the 42 nm Co nanoparticles in Fig. 3a is metallic Co (Fig. 3e). At
10 min, the mixed potential decreases to about —0.78 V, which
implies larger driving force for Co(Il) reduction. Co(Il) ions are
then more easily reduced and the diameter of the nanoparticles is
increased as shown in Fig. 3b. The Co nanoparticles rapidly grow
in all lattice directions even under the magnetic field, which coin-
cide with the XRD profiles in Fig. 3e. The mixed potential then
increases gradually after 10 min since the total anodic current
progressively decreases as more hydrazine is consumed by the
reduction reactions.?'*?

A schematic diagram illustrating the stepwise formation of Co
nanowires in aqueous solution under an external magnetic field is
shown in Fig. 5. At the early stage (Step 1), minute Co nanoparticles
are formed in the solution as primary particles, regardless of the
presence of an external magnetic field as in Fig. 3a. Generally, the
orientation of each nanoparticle in the solution is random when no
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Figure 3. SEM images of the products obtained during electroless deposi-
tion in an aqueous solution at room temperature under 10 T at reaction times
of (a) 5, (b) 10, (c) 15, and (d) 20 min. (e) Corresponding XRD profiles of
the products fabricated at different reaction times under 10 T.

external field is applied. In the presence of a strong magnetic field,
these nanoparticles are magnetized and would start to align. Since
the dipole magnetic moment is proportional to the volume of a
nanoparticle, the interaction between the nanoparticles is too weak
to overcome solvent motion during the reaction. With a longer reac-
tion time, the primary Co nanoparticles grow (Fig. 3b) as in Stage II
and their magnetic interaction becomes stronger to be significantly
affected by the magnetic field. Subsequently, when the dipole mag-
netic moments of the nanoparticles are oriented along the external
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Figure 4. Change in mixed potentials with time during electroless deposi-
tion of Co nanowires in an aqueous solution at room temperature under 10 T.

magnetic field, attractive interactions are induced parallel to the
magnetic field. Thus, neighboring Co nanoparticles start to assemble
along the magnetic field direction and form linear nanoparticle
chains (Stage III) as shown in Fig. 3c. As the reaction proceeds, Co
atoms, which are simultaneously generated in the solution, deposit
especially on the gaps between the spherical nanoparticles because
of the reduction of interfacial energy as in Stage IIl. This leads to
the formation of Co nanowires. If a stronger magnetic field is
applied, formation of thick parallel arrays of Co nanowires occurs
as in Fig. 3d (Stage IV).

Conclusion

Co nanowires of about 59 nm diameter and lengths up to 30
um are prepared by electroless deposition in an aqueous solution
at room temperature under an external magnetic field. When the
mixed potential of the solution decreases below Ecor/co, Spheri-
cal Co nanoparticles are first precipitated in the solution, regard-
less of the magnetic field. The Co nanoparticles grow and then
orientate parallel to the magnetic field. These oriented Co nanopar-
ticles attach to one another due to attractive dipolar interactions,
and Co atom deposition on the gaps between the nanoparticles sta-
bilizes the structure. Subsequently, strong Co nanowires are
formed.

Stage | Stage Il (5-10 min)
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o primary Co nanoparticle
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Figure 5. Schematic diagram of the formation of Co nanowires by electro-
less deposition in an aqueous solution at room temperature under an external
magnetic field.
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