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Carbon nanotubes were coated with a layer of nickel-cobalt-phosphorus (Ni-Co-P) alloy with
different compositions of Ni/Co through electroless plating. The effects of the concentration
ratio of Co?t to Ni?T, bath temperature, and pH on deposition rate are discussed. The
prepared carbon nanotubes covered with Ni-Co-P were characterized and analyzed by field-
emission scanning electron microscopy, transmission electron microscopy, X-ray diffraction,
energy dispersive spectroscopy, and a vibrating sample magnetometer. The results show that
the deposition rate reached the maximum when the concentration ratio of Co?t to Ni?7T is
1 and the pH is 9; the deposition rate increases with the increase of bath temperature. The
measurements of the magnetic properties of the obtained carbon nanotubes covered with
Ni-Co-P indicate that the magnetic properties greatly depend on the concentration ratio of
Co?*t to Ni?T, and the magnetic saturation reaches the maximum value when the Co? to
Ni?* ratio is 1. In addition, there are two peaks in the coercivity curve at Co?t to Ni%t
ratios of 1/2 and 4/1, while the two peaks in the magnetic conductivity curve are located at
Co?* to Ni%* ratios of 1/4 and 4/1.
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I. INTRODUCTION

Since the first observation at the beginning of 1990s
by lijima [1], carbon nanotubes (CNTs) have been the
focus of considerable research because of their outstand-
ing structural, mechanical, and electronic properties
[2]. They have applications in molecular electronics [3],
chemical sensors [4], scanning probes [5], supercapaci-
tors [6], energy storage devices [7], and so on. In order
to give the CNTs more attractive functional features,
in recent years, various approaches were developed to
obtain CNT composite structures, such as doped the
CNTs [8,9], filled the CNTs with metals [10,11] or com-
pounds [12], and coated and modified CNTs [13-15] to
meet the needs of various applications in nanodevices
and nanocomposites [16,17]. In particular, the surface
modification of CNTs with metals or alloys has been
reported in many publications. Generally, the CNTs
were coated with metals or alloys through the following
routes: wet chemistry [18,19], in situ reduction [20],
electron-beam deposition [21], and electroless plating
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22,23].

Because Ni-Co alloy is an important magnetic
material, there has been considerable interest to
explore the synthesis of the Ni-Co alloy nanoparticles
[24,25], nanofilms [26,27], and nanowires [28,29] due to
their potential applications in the ultra-high-density
magnetic storage devices, microsensors and automotive
industries [30-32]. Ni-Co alloy coatings on CNTs are
believed to combine the advantages of both Ni-Co
alloy and CNTs, which are very important promising
materials used in nanodevices. So far as we know, only
a few related researches have been reported. Wu et
al. obtained Fe,CoyNijgp—s—y alloy nanoparticles with
controllable compositions attached on the surface of
CNTs using an easy two-step route including adsorp-
tion and reduction processes [19], Li and his co-workers
prepared Ni-Co-P coated SiC powders by electroless
plating [33]. In the present work, electroless deposition
was employed to synthesize the Ni-Co-P coatings with
alternating compositions on CNTs. It was focused on
understanding the influence of Co/Ni content on the
magnetic properties of the coatings. The effect of the
deposition parameters on the formation of the coatings
is discussed. The morphology and structure of Ni-Co-P
coatings on CNTs were also investigated.
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TABLE I Electroless plating solution and operating conditions

Min Ye et al.

of Ni-Co-P alloy coating on MWCNTs.

Electroless plating solution

Operating conditions

Component Concentration/(g/L)

NiSO4-6H20 (salt) 4-22 Bath temperature: 20-30 °C
CoS04-6H20 (salt) 5-24 pH=8.5-8.8

NaH2PO2-H20 (reducer) 30-38 Deposition time: 40-50 min
NazCgHs07-2H20 (complex agent) 80 Agitation (ultrasonic and mechanical)
(NH4)2S04 (buffer agent) 50-60 Addition of surfactant

| Purification H Ball milling H SensiﬁzationH Rinsing |
| Drying H Rinsing H Activation H

H|Electroless platingH Rinsing H Drying |

FIG. 1 Processes of the electroless deposition of Ni-Co-P
alloy coating on MWCNTs.

Il. EXPERIMENTS
A. Electroless deposition of the CNTs

The multi-walled carbon nanotubes (MWCNTSs) with
purity about 95% were produced via catalytic decom-
position of hydrocarbon which was provided by Shen-
zhen Nanotech Port Company. Prior to electroless plat-
ing, the MWCNTs must be pretreated by two steps:
purification and ball milling. In the purification pro-
cess, the MWCNTs were added to a mixed solution of
sulphuric acid and potassium dichromate (0.38 mol/L
K5CrO7+4.5 mol/L HySO4) and immerged in a 60 °C
water bath for 6 h so as to oxidize the dirt nanotubes
. Then, the purified MWCNTs were washed and dried.
The ball milling of the purified MWCNTSs was carried
out using a GN-2 type ball mill at 200 r/min for 15 h
for better dispersion. Hardened steel balls of 12 mm
diameter were employed as the ball milling medium.

The whole process of electroless deposition was done
in steps as shown in Fig.1. The optimum electroless
plating conditions are shown in Table I, which were
determined by orthogonal experiments. Nine of Co?*t
to Ni?T ratios were chosen for the investigation, i.e.
1/5,1/4,1/3,1/2,1/1, 2/1, 3/1, 4/1, and 5/1 respec-
tively. The deposition rate was obtained by measuring
the coating weight per square centimeter. After plat-
ing, the samples were heat-treated under hydrogen at-
mosphere at 450 °C for 1 h.

B. Characterization of the products

The coated MWCNTs were carefully collected, and
then were characterized and analyzed by X-ray diffrac-
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FIG. 2 Relationship between the deposition rate and
COH/Ni%L value, when the solution pH value is 8.5, bath
temperature is 20 °C and the whole ionic concentration is
0.1 mol/L.

tion (XRD, D/MAX-B with Cu Ka, A=0.15418 nm),
field-emission scanning electron microscopy (FESEM,
JEOL JSM-6700F), transmission electron microscopy
(TEM, Hitachi Model H-800), energy dispersive X-ray
spectroscopy (EDS) (EDAX, DX-4), and a vibrating
sample magnetometer (MPMS-XL 5 SQUID Magne-
tometer).

11l. RESULTS AND DISCUSSION
A. Effects of deposition parameters on the deposition rate

1. Effect of the concentration ratio of Co®t /Ni**

Co and Ni can be co-electrodeposited to form al-
loy coatings because their standard electrode potentials
are very close. In fact, cobalt is more difficult to re-
duce owing to its lower potential compared with nickel.
Therefore, the deposition rate is obviously influenced
by the concentration ratio of cobalt ion to nickel ion
(Co?* /Ni%*) in the electroless deposition solution. Fig-
ure 2 gives the relationship between the deposition rate
and Co?* /Ni?* value, when the solution pH value is 8.5,
bath temperature is 20 °C and the whole ionic concen-
tration is 0.1 mol/L. It can be seen that the deposition
rate of Co-Ni-P coatings increases with the increase of
Co?* relative content when the Co?* /Ni%* value is less
than 1; and the deposition rate reaches the maximum

(©2009 Chinese Physical Society
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FIG. 3 Variation of the deposition rate at various solution
pH values with CO%/Ni2Jr ratio 1 and bath temperature
20 °C.

value when the Co?T /Ni%* ratio is 1/1; while the depo-
sition rate decreases with the increase of Co*" relative
content when the Co?* /Ni?* ratio is greater than 1/1.

2. Effect of the solution pH value

The effect of the solution pH value on the deposition
rate is shown in Fig.3, when the Co?* /Ni?* ratio is 1/1
and bath temperature is 20 °C . It can be seen that the
deposition rate is very low in the acid solution, and the
deposition hardly occurs when the pH value is less than
6.5. As the solution pH value becomes greater than 6.5,
the reduction ability of NaHsPOy gradually becomes
stronger, which results in the increase of the deposition
rate of Ni-Co-P coatings. The deposition rate shows a
peak around pH 9.0. When the solution pH value is
greater than 9.0, the deposition rate begins to decrease.
If the pH value is higher than 11.5, it is easy to sepa-
rate out white precipitates of Co(OH)s leading to the
failure of the electroless deposition solution. Therefore,
the appropriate pH value for the deposition of Ni-Co-P
coatings should be controlled in the range of 8.5-8.8.

3. Effect of the bath temperature

The experimental results of the deposition rates
varying with the bath temperatures (pH=8.5,
Co?T /Ni*t=1) are shown in Fig.4. The data in-
dicate that the deposition rate increases monotonically
with the increase of the bath temperature. At higher
temperatures, the higher deposition rate will readily
lead to the newly reduced metallic particles accumulat-
ing on the formerly deposited particles, thus forming
coarse particles attached to the MWCNTSs, which re-
sults in the formation of a nonuniform Ni-Co-P coating
on the CNTs. For this reason, the low deposition
rate is desired to form ideal uniform Ni-Co-P coatings
on the MWCNTs, so the favorable bath temperature
range of 15-25 °C is chosen for the eletroless plating of
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FIG. 4 Variation of the deposition rate at different bath
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FIG. 5 XRD patterns of MWCNTSs: (a) before electroless
plating (purified state), (b) after electroless plating with Ni-
Co-P alloy, and (c) heat-treated products (450 °C, 1 h).

the Ni-Co-P alloy coatings on the MWCNTs.

B. Structure and morphology of as-coated MWCNTSs

The structures of the uncoated and coated MWC-
NTs were analyzed by XRD. Figure 5 shows the XRD
spectra of MWCNTSs before and after electroless plat-
ing with Ni-Co-P alloy coatings. The XRD spectrum
of the purified MWCNTSs by sulphuric acid and potas-
sium dichromate is shown in Fig.5(a). It was difficult to
find impurities in the products, but the graphitization
degree of the MWCNTs is very high. Four diffraction
peaks are found corresponding to (002), (100), (101)
and (004) planes of crystalline state graphite (according
to JCPDS: 41-1487). An amorphous peak at 20=45°
is observed in the spectrum of the plated MWCNTs,
indicating that Ni-Co-P alloy coatings under the plat-
ing state are amorphous (Fig.5(b)). It was proved that
the amorphous nature of the deposits of Ni-P still re-
mains when the temperature of heat treatment is below
300 °C according to Ref.[34]. When the temperature of

(©2009 Chinese Physical Society
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FIG. 6 Typical SEM images of MWCNTs: (a) before elec-
troless plating (purified state), (b) after 30 min electroless
plating with Ni-Co-P alloy.

heat treatment exceeds 400 °C, the Ni phase and the
Ni3P phase increase strongly. In order to obtain crystal
structure of the Ni-Co-P alloy coatings, the as-coated
products were heat-treated at 450 °C for 1 h. The
XRD spectrum obtained from the heat-treated sam-
ple shows sharp, well-defined peaks corresponding to
a fully crystallized structure (Fig.5(c)). The five peaks
at 20=36.38°, 41.88°, 42.78°, 46.68°, and 52.88° rep-
resent the well-defined peaks corresponding to diffrac-
tion from (031), (231), (330), (141), and (132) planes,
respectively, of the NizP (according to JCPDS: 34-
501). The two peaks at 260=44.48° and 51.78° represent
peaks corresponding to diffraction from (111) and (200)
planes, respectively, of the a-Co (according to JCPDS:
01-1254). The result reveals the heat-treated Ni-Co-P
coatings on MWCNTSs have crystalline structure.

The morphology of the plated MWCNTSs was further
characterized by the SEM and the TEM. The typical
SEM images of MWCNTs before and after electroless
plating are shown in Fig.6 (a) and (b) respectively. It
can be seen that the purified MWCNTSs are very clean
and smooth (Fig.6(a)). After electroless plating with
Ni-Co-P alloy, the MWCNTs are well wrapped with a
thin rough layer (Fig.6 (b)). The TEM observations re-
vealed the plating process at different deposition times.
It is found in Fig.7(a) (at 15 min) that the alloy par-
ticles begin to selectively precipitate in the activated
points on the MWCNT's surface and the MWCNTSs are
partially coated by the alloy particles. After 30 min
plating, the uniform, integrated and high quality Ni-
Co-P alloy films are obtained and almost all the surface
of MWCNTs is successfully coated by alloy coatings, as
shown in Fig.7(b) (at 30 min).

C. Magpnetic properties of as-coated MWCNTs

Magnetic properties of the Ni-Co-P alloy coated
MWCNTSs were characterized by a vibrating sample
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FIG. 7 TEM images of MWCNTs plated with Ni-Co-P alloy
at different deposition times: (a) 15 min, (b) 30 min.

magnetometer. The magnetic properties such as coer-
civity (H.), magnetic conductivity (), magnetic sat-
uration (M;), and remnant magnetization (M,) were
obtained at different Co?* to Ni?* values from 1/5 to
5/1. The measured results are shown in Fig.8.

It has been proved that the 3d electron wave func-
tions of neighboring atoms in 3d transition metals show
a strong overlap [35], which leads to 3d electron bands
rather than to 3d levels. The carriers of magnetism in
iron, cobalt and nickel are the holes in these 3d bands.
In Ni-Co alloys, the addition of Co leads to the re-
dundant d electrons, which will enter the positive spin
bands, and give rise to the increase of the positive spin-
ning electrons, to increase the magnetic moment.

It can be seen in Fig.8(a) that the change of the Mg
is small when the Co?*/Ni?* value is smaller than 1.
As the Co?T /Ni%* value exceeds 1, the positive spin-
ning electrons increase obviously with the increase of
Co?* /Ni?* value, which results in the rapid increase of
M of the products. As the number of the positive spin-
ning electrons reaches the maximum value, the prod-
ucts have a maximum M (at Co®T/Ni*T=2/1). After
that, My decreases as the Co?* /Ni?*T value gets big-
ger. Meanwhile, as compared with Mj, the increase of
the M, with the variation of Co** /Ni** value is slight.
A comparison of the magnetic characteristics of elec-
troless Ni-Co-P deposits in Sankara Narayanan’s study
also showed that the saturation magnetization and re-
manence are found to increase with cobalt content of the
deposit [34]. An earlier report found a linear increase
in magnetic moment with increase in cobalt content for
electrodeposited Ni-Co-P amorphous ribbons [36]. An
increase in saturation magnetization of electroless Ni-
Co-P deposits with increase in cobalt content of the
deposit was also reported by Matsubara and Yamada
[37].

As for H., in the obtained curve there exist two
peaks corresponding to Co?* /Ni%* value being 1/3 and
4/1. H. depends mainly on the resistances to the ir-

(©2009 Chinese Physical Society
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FIG. 8 Composition dependences of the magnetic properties of the Ni-Co-P coated MWCNTs: (a) magnetic saturation
(Ms) and remanent magnetization (M,) of the products at different Co®* /Ni** values, (b) coercivity (H.), and (c) magnetic

conductivity (pm).

reversible displacement of the magnetic domain wall
and the rotation of the magnetic domain. The big-
ger the resistances, the higher the H. is. Simpson and
Brambley appear to have been the first to point out
that the amorphous alloys, expected to have no mag-
netocrystalline anisotropy, should have very low coer-
civities [38]. However the early amorphous alloys of
CoP, prepared by deposition methods, had coercivities
as high as 800-1600 A/m. These high coercivities are
now understood to arise from compositional inhomo-
geneities demonstrated by Chi and Cargill [39] from
small angle X-ray scattering analysis and from strain-
magnetostriction anisotropy. According to this expla-
nation, the two H. peaks in Fig.8(b) are attributed to
compositional inhomogeneities in the alloys.

It is well known that the p, is dominated mainly
by the difficulty degree in reversible magnetization. If
the reversible displacement of the magnetic domain wall
and the rotation of magnetic domain occur easily, then
the iy, will be high, and vice versa [40]. When the
Ni and Co are co-deposited, a solid solution reaction
will take place between Ni and Co. The change of
the content of the components in the alloy will lead
to lattice distortions and the increase of defects (grain
boundary, stacking-fault, etc.), affecting the fluctuation
in anisotropy. When the contents of Ni and Co are close,
the produced lattice distortion is the greatest, causing
the severe pinning of the magnetic domain walls, i.e.
it is difficult for magnetic domain walls to move, and
tm Will become smaller, as seen in Fig.8(c); pum is the
lowest when Co?*/Ni?* is 1. There are two p, peaks
corresponding to greater Ni or Co content owing to the
easiest magnetization conditions. The effect of Co on
the py, is stronger than that of Ni, because the higher
peak is caused by the greater Co content.

IV. CONCLUSION

In summary, MWCNTs were successfully coated with
a layer of Ni-Co-P alloy with different composition of
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Ni/Co through electroless plating. The effects of the
concentration ratio of Co?* to Ni?*, bath temperature
and pH on deposition rate are discussed. The results
show that the deposition rate reached the maximum
when the concentration ratio of Co?t to Ni%* is 1. Also,
the maximum deposition rate appears at pH being 9,
and the deposition rate increases with the increase of
bath temperature. The prepared MWCNTSs covered
with Ni-Co-P using the optimized deposition conditions
were characterized and analyzed. The SEM and TEM
observations revealed that all the MWCNTs were uni-
formly covered with a layer of Ni-Co-P alloy. The XRD
analysis showed that the as-coated products were amor-
phous, and changed into crystal structure after heat
treatment at 450 °C for 1 h. The measurements of the
magnetic properties of the obtained CNTs covered with
Ni-Co-P thin layer indicates that the magnetic proper-
ties greatly depend on the concentration ratio of Co?*
to Ni?T, i.e. the magnetic saturation (M) reaches the
maximum value when Co?T to Ni?* is 1. In addition,
there are two peaks in the coercivity (H,) curve at Co?*
to Ni%* ratios 1/3 and 4/1 respectively, while the two
peaks in the magnetic conductivity (pum,) curve are lo-
cated at Co?" to Ni?T ratios 1/4 and 4/1.
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