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Abstract Fe-Co alloy nanoparticles with different
size were attached on the carbon nanotubes through
adjusting the ratio of the metal to carbon in the mixed
solution of nitrate with Fe:Co = 1:1 (molar ratio) via
wet chemistry. X-ray powder diffraction (XRD),
transmission electron microscopy (TEM), high-resolu-
tion transmission electron microscopy (HRTEM) and
energy-dispersive X-ray spectrometry (EDX) indicated
that the Fe—-Co alloy nanoparticles attached on the
surface of carbon nanotubes has body-centered cubic
(bee) structure, with sizes in the range of 13-25 nm and
in the shape of spheroids. Magnetization measure-
ments indicated that both the coercivities and the
saturation magnetizations altered with size changes of
the Fe—Co alloy nanoparticles. The saturation magne-
tization decreases with decreasing the Fe-Co alloy
nanoparticles’ sizes. A decrease in coercivity with
increasing Fe—Co size together with a local maximum
coercivity at size of ca. 15 nm is visible. A linear
relationship between the inverse particle diameter and
the coercivity was found for larger particles. These
demonstrated that the chemical method here is prom-
ising for fabricating Fe—Co alloy nanoparticles coated
on carbon nanotubes for magnetic storage applications.
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Introduction

Carbon nanotubes are known for their unique struc-
ture and mechanical [1], chemical [2] and electronic
[3] properties, and their potential applications. The
study of metal-coated carbon nanotubes is now
becoming a promising and challenging area of
research owing to their unique applications such as
nanoelectronic devices [4], support media in hetero-
geneous catalysis [5, 6], fuel cells [7, 8], and magnetic
recording [9]. As is well known, there have been
various approaches to attach metal nanoparticles on
the surface of carbon nanotubes, such as electro-
chemical deposition [10], electroless plating [11],
chemical evaporation deposition [12], solid-state reac-
tion [13], reduction in supercritical carbon dioxide
[14] and chemical decoration [15]. As for bimetallic
systems or alloys attached on carbon nanotubes, there
are few reports. Only Pt—-Ru nanoparticles supported
on carbon nanotubes by the carbonization of poly-
pyrrole on alumina membrane [16], Co-B coated on
carbon nanotubes by chemical reduction method [9]
and cluster-derived bimetallic nanoparticles deposited
onto carbon nanotubes [17], have been reported.
Since Fe—Co alloys are used in the electronic bearings
and power generators of aircraft engines [18, 19], and
in computer read/write heads and microelectrome-
chanical systems [20] as magnetic recording write
head and microactutors [21], we are interested in the
preparation of Fe—Co alloy nanoparticles attached on
carbon nanotubes.

In this work, the body-centered cubic phase Fe—Co
alloy nanoparticles with diameter in the range from
13 nm to 25 nm were attached on the carbon nanotu-
bes in a controllable way by wet chemistry. The
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structure, morphology and magnetic properties of
Fe—Co alloy nanoparticles are presented.

Experimental

The multi-walled carbon nanotubes (MWNTSs), pre-
pared by the thermal catalytic decomposition of
hydrocarbons, had an inner diameter in the range of
3-10 nm and an outer diameter in the range of
20-50 nm (with lengths of up to a few microns), which
were checked by HRTEM [22]. The procedure
employed by us for preparing Fe-Co alloy nanoparti-
cles attached on carbon nanotubes is as follows. In a
typical synthesis, the MWNTs (200 mg) were first
treated with boiling HNO5 (68%, 50 cm®) for 5 h, then
washed with triply distilled water. The acid-treated
carbon nanotubes were stirred with 50 cm® of mixed
Fe(NO3); and Co(NOs), solution (Fe:Co = 1:1 atom
ratio) for 2 h at room temperature, then strongly
stirred at 100 °C until the solvent was evaporated
completely. The samples were calcined at 300 °C for
4 h under an argon atmosphere and then reduced
under H, for 6 h at 400 °C, then cooled naturally to
room temperature. By varying the molar ratios of
metal (atom ratio Fe:Co = 1:1) to carbon with 2%, 3%,
5%, 7%, and 10%, respectively, the five samples were
synthesized.

X-ray power diffraction (XRD) was carried out on
an XRD-6000 (Japan) X-ray diffractometer with a
Cu—Ko radiation (4 = 0.154060 nm) at a scanning rate
of 0.05°s" in the 260 range from 10° to 90°. Transmission
electron microscopy (TEM) micrographs were taken
using a Hitachi H-800 transmission electron micro-
scope, with an accelerating voltage of 200 kV. High-
resolution transmission electron microscopy (HRTEM)
and energy-dispersive X-ray (EDX) spectrometry
were performed using JEM 2010 F field emission
microscope. Magnetization was measured at room
temperature by a vibrating sample magnetometer
(VSM, Japan BHV-55).

Results and discussion
XRD characterization

Figure 1 displays the XRD patterns of the five
as-synthesized samples, which show the presence of
characteristic reflections of the body centered cubic
(bce) phase of the Fe—Co alloy nanoparticles. The
peaks at 20 values of 44.81°, 65.29° and 82.64°
correspond to the crystal planes of (110), (200) and
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Fig. 1 XRD patterns of the samples with different molar ratio
(a) 2%, (b) 3%, (¢) 5%, (d) 7%, (e) 10% of metals (Fe:Co = 1:1)
to carbon, respectively

(211) of the crystalline Fe—Co alloy (JCPDS 49-1567),
respectively. It is obvious that the peak at 20 value of
25.97° is caused by the carbon nanotubes. It was found
from Fig. la—e that the relative intensity ratio of (110)
peak of Fe—Co alloy to (002) peak of carbon nanotubes
is increased obviously with increasing the molar ratio
of Fe—Co alloy to the carbon nanotubes. The cell
constant of Fe—Co is calculated to be a = 0.2857 nm,
which is in agreement with the reported values of
a = 0.2855 nm [23] for particles of the same composi-
tion. The average sizes of the Fe-Co alloy nanoparti-
cles, calculated using the Debye-Scherrer formula
based on the full width at half-maximum (FWHM) of
the (110) diffraction peaks, were 11.9 nm, 12.6 nm,
15.0 nm, 15.3 nm, 15.5 nm at molar ratio of 2%, 3%,
5%, 7%, 10% of metal to carbon, respectively. The
results indicated that the alloy sizes are increased from
11.9 nm to 15.5 nm with the increasing of relative
ratios of metals to carbon from 2% to 10%.

TEM and HRTEM images

Figure 2 shows the TEM images of Fe-Co alloy
nanoparticles attached on the surface of carbon
nanotubes at different ratios of metal to carbon. It
can be seen that the Fe—Co alloy nanoparticles are in
the shape of spheroid on the outer surface of carbon
nanotubes. On the whole, the quantity of the Fe-Co
alloy nanoparticles attached on carbon nanotubes is
increased with increasing the ratio of the metal to
carbon and the Fe—Co alloy nanoparticles have a few
agglomerations at ratio of 10%. The distributions of
the Fe-Co alloy nanoparticle size measured from the
TEM images were shown in the Fig. 3. The average
values of the alloy nanoparticles sizes measured from
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Fig. 2 TEM images of the
Fe—Co alloy nanoparticles
with different metal

(Fe:Co = 1:1) to carbon
molar ratio of (a) 2%, (b) 3%,
(¢) 7%, (d) 10%, respectively

the TEM images were 13.3 nm, 15.2 nm, 18.3 nm,
21.4 nm, 24.5 nm at metal to carbon ratios of 2%, 3%,
5%, 7%, 10%, respectively. With the ratio of metal to
carbon increases, the size of nanoparticles increases.
This trend is consistent with the trend of the size’s
changes of that were calculated from Debye-Scherrer
formula. But the alloy size measured from the TEM
image is slight larger than that calculated from Debye-
Scherrer formula under the same molar ratio of metal
to carbon. Possible reasons for this discrepancy include
the contributions of microstrains to line broadening
[24], and the differences between volume-weighted
averaging in XRD and number-weighted averaging for
TEM. These results indicated that the size of Fe—Co
alloy nanoparticles can be controlled by adjusting the
ratio of metal to carbon nanotubes in the mixed
solution of nitrates with atom ratio Fe:Co = 1:1, and
that carbon nanotubes are efficient templates in the
synthesis of nanoscale metal alloy nanoparticles.

Close examination of the Fe-Co alloy nanoparticles
attached on the carbon nanotubes (Fig. 4a) showed
lattice fringes with an observed fringe separation of
2.06 A, consisted with the interlayer separation of the
(110) crystal plane of Fe-Co alloy. It is interesting to
note that the (110) Fe-Co alloy plane is always
parallel to the graphite layer (002) of the tube. The
selected area electron diffraction (SAED) pattern
shows the presence of diffraction rings (the smallest
diffraction ring is belong to carbon nanotubes ) due to
the (110), (200) and (211) planes, as shown in Fig. 4b,
signifying the crystalline nature of Fe-Co (JCPDS
49-1567).

The chemical composition of the alloy nanoparticles
attached on carbon nanotubes was analyzed using the
energy-dispersive X-ray spectrometer attached to the
high-resolution electron microscope. The EDX spec-
trum (Fig. 5) of an individual nanoparticles shows the
presence of iron, cobalt, carbon and copper. It is
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Fig. 3 Fe—Co alloy crystallite average sizes distributions mea-
sured from the TEM images at different metal to carbon ratio of
(a) 2%, (b) 3%, (¢) 7%, (d) 10%, respectively

obvious that the copper peak is caused by the copper
grid used to clamp the nanoparticles. The carbon
comes from the carbon nanotubes. The tiny amount of
oxygen may be originated in the oxide film because
nanoparticles of the sizes observed here will inevitably
oxidize under ambient conditions. FeCo nanoparticles
can be suspended in dry toluene and slightly oxidized
to make them air stable. EDX quantitative microanal-
ysis indicates a composition of Fe (52.5%) and Co
(47.5%). It was noted that the composition of Fe—Co
alloy attached on the surface of carbon nanotubes
formed from their mixed nitrate solution was close to
the original composition of nitrates.

A possible mechanism of formation of the nanopar-
ticles may be as follow. During the acid-treated
process, the carbon nanotubes were activated by
nitric acid and various functional groups such as
—COOH, -OH, and —-C=0 were created on the surface
of carbon nanotubes, which can act as nucleation sites
for metal cluster [15]. On the other hand, the multi-
walled carbon nanotubes contain defects on the outer
surface [25]. Nitrate salts combined with the carbon
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Fig. 4 (a) HRTEM image and (b) selected area electron
diffraction pattern of Fe—Co alloy nanoparticles attached on
carbon nanotubes

nanotubes through active center and the defect sites on
the outer surface of carbon nanotubes. In the course of
heat-treatment, the decomposition of the oxide pre-
cursor (nitrate salts) in the hot zone of the nanotubes
gives rise to the metal oxide crystals in situ [26]. Then,
the metal oxides would be reduced by hydrogen to the
native metals [27], thus forming the crystalline alloy
nanoparticles.

Magnetic properties

Magnetic properties of samples were investigated at
room temperature using a vibrating sample magne-
tometer with an applied field -10 kOe < H < 10 kOe.
Figure 6 shows the magnetic hysteresis loops for
samples with metal to carbon ratios of 2%, 3%, 5%,
7% and 10%, respectively, which are the typical loops
of soft magnet. Figure 7a shows a decrease of the
saturation magnetizations with decreasing nanoparti-
cles size. Such behavior has already been observed with
ferrite nanoparticles [28, 29]. This may be due to an
increase in the disorder of the orientation of magnetic
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Fig. 5 EDX spectrum of the H
Fe—Co alloy on carbon
nanotubes with metal to
carbon ratio of 3%
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moments in the various sites when the ratio surface/
volume increases [30, 31].

The particle size dependence of the coercivity is
shown in Fig. 7b, a decrease in coercivity with
increasing particle size together with a local maximum
at about 15 nm is visible, which are in agreement with
the previous report [32]. For 13 nm < D < 15 nm, the
coercivity increases with increasing particle size and
exhibits the usual particle size dependence on coer-
civity, which overcompensates in this particle size
range the otherwise predominant strain influence [32].
For larger nanoparticle sizes, the coercivity has a
decrease with increasing particle size. The size depen-
dence of the coercivity is connected with the domain
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Fig. 6 Hysteresis loop of the samples measured at room
temperature

structure and the particle size. Favorably oriented
domains grow at the expense of those not aligned with
the applied field. As domain walls move through a
sample, they can become pinned at particle bound-
aries, and additional energy is needed for them to
continue moving [33]. Therefore, reducing the particle
size creates more pinning sites and increases the
coercivity. The coercivity for the particles with size
of more than 15 nm can be fitted by a function
proportional to 1/D (see Fig. 8) as is predicted for
magnetization processes determined by domain wall
pinning, i.e. with increasing particle size the magneti-
zation process changes from random anisotropy to the
domain structure.
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Fig. 7 (a) Saturation magnetization as a function of the average

particle size D (nm); (b) The variation of the coercivity Hc with
the average particle size of Fe—Co alloy nanoparticles
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Fig. 8 The coercivity versus inverse particle diameter 1/D for
larger particles

Conclusions

The body-centered cubic phase Fe—Co alloy nanoparti-
cles with diameter in the range from 13 nm to 25 nm
were successfully attached on the surface of carbon
nanotubes by wet chemistry. The alloy nanoparticle
sizes can be controlled through adjusting the metals/
CNT molar ratio in the mixed solution of nitrates with
Fe:Co = 1:1(atom ratio). Magnetic measurements show
that Fe—Co alloy nanoparticles attached on carbon
nanotubes have good soft magnetic in nature, both the
coercivities and the saturation magnetizations altered
with changing the size of the Fe—Co alloy nanoparticles.
The saturation magnetization decreases with decreasing
Fe—Co nanoparticle size. The coercivity decreases with
increasing Fe—Co alloy nanoparticle size, and a local
coercivity maximum at about 15 nm appeared. A linear
relationship between the inverse grain diameter and the
coercivity was found for larger particles. The above
results evidently demonstrate that the chemical method
employed here is promising for fabricating Fe—Co alloy
nanoparticles coated on carbon nanotubes for magnetic
storage applications.

Acknowledgements We thank Anhui Provincial Excellent
Young Scholars Foundation (No. 04046065), the Education
Department (Nos. 2003KJ140, 2001KJ115ZD) of Anhui
Province, the State Education Ministry (EYTP, SRF for ROCS)
and National Natural Science Foundation (Nos. 20271002,
20490210) of P. R. China for financial support.

References

1. Poncharal P, Wang ZL, Ugarte D, Heer WAD (1999)
Science 283:1513

2. Chen J, Hamon MA, Hu H, Chen YS, Rao AM, Eklund PC,
Haddon RC (1998) Science 282:95

@ Springer

10.
. Ang LM, Hor TSA, Xu GQ, Tung CH, Zhao SP, Wang JLS

12.
13.

14.
. Satishkumar BC, Vogl EM, Govindaraj A, Rao CNR (1996)

16.
17.
18.
19.
20.
21.
22.

23.

24.

25.
26.

27.
28.
29.
30.
31.

32.
33.

(2003) Mater Lett 57:1339
Xu Q, Zhang L, Zhu J (2003) J Phys Chem B 107:8294

(2000) Carbon 38:363

Kong J, Chapline MG, Dai HJ (2001) Adv Mater
13(18):1384

Xue B, Chen P, Hong Q, Lin JY, Tan KL (2001) J Mater
Chem 11:2378

Ye XR, Lin YH and Wai CM (2003) Chem Commun 642

J Appl D:Appl Phys 29:3173

Rajesh B, Ravindranathan TK, Bonard JM, Viswanathan B
(2000) J Mater Chem 10(8):1757

Hermans S, Sloan J, Shephard DS, Johnson BFG,
GreenMLH (2002) Chem Commun 276

Shang CH, Weiths TP, Cammarata RC, JI Y, Chien CL
(2000) J Appl Phys 87(9):6508

Gautard D, Couderchon G, Coutu L (1996) J Magn Magn
Mater 160:359

Kim D, Park DY, Yoo BY, Sumodjo PTA, Myung NV
(2003) Electrochim Acta 48:819

Shao I, Vereecken PM, Chien CL, Cammarata RC, Searson
PC (2003) J Electrochem Soc 150(3):C184

Liu BC, Tang SH, Liang Q, Gao LZ, Zhang BL, Qu MZ,
Yu ZL (2001) Chin J Chem 19(10):983

Joint Committee on Powder Diffraction Standards, Diffrac-
tion Data File, No:49 —-1567 JCPDS International Center for
Diffraction Data, Pennsyivania, 1991

Fenineche NE, Hamzaoui R, El Kedim O (2003) Mater Lett
57:4165

Arai S, Endo M, Aneko NK (2004) Carbon 42:641
Satishkumar BC, Govindaraj A, Nath M, Rao CNR (2000)
J Mater Chem 10(9):2115

Tsang SC, Chen YK, Harris PJF, Green MLH (1994) Nature
372:159

Coey JMD (1971) Phys Rev Lett 27:1140

Morrish AH, Haneda K (1981) J Appl Phys 52:2496
Hochepied JF, Bonville P, Pileni MP (2000) J Phys Chem B
104:905

Berkowitz AE, Kodama RH, Makhlouf SA, Parker FT,
Spada FE, Mcniff EJ Jr, Foner S (1999) J] Magn Magn Mater
196-197:591

Kuhrt C, Schultz L (1993) J Appl Phys 73(10):588

Majetich SA, Scott JH, Kirkpatrick EM, Chowdary K,
Gallagher K, Mchenry ME (1997) Nanostruct Mater 9:291



	Controllable synthesis and magnetic properties of Fe-Co alloy nanoparticles attached on carbon nanotubes
	Abstract
	Introduction
	Experimental
	Results and discussion
	XRD characterization
	TEM and HRTEM images
	Magnetic properties

	Conclusions
	Acknowledgements
	Sec8



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


