
X-ray absorption fine structure (XAFS) analyses of Ni species trapped in graphene sheet of
carbon nanofibers

Mayuko Ushiro, Kanae Uno, and Takashi Fujikawa*
Graduate School for Science, Chiba University, Yayoi-cho 1-33, Inage-ku, Chiba 263-8522, Japan

Yoshinori Sato and Kazuyuki Tohji
Graduate School of Environmental Studies, Tohoku University, Aoba, Sendai 980-8579, Japan

Fumio Watari
Graduate School of Dental Medicine, Department of Biomedical, Dental Materials and Engineering, Hokkaido University,

Kita 13 Nishi 7, Sapporo, 060-8586, Japan

Wang-Jae Chun
Catalysis Research Center, Hokkaido University and Core Research for Evolution Science and Technology, Japan Science and

Technology Corporation, Kita 21 Nishi 11, Sapporo, 001-0021, Japan

Yuichiro Koike and Kiyotaka Asakura
Catalysis Research Center, Department of Quantum Science and Engineering, Hokkaido University, Kita 21 Nishi 11,

Sapporo, 001-0021, Japan
�Received 28 October 2005; revised manuscript received 28 December 2005; published 10 April 2006�

Metal impurities in the carbon nanotubes and carbon nanofibers play an important role in understanding their
physical and chemical properties. We apply the Ni K-edge x-ray absorption fine structure analyses to the local
electronic and geometric structures around embedded Ni impurities used as catalysts in a carbon nanofiber in
combination with multiple scattering analyses. We find almost Ni catalysts as metal particles are removed by
the purification treatment. Even after the purification, residual 100 ppm Ni species are still absorbed; most of
them are in monomer structure with Ni-C bond length 1.83 Å, and each of them is substituted for a carbon
atom in a graphene sheet.
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I. INTRODUCTION

Carbon nanotubes �CNTs�1,2 and carbon nanofibers
�CNFs�3,4 are promising nano materials for electric devices,
hydrogen reservoir, reinforce composites, medical usages
and so on. There are several preparation methods to produce
CNTs/CNFs, where the metal catalysts play a decisive role in
their production processes. Although most of them can be
removed from the CNTs/CNFs by acid treatments,5 a small
amount of impurities are left in the CNTs/CNFs after the
purification processes.6 The metals are intimately associated
with the nanotube samples.6 These impurities are reported to
affect a giant thermopower due to a Kondo effect,7 quantum
conductance,8 and anomalous temperature dependence of the
resistivity.9 In addition to the modification of the physical
properties of CNTs/CNFs some metals such as Ni show
biotoxic effects on a human body when they are used in
medical applications such as drag delivery systems, medical
implants and scaffolds.10–12 In order to understand the effect
of metal atoms on the physical properties as well as the re-
moval of these impurities, the structure of metal species left
in the CNT will be important. Furthermore the knowledge
about the local structure will provide a hint to the formation
mechanism for the CNTs/CNFs.

From these standpoints of view the structures of metal
species trapped in CNTs and CNFs have intensively been

discussed theoretically. Several adsorption sites and model
structures are proposed such as adsorption on Stone-Wales
defects,13 monomer or dimer adsorption model on the
graphene sheet,14 metal adsorption on atop of C atom9,15 or
on axial C-C bond,16 a substitutional site of graphene
sheet.17,18 Lee et al. propose Ni-C � bond is formed during
the catalytic formation reaction of a single wall CNT and a
Ni may be trapped at a substitutional position in the CNT
wall.19 However, we have had no definite conclusion for the
location of metal atoms due to the lack of direct experimen-
tal evidence about the local structure around the metal impu-
rities.

Recently Asakura et al. reported a letter concerning ex-
tended x-ray absorption fine structure �EXAFS� studies on
the structure of Ni impurities left in a CNF after the
purification.20 Ni is one of the important catalyst to prepare
CNTs and CNFs. They concluded that the dimer species
were embedded in the CNFs with covalent Ni-C bonds.
However, there are two criticisms on their conclusions.

�1� Where are these Ni atoms located?
�2� Are they really in dimers?
The first question comes from the fact that EXAFS is a

one-dimensional local structure analysis sensitive to the short
range order around the metal within about 3 Å. The second
question arises based on the Ni-Ni distance 2.48 Å found in
the EXAFS analysis, the distance is almost equal to that of
Ni foil. The Ni-Ni bonds they observed could be due to those
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of trace amount of Ni particles left after the purification.
X-ray absorption near edge structure �XANES� spectra

provide longer range information �typically �5 Å� than EX-
AFS spectra, and stereochemical information.21,22 Although
XANES contains more information than EXAFS,22 XANES
analysis is difficult because it requires multiple scattering
calculations. Hence, XANES has often been used as a fin-
gerprint by comparing it with those of reference compounds.
Fujikawa et al. have developed a reliable XANES theory
based on the short range order full multiple scattering
approach.23 They have successfully determined several ma-
terial structures by simulating XANES spectra.24–28 Asakura
et al. have measured the XANES spectra of these species and
have observed prominent spectral features after the purifica-
tion. The spectral features are different from those found in
Ni foil or Ni oxide, and are characteristic of Ni species in
CNFs after the purification treatment. The detailed XANES
analyses will provide important information about the above
criticisms.

In this paper we report x-ray absorption fine structure
�XAFS� analyses on the local structures around Ni in a CNF.
First we describe EXAFS analyses of the Ni residue involved

in a CNF before and after the purification in details. Second
we explain the XANES analyses and investigate plausible
structures. We find Ni atoms substitute carbon atoms in the
CNF framework. Finally we compare the present result with
the previous theoretical works, and discuss the merits of
XANES in the material science.

II. EXPERIMENT

CNF is synthesized by a CVD method using Ni catalyst
following a previous literature.29 The CNF used here is hat-
stacked carbon nanofiber �HSCNF� that is composed of
graphene hats stacked toward the needle axis.12 The diameter
and the length of the CNF is 25–100 nm and 0.1–5.0 �m,
respectively. It is purified by a calcination in atmosphere
followed by 6.0 M HCl treatment for 6 hours in order to
remove the carbon nanoparticles and Ni catalysts.

XAFS measurements are carried out at the BL9A in the
Institute for Structure Material Science’s Photon Factory
�KEK-PF� using a Si�111� double crystal monochromator
�99G280, 2001G117, and 2003G2477�. A pair of bent conical

FIG. 1. Ni K-edge EXAFS oscillations �x�
�x=a,b ,c ,d� and their Fourier transforms �x��
�x�=a� ,b� , c� ,d�� of reference compounds: �a�
�a�� Ni foil, �b� �b�� NiO, �c� �c��
Ni�H2O�6�NO3�2, and �d� �d�� Ni�cp�2.
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mirrors focus the x-ray beam on the sample and remove
higher harmonics.30 The incident and transmitted x rays are
monitored by ionization chambers filled with nitrogen. The
fluorescence x rays are detected by a 19 element SSD �Solid
State Detector, Camberra Co.�. The dead times of SSD are
corrected according to the literature.31 The XAFS analyses
are carried out by REX2000 �Rigaku Co.�32,33 using phase
shift and amplitude functions obtained from FEFF8.21 The
Fourier transformation of k3-weighted ��k� is carried out
over the range k=3–13 Å−1. The peaks are Fourier filtered
with �r=1.2–2.2 Å for the first shell with a Hamming win-
dow function, and the curve fitting analyses are carried out in
the k-space. The goodness of fit is estimated by use of the
R-factor defined by

R�%� =
� �k3�o�k� − k3�c�k��2

� �k3�o�k��2
� 100, �1�

where �o and �c are the observed and the calculated fitting
EXAFS oscillations.

III. THEORY

The XANES theory used in this paper is based on the
short-range-order full multiple scattering theory proposed by
Fujikawa et al.34 Later, this theory was modified by a parti-
tioning technique in order to reduce the computation
time.23,35–37 Here, we summarize the theoretical methods.

The x-ray absorption intensity � from the core orbital
�c�r�=Rlc

�r�YLc
�r̂�, Lc= �lc ,mc� at site A �x-ray absorbing

atom� is given by Eq. �2� for photoelectron kinetic energy
�k=k2 /2. We assume excitation by a linearly polarized x ray
in the z direction,23

� = −
8

3
Im� �

L,L�,Lc

il−l� exp�i�	l
A + 	l�

A ��
c�l�
c�l��

� G�Lc10�L�G�Lc10�L���t−1�LL
AA��1 − X�−1�LL�

AA 	 , �2�

where G�LL� �L�� is Gaunt’s integral and 
c�l� is the radial
dipole integral between the radial part of �c�r� and the lth
partial wave of photoelectrons Rl�r� at site A. The phase shift
of the lth partial wave at site A is represented by 	l

A. We
introduce the matrix X specified with site index � and angu-
lar momentum L and so on; it is defined as

XLL�
�� = tl

�GLL��R� − R���1 − 	��� , �3�

where tl
� and GLL� represent the T-matrix at site � and the

Green’s function in an angular momentum representation.
The inverse matrix �1−X�−1 includes an infinite order of the
full multiple scattering inside the cluster we are considering.
The phase shifts in tl

�
=−�exp�2i	l
��−1� /2ik� are one of the

most important features and reflect the electronic structure of
the surrounding atoms, which are calculated within the
Hartree-Fock approximation. The Green’s function GLL� re-
flects the geometrical structure. The clusters used in the
present work include all surrounding atoms up to about 5 Å
for the carbide model and about 7 Å for other models around
an x-ray absorption atom.

IV. RESULTS AND DISCUSSION

A. EXAFS

We measure the x-ray spectra of Ni foil, NiO,
Ni�H2O�6�NO3�2, Ni�cp�2 �cp=cyclopentadienyl�, as refer-
ence compounds whose EXAFS oscillations and Fourier
transforms are given in Fig. 1. We carry out curve fitting
analyses to check the validity of FEFF calculations and to
obtain the correction parameters, S, for coordination num-
bers. The results are summarized in Table I: The curve fitting
analyses can provide 0.02 Å accuracy in the bond length.
The coordination numbers are a little scattered but the reduc-
tion factor S can be determined within 10% precision. We
obtain the averaged reduction factors S=0.9±0.1 for Ni-Ni,
and S=1.0±0.1 for Ni-C and Ni-O.

Figure 2 shows the observed Ni K-edge EXAFS spectra,
their Fourier transforms and curve fitting results of Ni in the
CNFs before and after the purification. Before the purifica-
tion, the EXAFS oscillation is found to be similar to that of

TABLE I. Curve fitting results for reference compounds. r is the distance to the neighbor, � is the Debye-Waller factor, �E is a shift in
edge energy, R is R-factor defined by Eq. �1�, S is an amplitude reduction factor.

Sample Bond N r /Å � /10−2 Å �E / eV R /% S

Ni foil Ni-Ni 9.7±1.2
12a

2.47±0.02
2.49a

7.1±2.0 −11±5 1.0 0.80±0.1

NiO Ni-O 5.8±0.4
6a

2.07±0.01
2.084a

8.0±1.0 −4.8±5 0.7 0.93±0.06 �Ref. 53�

Ni-Ni 12.4±1.0
12a

2.95±0.02
2.954a

8.1±1.0 −3.5±3 1.0±0.1 �Ref. 53�

Ni�H2O�6�NO3�2 Ni-O 6.2±0.4
6a

2.04±0.01
2.063a

8.0±0.9 −2.0±1.0 3.5 1.0±0.1 �Ref. 54�

Ni�C5H5�2 Ni-C 10.8±1.2
10a

2.17±0.01
2.196a

8.6±1.0 −5.7±3.0 3.0 1.1±0.1 �Ref. 55�

aThe diffraction data.

X-RAY ABSORPTION FINE STRUCTURE �XAFS�¼ PHYSICAL REVIEW B 73, 144103 �2006�

144103-3



Ni foil up to high k region; this result indicates the presence
of Ni particles. Its Fourier transform has several peaks cor-
responding to those for Ni foil: Shape and pattern in 0–6 Å
range are similar to those of the foil. The Ni particle size is
estimated to be longer than 50 Å according to the Greegor’s
relationship between the size and the coordination
numbers.38 The result is consistent with the XRD and SEM
data.12 Table II shows the curve fitting results for the first
shell of Ni in the CNF before purification. The coordination
number is 10.8 after the reduction factor correction, which is
slightly reduced from 12. This result may be caused by the
intrinsic disorder in the Ni particles or the effect of impurity
which is hardly observed in the EXAFS Fourier transform.
As shown later, we still observe some deviation in the
XANES spectrum before the purification from that of Ni foil,
which indicate the presence of Ni-O bonding. We carry out
two-shell fitting including Ni-O and Ni-Ni, and find better
fitting results for the parameters listed in Table II, where
R-factor 0.65% for the two-shell fitting is much smaller than
1.0% for the one shell fitting. The fitting EXAFS curve
shows the excellent agreement with the observed one as
shown in Fig. 2�a��.

After the purification, the EXAFS oscillation is different
from that before the purification. The Fourier transform �Fig.

2�b��� shows that the Ni-Ni peak at 2.1 Å decreases and a
new peak appears around 1.4 Å which may correspond to the
coordination of light atoms such as oxygen or carbon. As
will be discussed in the XANES section, the peak corre-
sponds to the Ni-C bond and we carry out the curve fitting
analyses using carbon atoms: Results are shown in Table II.
The coordination number and bond distance are 2.5 and
1.83 Å, respectively. For various Ni-C systems Ni-carbon
bond distances are listed in Table III. The Ni-C in the CNF is
shorter than Ni-C bonds found in Ni�cp�2 �
 bond� and other

 bonding compounds. Thus we can rule out the possibility
that Ni species form 
 bonds with carbon atoms in graphene
aromatic rings. This means that the Ni-C bond is strongly
bound to CNF through � bond. Since bond lengths for the
Ni-C “single bond” are longer than 1.90 Å, the “multiple
bond” or some strong specific � bond as formed in Ni�CO�4

is presumably formed: Actually bond lengths for the Ni-C
“double bonds” are in the range of 1.83–1.89 Å, and Ni-C
distance is 1.82 Å in Ni�CO�4.

The Ni impurities should occupy substitution site in the
graphene sheet or edge site with strong Ni-C bonds. Such
strong Ni-C bonds prevent the Ni atoms from being removed
by the purification. In addition to the short Ni-C bonds, we
find other peak around 2.3 Å, which corresponds to the

FIG. 2. �Color online� Ni
K-edge EXAFS spectra �a,b�, their
Fourier transforms �a� ,b�� and
curve fitting results �a� ,b�� before
�a ,a� , a�� and after the purification
�b,b� ,b��. In �a�� and �b�� the
solid lines show the Fourier fil-
tered EXAFS whereas the dashed
lines show the fitted EXAFS.

TABLE II. Curve fitting results for Ni species in CNF. r is the distance to the neighbor, � is the Debye-Waller factor, �E is a shift in edge
energy, R is R-factor defined by Eq. �1�.

Sample Bond Na r /Å � /10−2 Å �E / eV R /%

Before Ni-Ni 10.8±1.6 2.47±0.02 6.9±3.0 −7±7 1.0 One shell

Ni-Ni 10.3±1.6 2.47±0.02 6.8±3.0 −7±7 Two shell

Ni-O 0.8±0.4 2.01±0.03 7.3±3.5 −4±1 0.65 Two shell

After Ni-C 2.4±0.8 1.83±0.05 6.0±3.0 3±5 5.6

Ni-Ni 0.8±0.3 2.48±0.05 5.5±2.0 7±7

aCoordination numbers are corrected by the factor S. SNi-Ni=0.9 and SNi-C=1.0 are used.
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Ni-Ni bond distance in Ni foil. Curve fitting analysis shows
that the bond distance is 2.48 Å and coordination number is
0.8. In our previous paper,20 we thought the peak indicated
the formation of the Ni dimer in the CNT, but the peak might
rather be due to the Ni-Ni bonds in the residual Ni particles
because the bond length is quite close to that in Ni foil. This
point will be again discussed in the XANES section. Further
EXAFS analyses about the location and the detailed structure
can be limited because of the one-dimensional information
inherent to EXAFS analysis and of the Ni low concentration.
Thus we switch our attention to the XANES analysis.

B. XANES

Figure 3 shows the K-edge XANES spectra of Ni species
in the CNFs before and after the purification together with
that of Ni foil.20 All the experimental data are normalized to
the absorption intensity at 8400 eV, and the calculated
atomic absorption cross sections are also normalized in the
same way. The XANES spectrum after the purification
shows prominent difference from that before the treatment
which is quite similar to that for Ni foil. However, the peak
at 8350 eV is a little larger than that at 8360 eV. Since
Ni�H2O�6�NO3�2 has a peak around 8350 eV, we infer the
presence of a small amount of Ni�H2O�6

2+ species. We ana-
lyze the observed data on the basis of a regression method
using two reference spectra of Ni foil and of
Ni�H2O�6�NO3�2 by adjusting the coefficients, c1 and c2,

�NiCNF
= c1�foil + c2�Ni�H2O�6

, �4�

c1 + c2 = 1, �5�

where �NiCNF
, �foil, and �Ni�H2O�6

are the Ni K-edge x-ray
absorption intensities of Ni species in CNF, of Ni foil and of
Ni�H2O�6. The best fit is obtained when we choose c1

=0.88±0.05 as shown in Fig. 4, which supports the presence

FIG. 3. The observed Ni K-edge XANES spectra of Ni species
in the CNF before and after the purification together with that of Ni
foil. The experimental data are normalized to the absorption inten-
sity at 8400 eV.

FIG. 4. �Color online� �a� the regression analysis of Ni species
in the CNF before the purification. Solid line and circles are ob-
served and best fitted data, respectively. Lines �b� and �c� are the
spectra of Ni foil and Ni�H2O�6�NO3�2.

TABLE III. Ni-C bond length for various Ni-C systems. r is the distance to the neighbor.

Bond type r /Å References

Single � bond 1.90–2.01 56–59

� bond with aromatic ring 1.90–1.93 60–63

“Double bond” 1.83–1.89 62 and 64

� bond in metallocycle 1.81–1.91 59, 65, and 66


 bond with “double bond” 2.00–2.21 64, 67, and 68


 bond with “triple bond” 1.87–1.99 69–71


 bond with allyl 1.93–2.11 72 and 68


 with aromatic ring 1.95–2.16 72 and 73

Ni3C 1.86 39

Ni�CO�4 1.82 74

Ni�C5H5�2 2.196 55
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of Ni�H2O�6 species. This conclusion does not contradict the
EXAFS results obtained in the preceding section. The ex-
pected coordination number for Ni-Ni and Ni-O based on the

c1 and c2 are 10.8±0.6 and 0.72±0.04, respectively, which
are in good agreement with the estimated ones 10.3±1.6 and
0.8±0.4 by the EXAFS analyses shown in Table II.

FIG. 5. Local structures of a carbide model �a� and a diamond model �b�. In �a� each Ni atom is surrounded by two carbon atoms. In �b�
each Ni atom is absorbed in the diamond and surrounded by four carbon atoms. In �c� and �d� edge models, and in �e� and �f� substitution
models are shown.
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C. Multiple scattering analysis of XANES

The XANES spectrum after the purification is different
from that before the purification. There are two characteristic
peaks at the absorption edge regions. This characteristic
structure should be the fingerprint for the calculated XANES
spectra using multiple scattering theory for several model
structures given in Figs. 5 and 9. We investigate the follow-
ing possible models referring to other experimental findings
and theoretical studies:

�1� a carbide model or a diamond model,
�2� an edge model,
�3� a substitution model,
�4� a Stone-Wales defect model.
In these calculations the Ni atoms are assumed to be neu-

tral as supported by our DFT calculations.

1. A carbide model or a diamond model

Although the carbide, Ni3C contains a quite large number
of Ni-Ni pairs �coordination number 12� at 2.63 Å,39 we con-
sider the carbide model because carbide has often been ob-
served during the catalytic reactions of Ni with CO and hy-
drocarbons. Figure 6�a� shows the calculated Ni K-edge
XANES spectrum for the carbide model shown in Fig. 5�a�
compared with the experimental spectrum after the purifica-
tion. The agreement is quite poor as expected, since no spe-
cific peak is observed in the calculated spectrum.

Hayakawa et al. have reported micro XANES spectrum
for the Ni impurities in the synthetic diamond.40 They find
similar two peaks in the near edge region of the Ni K-edge.
The second peak appears at a little higher energy than the
corresponding peak in the spectrum of the Ni species in the

CNF. They propose a substitution model for the Ni site, i.e.,
a carbon is replaced by a Ni atom and the replaced Ni is
surrounded by four carbon atoms in a tetrahedral symmetry.
The model is shown in Fig. 5�b�: Ni-C distance is assumed to
be 1.8 Å with coordination number 4. The calculated
XANES spectrum shown in Fig. 6�b� gives rise to two small
peaks. However, the second peak position of the calculated

FIG. 7. The calculated XANES spectra for the edge models �c�
and �d� shown in Fig. 5 compared with the experimental Ni K-edge
XANES after the purification. The energy is measured from the
onset of the K-edge absorption.

FIG. 8. Calculated Ni K-edge XANES spectra for the substitu-
tion models �e� a monomer model and �f� a dimer model compared
with the observed spectrum after the purification. The energy is
measured from the onset of the K-edge absorption.

FIG. 6. Calculated XANES spectra for the carbide model �a�
and a diamond model �b� shown in Fig. 5 compared with the ex-
perimental Ni K-edge XANES after the purification. The energy is
measured from the onset of the K-edge absorption.
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XANES spectrum in Fig. 6�b� is different from that of Ni
atoms in CNFs measured in this paper. Thus the diamond
model is also rejected.

Ni in diamond has been investigated because Ni is a good
catalyst for the synthesis of diamond and Ni is efficiently
substituted into the diamond to modify the optical and physi-
cal properties. Hitherto EPR and theoretical studies have
proposed several model structures for Ni impurities in dia-
mond, which support the presence of substitutional Ni.40,42

However, recent theoretical and ESR results show that
the substitutional Ni are not so stable and they are accompa-
nied with defects �one or two vacancies� or impurities
�nitrogen�.41,43–46 Further analyses of Ni K-edge XANES in
diamond should be necessary to confirm their local struc-
tures.

2. Edge models

Sharp has discussed the catalytic reaction mechanism for
the synthesis of CNT based on the organometallic
chemistry.47 They propose metallocyclic species as an inter-
mediate. At edges of graphene sheets carbon atoms have
dangling bonds: Ni atoms can adsorb on the edge of a
graphene sheet, forming covalent bonds with C atoms at the
edges. We study two different edge models as shown in Figs.
5�c� and 5�d�. In both models the Ni-C distance is assumed
to be 1.8 Å with coordination number 1. In the latter model
Ni dimer structure is assumed with the Ni-Ni distance 2.5 Å.
The calculated spectra are shown in Fig. 7. Both models give
nearly the same spectra which show quite small shoulders at

7 and 16 eV, and too rapid decrease above 30 eV. These
models cannot sufficiently reproduce the observed features.

3. Substitution models

Ni can be on a substitution site in the graphene sheet.
Meng et al. study the metal-graphene sheet interaction by
Hartree-Fock calculations with approximate exchange
potential.13 Their results show strong attractive interaction
and bonding with a graphene sheet due to the unfilled 3d
shell for transition metals. A different theoretical work also
supports the substitutional Ni atom in a CNT.17

We consider two substitution models—monomer and
dimer. In the monomer model as shown in Fig. 5�e�, Ni is
bound to a graphene sheet through three C-Ni bonds with
distance of 1.8 Å. In the dimer model shown in Fig. 5�f�, a
Ni dimer forms the two C-Ni bonds with the same distance
�1.8 Å� and the coordination number 2. In the dimer the
Ni-Ni distance is 2.5 Å with coordination number 1. These
values are in accordance with the EXAFS results.20 Figure 8
shows the calculated XANES for the monomer and dimer
models shown in Figs. 5�e� and 5�f�. We can well reproduce
the two characteristic peaks at 7 and 16 eV by the monomer
model, although the peak at 7 eV is a little weaker than the
observed one. The peak at 7 eV is located just at the begin-
ning of the edge rise and should have a contribution from the
atomic bound state that cannot be fully taken into account by
the present method. The 16 eV peak is in the continuum
character and can successfully be calculated by the multiple
scattering theory. The dimer model shows two features at 7
and 16 eV but the peak intensities are one-half of the Ni

FIG. 9. Four defects models
around the Stone-Wales defects.
In the model �a� and �b� one Ni
atom adsorbs on the 7 and 5 ring,
respectively. In model �c� and �d�
two Ni atoms adsorb on the 7 and
5 rings, respectively.
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monomer structure. The structure above 30 eV region is not
well fitted to the observed one in the dimer structure. The
CNF is composed of multilayer with interlayer distance
3.4 Å.12,48 We add another sheet �two-sheet model�, but we
cannot find its remarkable effect on the calculated spectra
since the bond length of the Ni-C in the next sheet is quite
large.

We thus conclude that most of Ni impurities are in mono-
mer structures in a graphene sheet; each of them substitutes a
carbon atom.

4. Stone-Wales defect models

An important defect in the CNT is a Stone-Wales defect
where a pair of 5–7 rings can be created by rotating a C-C
bond in the hexagonal network by 90°.49 Recent molecular
orbital calculations show that the introduction of Stone-
Wales defects would benefit the adsorption capacity of B, N,
F, and Si among 10 foreign atoms �H, B, C, N, O, F, Si, P, Li,
and Na�.50 This result suggests that the Stone-Wales defects
can be the Ni adsorption sites. �See Figs. 9 and 10.� Figure
10 shows the XANES spectra based on the four models
shown in Fig. 9. The adsorption models around the Stone-
Wales defects �a�–�d� fail to explain the two specific peaks at
7 and 16 eV, and we can rule out the above models.

D. Comparison with literature

In our calculations, the substitution model shown in Fig.
5�e� gives good fit to the observed data. Takenaka et al. have
also observed the two peaks discussed in this paper in the

XANES spectra of the heavily deactivated Ni catalyst after
the CH4 decomposition reaction to carbon filament.51 They
compared the XANES and EXAFS of the “Ni carbide” with
those of the known Ni3C, and found that both spectra were
completely different. This result clearly shows that the Ni
carbide prepared from the methane decomposition is not the
Ni3C species. They were not able to determine the structure
because the strong Ni-Ni peak in Fourier transformed EX-
AFS spectra for Ni particles were observed at the same time.
Judging from the peak positions in the XANES spectra and
Fourier transform peaks in the EXAFS, the deactivated Ni
they observed should be the same one discussed in this work.

The proposed structure as shown in Fig. 5�e� has already
been suggested by Banhart et al. in the onionlike graphitic
networks.18 They observe Ni atoms in graphitic carbon on-
ions by TEM and observed a zigzag structure, which indi-
cates the formation of a new C-Ni phase. Their first principle
calculations show that the Ni-substituted graphite structure
with C-Ni distance 1.8 Å is quite consistent with our XAFS
results. Their Car-Pallinello simulation suggests the high sta-
bility of this substituted Ni atom in the graphene sheet. An-
driotis et al. study Ni in a CNT framework using a tight

FIG. 11. Two tube models and the calculated XANES spectra.
The tube type is armchair which is �10,10� tube with 14 Å in diam-
eter. We assume that Ni atoms are present at the substitution sites
whose local adsorption structures are nearly the same as those
shown in Fig. 5�e�. In model �a� the Ni is located outside of the
tube, and in model �b� the Ni is located inside the tube. Calculated
Ni K-edge XANES spectra are shown for the two tube models.

FIG. 10. Calculated Ni K-edge XANES spectra for the four
models shown in Fig. 9 compared with the experimental spectrum
after the purification. For the comparison the calculated spectrum
for the model �e� in Fig. 8 is shown as �8-e�. The energy is mea-
sured from the onset of the K-edge absorption.
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binding molecular dynamics method.17 They also find the
substitutional Ni in a CNT with Ni-C distance 2.03–2.08 Å:
The distances are much longer than our result where Ni-C
distance=1.83 Å. Consequently, the Ni substitution model is
the most plausible structure of the Ni species which strongly
interact with the graphene sheet.

E. XANES application to nanomaterials in combination with
multiple scattering analysis

In this work we determine the location and structure of Ni
species in the CNF by XAFS and multiple scattering analy-
ses. We also evaluate the sensitivity of XANES to Ni-C dis-
tance and Ni charge. We find that we can determine the Ni-C
distance within the precision of ±0.1 Å. The distance error
bar of XANES is one order bigger than that of EXAFS. Thus
the combination of EXAFS and XANES must be necessary.
The charge and valence state of metal species can often be
inferred from XANES. The edge shift is corresponding to the
chemical shift in XPS and the L2 ,L3 white line peaks are
related to the density of d vacancy.

We also check how the curvature of the CNT affects the
XANES spectra by using multiple scattering theory. We pos-
tulate CNTs with 14 Å in diameter as shown in Fig. 11. We
set one Ni atom both outside �a� and inside �b� the tube.
Comparing the XANES for the Ni on a graphene sheet with
the XANES for the Ni outside the CNT with 14 Å, we can
see that the curvature has only small influence on the
XANES spectra. However, the “inside” model gives much
weaker peaks at 7 eV and 16 eV. This may be because the
different distances to carbon atoms in next nearest neighbors
affect the XANES spectra in these models. This result is
quite interesting because any other experimental tools cannot
provide such information. Some theoretical simulations sup-
port the “outer” models considered here.14,16,17 The question
about the metal location inside or outside of a CNT can be
answered based on the XANES analyses.

Thus the XANES in combination with multiple scattering
method will provide a new and unique structural tool to
study nanomaterials.

F. Comments on the application of CNTs and CNFs prepared
from Ni catalysts

Nanotoxicology is a new terminology to evaluate the toxi-
cological hazard to human body and environment.52 Nano-

technology is revolutionarily developing and is changing our
daily life. But the assessment of toxic effects of the nanoma-
terials is not fully accomplished and nobody knows how the
nanomaterials damage ourselves and our environment. One
can understand the situation easily in the example of asbes-
tos. Our XAFS analyses that show the presence of strongly
bound Ni in a CNF and the facts that Ni is a toxic element
suggest that the CNTs and CNFs produced from Ni catalysts
should not be used for biomaterials.

V. CONCLUDING REMARKS

In this paper we investigate the local Ni structures before
and after the purification of CNFs by EXAFS and XANES.
Ni atoms are dominantly in Ni particles together with small
amount of Ni oxide before the purification. After the purifi-
cation they are in Ni monomer species substituted in the
graphene sheet to form strong Ni-C bonds.

We have few reliable characterization techniques for
small amount of residual species. This work demonstrates
the remarkable usefulness of the XAFS �XANES+EXAFS�
techniques combined with multiple scattering calculations. In
particular XANES can give a detailed stereochemical struc-
tures of the Ni species, although it is not so sensitive to the
bond distance. In contrast, EXAFS is sensitive to the bond
length to nearest neighbors within 0.01 Å. A combination of
these two techniques should be a powerful tool for the stud-
ies of nanosciences.
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