2000; Marthaler, 2003; Thomson and Mackay, 2004].
However, the Japanese public health policy has not em-
ployed these systems. In addition, only 58.9% of Japanese

3-year-old children use fluoride dentifrice [Japanese So-
ciety for Dental Health, 2003]. Therefore, in order to re-

duce dental caries disparities, an effective population
strategy such as water or salt fluoridation might be re-

quired in Japan.

In conclusion, the effect of a topical fluoride applica-
tion service of a municipality on caries prevalence in 3-
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year-old children has been shown to be statistically sig-
nificant, though the clinical effect is less than the effect
of sociodemographic characteristics.
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Abstract

We present a novel way to fabricate electronic devices from a molecular charge transfer salt Ag(DM), by simple illumination, which
realizes a junction-structure in the single molecular crystal. The electrical conductivity of the selected parts of samples can be controlled
by illimination time and power. The electrical behavior gradually turned semiconducting from metallic one by illumination. X-ray pho-
toelectron spectroscopy, Raman spectroscopy and X-ray absorption fine structure indicated that illumination should transfer some elec-
trons from the conducting DM columns to the Ag ions. The X-ray powder diffraction pattern indicated that original crystal lattice was
maintained after the illumination. These observations imply that the illumination practically effected doping (or rather dedoping) on the

material.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A large number of molecular conductors have been
reported to date [1--5]. Most of them contain planar n-conju-
gated molecules with multi-redox reactivities, which exist as
metastable partially charged radical-ions in the conducting
solids. In general, their electrical conduction is supported
by the unpaired electrons delocalized through n-bands, i.c.,
overlaps of the n-molecular orbitals among adjacent molec-
ular radical-ions. They usually have structurally unique and
various conduction pathways such as columns, sheets, lad-
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ders and spirals, depending on the structures and arrange-
ments of constituent molecular species. Some of them also
contain photosensitive chemical species such as silver ions
and bypyridyl derivatives, which are not involved in the con-
duction pathways. Such solids are generally stable in ambi-
ent conditions. However, they could be reactive under
illumination of ultraviolet and visible¢ (UV-VIS) light, where
electron transfer could occur between the photosensitive and
the molecular species responsible for the conduction. As a
result, illumination could irreversibly increase or decrease
the amount of conduction electrons by their addition or
removal. In combination with photolithography or light-
focusing technique, this might open a new way to control
irreversibly electrical properties of a particular part of a
molecular solid, which would lead to fabrication of devices
with junction-strutures. In this paper, we present an optical
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control method of electrical properties of molecular solids
together with its mechanism.

2. Experimental

The ssilver salt of dimethyl-dicyanoquinonediimine (DM),
Ag(DM),, was prepared according to [6]. The electrical resis-
tivity measurements were carried out using a standard
4-probe method with gold wires and gold paste as electrical
contacts. A part of the sample (a single crystal or a pressed
pellet) or the whole sample was continuously illuminated
with UV-VIS light (200-1100 nm) using an optical fiber.
Subsequently, the physical measurements were carried out
for the sample using conventional procedures in the dark.
Parallel measurements of the pristine samples were also con-
ducted for checking out any artefacts. After the measure-
ments, the illumination was recommenced on the same
sample and further illumination effects were investigated.
The details of illuminations and measurements of physical
and spectroscopic properties were described in earlier papers
[7-9].

3. Results and discussion

DM forms charge transfer salts with various kinds of
metals [6]. Owing to its moderate electron accepting ability,
the DM molecules usually exist as radical anions with frac-
tional valency in these salts. In the crystal of Ag(DM),, the
planar radical anions of DM stack to form a columnar
structure (Fig. 1). The unpaired electrons on the radical
anions delocalize along these columns, resulting in metallic
conduction. All the DM anions are coordinated to the Ag
ions through the =N—CN groups at both ends of the fully
n-conjugation system on the molecule. It was observed that
Ag(DM), qualitatively altered its electrical properties after
illumination with wavelengths of 200-1100 nm: the temper-
ature-dependence of a partially illuminated single crystal of
Ag(DM), was qualitatively explained as a sum of the elec-
trical behavior of the illuminated and the non-illuminated
parts of the sample (Fig. 2) [8] In the range of 200-
1100 nm, wavelength-dependence was not observed. The
duration of illumination required for the change of physi-
cal properties varied from a few minutes to a few weeks
depending mainly on the power of the light and the
temperature.

Firstly, let us discuss what is happening in the sample
during illumination. In the previous paper [8] we reported
that X-ray photoelectron spectroscopy (XPS) was powerful
tool to determine the chemical states of the illuminated
part of the sample as well as how clear the borderline
between the illuminated and the pristine parts of the sam-
ple was. The high-resolution XPS demonstrated that bulk
silver (Ag(0)) was detected exclusively in the illuminated
area while silver(I) (Ag(I)) ions remained unaffected in
the non-illuminated area. In addition, the borderline was
so sharp and clear that Ag(0) was not detected even in adja-
cent parts of the illuminated area. If the charge (electron)
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Fig. 1. (a) Molecular structure of DM and (b) crystal structure of
Ag(DM),.
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Fig. 2. UV-VIS illumination effects on the temperature-dependence of the
electrical resistivity of an Ag(DM), single crystal.

transfer actually occurred between the Ag and the DM
ions, the XPS of the atoms in the DM ions should be con-
sistent with the XPS of silver atoms. In fact, the XPS of
nitrogen atoms in the illuminated sample clearly indicated
that the DM radical anions were oxidized toward neutral
DM molecules (Fig. 3). Since XPS is surface-sensitive, we
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Fig. 3. NIS XPS of (a) pristine, and (b) illuminated samples. Note that a
shoulder at lower energy appears more clearly in the illuminated sample,
which can be attributed to the increase of the contribution from formally
neutral DM molecules.

measured X-ray absorption fine structure (XAFS) in order
to obtain information on the bulk of the samples. Along
with the results of infrared spectra and elemental analyses,
XAFS and XPS are consistently explained supposing that
the illumination progressively induced electron transfer
(redox reaction) between the Ag(I) ions and the DM radi-
cal anions. The interpretation thus far is consistent with a
series of Raman spectra measured continually during the
illumination [8], which indicated the formal charge of the
DM radical anions continuously changed from —0.5 to
—0.35 to —0.40 in accordance with the UV-VIS illumina-
tion. Identical spectra were obtained several months after
ceasing illumination, which means the photochemically
induced state as well as the interface between the illumi-
nated and the non-illuminated areas are stable. Powder
X-ray diffraction patterns proved that the illuminated sam-
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Fig. 4. I-V property curve of a single crystal of Ag(DM), after UV-VIS
illumination on the only half of it. The illumination continued for about
three weeks from both sides of the needle crystal at room temperature.

ples retained the original (pristine) crystal structure. How-
ever, the apparent irreversibility of the phenomena suggests
that there should be some difference between the structures
before and after illumination. This issue is under investi-
gation.

It is highly possible that one could dope this material
simply by illumination with virtually retaining the crystal
structure. Thus we tried to make a rectifier from a single
crystal of Ag(DM), by illuminating on the only half of
the long needle crystal. This was expected to remove some
conduction electrons from the n-band of DM columns only
in the illuminated part of the crystal, while leaving the rest
of the crystal intact. Such partial photochemical treatment
would force the crystal to take a junction-structure due to
the imbalance of the Fermi levels at the interface. After
illumination the I~V property curves were measured
(Fig. 4). The result clearly shows that electric current expo-
nentially increases when a forward voltage is applied, while
it hardly flows when the applied voltage is reversed. Such
‘one-way’ conduction is called rectification, demonstrating
its junction-structure and being characteristic to diodes. In
other words, the illumination transformed a single crystal
into a diode. This method was originally meant for the
molecular crystals, yet it could be applicable to thin films
and amorphous solids as well as inorganic materials.
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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 A, and each of them is substituted for a carbon

atom in a graphene sheet.

DOI: 10.1103/PhysRevB.73.144103

I. INTRODUCTION

Carbon nanotubes (CNTs)? and carbon nanofibers
(CNFs)** 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,® a small
amount of impurities are left in the CNTs/CNFs after the
purification processes.® The metals are intimately associated
with the nanotube samples.® These impurities are reported to
affect a giant thermopower due to a Kondo effect,” quantum
conductance,?® and anomalous temperature dependence of the
resistivity.” 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.®'2 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

1098-0121/2006/73(14)/144103(11)/$23.00
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discussed theoretically. Several adsorption sites and model
structures are proposed such as adsorption on Stone-Wales
defects,’®> monomer or dimer adsorption model on the
graphene sheet,' metal adsorption on atop of C atom®'> or
on axial C-C bond,'® a substitutional site of graphene
sheet.!”18 Lee ef al. propose Ni-C o 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.!® 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.?® 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 EXAFES is a
one-dimensional local structure analysis sensitive to the short
range order around the metal within about 3 A. The second
question arises based on the Ni-Ni distance 2.48 A 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

©2006 The American Physical Society




USHIRO et al.

of trace amount of Ni particles left after the purification.

X-ray absorption near edge structure (XANES) spectra
provide longer range information (typically =5 A) than EX-
AFS spectra, and stereochemical information.?'?? Although
XANES contains more information than EXAFS,?? 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.?? They have successfully determined several ma-
terial structures by simulating XANES spectra.?*-?8 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 CNE,
First we describe EXAFS analyses of the Ni residue involved

PHYSICAL REVIEW B 73, 144103 (2006)

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.

1. EXPERIMENT

CNF is synthesized by a CVD method using Ni catalyst
following a previous literature.?® The CNF used here is hat-
stacked carbon nanofiber (HSCNF) that is composed of
graphene hats stacked toward the needle axis.!? The diameter
and the length of the CNF is 25-100 nm and 0.1-5.0 pm,
respectively. It is purified by a calcination in atmosphere
followed by 6.0 M HCI 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
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TABLE 1. Curve fitting results for reference compounds. r is the distance to the neighbor, o is the Debye-Waller factor, AE is a shift in
edge energy, R is R-factor defined by Eq. (1), S is an amplitude reduction factor.

Sample Bond N r/A a/107% A AE/eV RI% S
Ni foil Ni-Ni 9.7+1.2 2.47+0.02 7.1£2.0 ~11x5 1.0 0.800.1
122 2.49°
NiO Ni-O 5.8+0.4 2.07+0.01 8.0x1.0 ~4.8x5 0.7 0.93+0.06 (Ref. 53)
6 2.084%
Ni-Ni 12.41.0 2.95+0.02 8.1x1.0 -3.5%3 1.0£0.1 (Ref. 53)
122 2.954
Ni(H,0)6(NOs), Ni-O 6.2+0.4 2.04x0.01 8.0+0.9 ~2.0+1.0 35 1.0x0.1 (Ref. 54)
6 2.063
Ni(CsHs), Ni-C 10.8£1.2 2.17x0.01 8.6+1.0 -57%3.0 3.0 1.1£0.1 (Ref. 55)
10° 2.196°

2The diffraction data.

mirrors focus the x-ray beam on the sample and remove
higher harmonics.®® 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.3! The XAFS analyses
are carried out by REX2000 (Rigaku Co.)*?33 using phase
shift and amplitude functions obtained from FEFF8.2! The
Fourier transformation of k*-weighted x{k) is carred out
over the range k=3—13 Al The peaks are Fourier filtered
with Ar=1.2-2.2 A 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

Ry = 2 [P - Px®F @
S x0T ’

where X, and X, 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.?* Later, this theory was modified by a parti-
tioning technique in order to reduce the computation
time.?335-37 Here, we summarize the theoretical methods.

The x-ray absorption intensity o from the core orbital
¢ (r)= R, (r)YL #), L.=(l.,my) at site A (x-ray absorbing
atom) is given by Eq. (2) for photoelectron kinetic energy
€,=k*/2. We assume excitation by a linearly polarized x ray
in the z direction,?

. Im( S i expli(8t + &) Ip.(Dp. )

3 LL'.L,

X G(L,10IL)G(L,10[L")(YH4[(1 - X)™! LL,>, @)

where G(LL'|L") is Gaunt’s integral and p.(l) is the radial
dipole integral between the radial part of ¢.(r) and the Ith
partial wave of photoelectrons R/(r) at site A. The phase shift
of the Ith partial wave at site A is represented by 8? We
introduce the matrix X specified with site index a and angu-
lar momentum L and so on; it is defined as

X = 156 Ry~ Rp)(1 = 8s), )

where i and Gy;» represent the T-matrix at site « and the
Green’s function in an angular momentum representation.
The inverse matrix {1-X)"! includes an infinite order of the
full multiple scattering inside the cluster we are considering.
The phase shifts in #;{=—{exp(2i &) —11/2ik} 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 G re-
flects the geometrical structure. The clusters used in the
present work include all surrounding atoms up to about 5 A
for the carbide model and about 7 A 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(H,0)¢(NO;),, Ni(cp), (cp=cyclopentadienyl), as refer-
ence compounds whose EXAFS oscillations and Fourer
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 A 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 §=0.9£0.1 for Ni-Ni,
and §=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
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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 06 A
range are similar to those of the foil. The Ni particle size is
estimated to be longer than 50 A according to the Greegor’s
relationship between the size and the coordination
numbers.3® The result is consistent with the XRD and SEM
data.'? 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.
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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.

ki/A?

2(b")] shows that the Ni-Ni peak at 2.1 A decreases and a
new peak appears around 1.4 A 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 A, 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), (# bond) and other
7 bonding compounds. Thus we can rule out the possibility
that Ni species form 7 bonds with carbon atoms in graphene
aromatic rings. This means that the Ni-C bond is strongly
bound to CNF through o bond. Since bond lengths for the
Ni-C “single bond” are longer than 1.90 A, the “multiple
bond” or some strong specific o bond as formed in Ni(CO),
is presumably formed: Actually bond lengths for the Ni-C
“double bonds” are in the range of 1.83-1.89 A, and Ni-C
distance is 1.82 A in Ni(CO),.

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 A, which corresponds to the

TABLE II. Curve fitting results for Ni species in CNF. r is the distance to the neighbor, ¢ is the Debye-Waller factor, AE is a shift in edge

energy, R is R-factor defined by Eq. (1).

Sample Bond N ri A a/107% A AE/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 10.3x1.6 2.47+0.02 6.8:3.0 77 Two shell
Ni-O 0.8+0.4 2.01+0.03 73%35 —4x1 0.65 Two shell

After Ni-C 24208 1.830.05 6.0%3.0 3#5 5.6
Ni-Ni 0.8::0.3 2.48+0.05 55220 7x7

#Coordination numbers are corrected by the factor S. Sy;.n;=0.9 and Sy;.c=1.0 are used.
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TABLE HII. Ni-C bond length for various Ni-C systems. r is the distance to the neighbor.

Bond type rlA References
Single o bond 1.90-2.01 56-59

o bond with aromatic ring 1.90-1.93 60-63
“Double bond” 1.83-1.89 62 and 64

o bond in metallocycle 1.81-1.91 59, 65, and 66
7 bond with “double bond” 2.00-2.21 64, 67, and 68
ar bond with “triple bond” 1.87-1.99 69-71

1 bond with allyl 1.93-2.11 72 and 68

ar with aromatic ring 1.95-2.16 72 and 73
Ni;C 1.86 39

Ni(CO), 1.82 74

Ni(CsHs), 2.196 55

Ni-Ni bond distance in Ni foil. Curve fitting analysis shows B. XANES

that the bond distance is 2.48 A and coordination number is
0.8. In our previous paper,?’ 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.

Ni K-edge XANES spectra

T T Y g

Ni foil

before the
HCl treatment

afier the
HCl treatment

Normalized Absorption

8340 8350 8360 8370
Photon Energy (eV}

8330

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.

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.?0 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(H,0)s(NOs), has a peak around 8350 eV, we infer the
presence of a small amount of Ni(H,0)>* species. We ana-
lyze the observed data on the basis of a regression method
using two reference spectra of Ni foil and of
Ni(H,0)4(NO5), by adjusting the coefficients, ¢; and c;,

HNi e = C1Moil + C2MNi(H,0)g> (4)

c1t+ecp=1, 5

where MNier Moils and fni(n,0), are the Ni K-edge x-ray
absorption intensities of Ni species in CNEF, of Ni foil and of
Ni(H,0)4. The best fit is obtained when we choose ¢,
=0.88+0.05 as shown in Fig. 4, which supports the presence

1.0}
B08
5 0.6}
g4l
g 0.4

o2l
= i
0.0F

8340 8360
Photon Energy (eV)

8380

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(H;0)¢(NO3),.

144103-5




USHIRO et al. PHYSICAL REVIEW B 73, 144103 (2006)

»Ji‘fj“ \Q;’jlii o

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 (¢) and (f) substitution

models are shown.

of Ni(H,0) species. This conclusion does not contradict the  ¢; and ¢, are 10.8+0.6 and 0.72+0.04, respectively, which
EXAEFS results obtained in the preceding section. The ex-  are in good agreement with the estimated ones 10.3+1.6 and
pected coordination number for Ni-Ni and Ni-O based onthe  0.8+0.4 by the EXAFS analyses shown in Table II.
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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.

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, Ni;C contains a quite large number
of Ni-Ni pairs (coordination number 12) at 2.63 A,* 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.*® 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

PHYSICAL REVIEW B 73, 144103 (2006)
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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.

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 A 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

»°  afterthe HGI |
/  treatment (exp.}
’ -
4
. ()
’
. ¢
sl 4 U]
E|s
g .
[
10 20 30 40
Energy (eV)

FIG. 8. Calculated Ni K-edge XANES spectra for the substitu-
tion models () 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.
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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.*042
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).*#3-46 Purther 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.*’” 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 atorus 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 A with coordination number 1. In the latter model
Ni dimer structure is assumed with the Ni-Ni distance 2.5 A.
The calculated spectra are shown in Fig. 7. Both models give
nearly the same spectra which show quite small shoulders at

(b)I\/O
p

PHYSICAL REVIEW B 73, 144103 (2006)

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.!* Their results show strong attractive interaction
and bonding with a graphene sheet due to the unfilled 34
shell for transition metals. A different theoretical work also
supports the substitutional Ni atom in a CNT.!?

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 A. In the dimer model shown in Fig. 5(f), a
Ni dimer forms the two C-Ni bonds with the same distance
(1.8 A) and the coordination number 2. In the dimer the
Ni-Ni distance is 2.5 A with coordination number 1. These
values are in accordance with the EXAFS results.?? 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

e o ___®
AL
o o8& B P
L L

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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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-¢). The energy is mea-
sured from the onset of the K-edge absorption.

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 A.1248 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°.4 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).?® 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

PHYSICAL REVIEW B 73, 144103 (2006)
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FIG. 11. Two tube models and the calculated XANES spectra.
The tube type is armchair which is (10,10) tube with 14 A 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(¢). 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.

XANES spectra of the heavily deactivated Ni catalyst after
the CH, decomposition reaction to carbon filament.”! 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
Ni;C 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.'® 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 A 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
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binding molecular dynamics method.!” They also find the
substitutional Ni in a CNT with Ni-C distance 2.03-2.08 A:
The distances are much longer than our result where Ni-C
distance=1.83 A. 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 A. 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 L,,L; white line peaks are
related to the density of 4 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 A 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 A, 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.!*1517 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.>? Nano-
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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 biomatertals.

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 A. A combination of
these two techniques should be a powerful tool for the stud-
ies of nanosciences.
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Dynamic and static hydrogen effects on
mechanical properties in Vanadium alloys

S. Ohnuki, T. Yasuda, K. Yashiki, T. Suda, S. Watanabe
Graduate School of Engineering, Hokkaido University, N-13, W-8, Kita-ku, Sapporo 060-8628, Japan

Abstract. To understand hydrogen behavior in V and V-based alloys, two kinds of tensile tests
were carried out for hydrogen-charged miniature specimens: One is with hydrogen charging
prior to testing (static charging), and the other is with hydrogen charging during straining
(dynamic charging) with the continuous and intermittent ways. Static hydrogen-charging effect:
From the results of gas emission and microstructure, it was indicated that hydrogen can be
trapped by lattice defects, dislocations, vacancies and voids, which were effective up to 500 C.
The static charging prior to straining generally resulted in hydrogen-induced hardening.
Dynamic hydrogen-charging effect: The deformation stress dropped just after starting the
dynamic charging, and returned to the original level after stopping the charging, which can be
called as a hydrogen-induced softening. The significant softening is attributed to fast diffusion
and interactions of hydrogen with mobile dislocations. The activation volume from different
strain rate experiment was decreased with hydrogen charging, which means that a small amount
of hydrogen can reduce Piers potential for mobile dislocations.

Keywords: Hydrogen, Vanadium alloys, dislocations, Embrittlement, trapping, trapping

INTRODUCTION

Vanadium alloys have extremely high solubility for hydrogen, and are now being
considered for commercial hydrogen storage materials and for other uses [1-2]. For
example, V-Cr-Ti alloys have been a candidate material for core components in fusion
energy systems, because of high temperature strength and good radiological properties.
Because of absorption easily from the environment of plasma and liquid coolants, the
hydrogen accumulation, as well as gaseous transmutation during neutron irradiation
[1-4], is an important factor for determining the lifetime and safety of structural
materials. From those factors, hydrogen and its isotopes can easily accumulate and
thus influence the mechanical properties and related microstructures [3-4]. Therefore,
it is important to understand basics of the hydrogen behavior and the mechanisms
involved in microstructural changes.

The objective of this study is to clarify the behavior of hydrogen in vanadium based
alloys, particularly from the point of view of mechanical properties and microstructure,
which could aid in the development of advanced vanadium alloys.

EXPERIMENTAL PROCEDURES

The specimens of vanadium and V-4Vr-4Ti alloy were provided by the National
Institute for Fusion Science (NIFS) and chemical composition is included in the
reference [5]. The specimens were cold-rolled to a thickness of 0.25mm and annealed
at 900°C for 1 hour, where the grain size was approximately 50 micron. Some amount
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of V-4Ti and V-4Cr alloys were used for this experiment. Neutron irradiation was
carried out in JMTR to a damage dose of about 0.01 dpa (1 x 10" n/cm?) at 290 C.
Hydrogen charging was conducted using two techniques 1) static hydrogen
charging prior to tensile testing, and 2) dynamic charging during tensile testing. Static
hydrogen charging was performed by electrolysis in IN-H,SO4at a current density of
about 6.7 mA/cm?, for example. Figure 1 shows the apparatus for this experiment.
Dynamic charging was performed during the straining, and was initiated as soon as
yielding occurred. Two modes were used for the dynamic charging. In the intermittent
method, the charging was conducted for 5 seconds at each 5% increase in the strain. In
the continuous method, the charging was continued until eventual failure. In order to
change the dissolved hydrogen level during the dynamic charging, the concentration
of the H,SO4 solution was varied between 0.5 and 1.0 N and the current density was
varied between 7 and 33 mA/cm?. The details of the charging have been reported [6].

16 x 4 x 0.25 mm®

Testing condition:
Strain rate: 6.7x 10° s
Room temperature

FIGURE 1. Illustration of apparatus for dynamic charging experiments, combined with conventional
Instron machine. The apparatus was used for static charging experiment.

RESULTS AND DISCUSSION

Hydrogen-induced hardening in irradiated vanadium alloy

Figure 2 shows the yield stress as a function of static charging time in V-
4Cr alloy for comparing with un-irradiated and irradiated to 0.01 dpa at 290 C in
JMTR. In the un-irradiated material, yield stress showed slight decreasing in at short
charging time (< 300 s) followed by slight increasing at long charging time. The
overall increase of about 30 MPa is attributed to solution hardening. In the irradiated
sample, the neutron irradiation caused a significant increase in the yields stress of 250
MPa. Hydrogen charging resulted in an additional increase of up to 150 MPa, which
was essentially proportional to the charging time.

Figure 3 shows hydrogen emission profile from neutron irradiated and H-charged V,
where the tailing was observed at high temperature side and suggested the several
types of trappings. After comparing with un-irradiated and irradiated materials,
including microstructures, it is assumed that the profile can be decomposed to four
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peaks; peak 1 at 375 C is assumed for interstitial H, peak 2 at 420C is for dislocation
trapping, peak 3 at 480 C is for vacancy trapping, and peak 4 at 530 C is for void
trapping. It is sure that hydrogen can be trapped by irradiation-produced defects, and is
stable up to about 500 C [6]. For explaining the additional hardening due to hydrogen-
charging, the interaction between defect clusters and hydrogen should be main factor.
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FIGURE 2. VYield stress as a function of static charging time in V-4Cr alloy neutron-irradiated to
1x10" n/em” at 290 C in IMTR.
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FIGURE 3. Hydrogen emission as a function of temperature for neutron irradiated and H-charged V
sample, which was decomposed to four peaks.

Dynamic charging effect on mechanical properties

Figure 4 shows the stress-strain curves during dynamic charging with interval for V
and V-4Cr-4Ti at different charging current levels. Both samples showed softening
and hardening relative to the current, that is similar as reported [8]. Therefore,
hydrogen-induced softening and hardening can be seen as general phenomena in V
and V based alloys. Figure 5 shows enlarged parts of the stress-strain curves for
different charging conditions with the interval of 5 second charging. As is evident,
there was a clear response in the stress curve at both the beginning and the end of the
charging. At low H levels, the stress dropped quickly at the start of the cycle, followed
by a somewhat slower asymptotic return to the original level at the end of the cycle. At
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high H levels, however, the decrease in stress was smaller and somewhat slower at the
start of the cycle, followed by an overall increase in the stress at the end of the cycle
which was higher than in V. These results indicate that this transient phenomenon
based on competitive process of softening and hardening during charging.
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FIGURE 4. Stress-strain curves during dynamic charging with interval for V and V-4Cr-4Ti. Both
samples showed softening and hardening behavior relative to the current.

V-4Cr-4Ti,
333 mAlcm?

Stress, MPa

Strain, %

FIGURE 5. Dynamic charging during tensile testing of V-4Cr-4Ti. The Stress responded rapidly to the
on and off of the current (interval charging). At low H levels, fast response and significant stress
decrease (softening) are confirmed, which then recovers to its original level. At high H levels, a smaller
loss of stress is seen, followed by an overall increase in the hardening.

Mechanism for hydrogen-induced softening and hardening
Figure 6 shows a typical stress-strain curve for dynamic charged V after reaching
the yield point. The charging was performed carefully at 6.7 mA/cm” in a solution of
IN-H,SO,. Two stages were observed during continuous dynamic charging. (a) is the

microstructure corresponded to the end of the first stage, where only tangled
dislocations are observed, and (b) is the microstructure from the end of the second
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stage, where plate-like hydrides and dislocation with high density were developed.

The arrows indicate hydride platelets and extra spots in the electron diffraction (V,H).
In this condition, the hydride formation was delayed as compared with the static
charging. Figure 7 shows the relation between analyzed hydrogen contents in V and
static and dynamic charging times. In the static charging, the content increased with
the square root of the static charging time, which means this process should be
controlled by the H diffusion. From TEM observations, hydride formation was
confirmed above 0.2 wt %; therefore, the solubility limit is about 0.2 wt % at room
temperature. In the case of dynamic charging, the analyzed hydrogen content was
quite low as comparing to static charging. The difference of 0.3 wt%, as indicated by
arrow, can be caused by the effects of generated and moved dislocations. This
suggests that interactions between the hydrogen and the dislocations resulted in
significant hydrogen emission during the dynamic charging.

300

250

Pa

Stress (|
2

50 | 1.08 H,SO,
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0 5 10 15 20
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FIGURE 6. Two stages developed during continuous dynamic charging, which correspond to different
microstructures; (a) only tangled dislocations, and (b) hydride plates and dislocations with high density,
where the hydride formation was delayed as compared to static charging.

The actual mechanisms for hydrogen induced softening and hardening has not
been completely understood, but it can be explained that Piels potential is changed by
the trapped hydrogen which may diffuse quickly even at room temperature. Recently,
authors examined the activation volume for deformation under dynamic H-charging
with changing the strain rate in the range of 10° — 10 at each temperature [9]. The
volume showed increasing tendency with increasing test temperature, but H-charging
made the reduction of the activation volume with aout 10 % at the temperature range
of 230 - 300 K.

Figure 8 shows a schematic illustration of the dynamic interaction between the
hydrogen and the dislocations that can explain the softening, hardening and gas
emission. At low hydrogen concentration, (a) the dislocation mobility should be
enhanced due to the H atmosphere, (b) the gliding of dislocation with H induces gas
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