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Abstract

One of the known lithium conditioning effects is the reduction of carbon impurities released from the graphite walls
of a tokamak. However, little is known about the role of lithium in graphite—plasma interactions. Graphite intercalates
lithium atoms between the hexagonal layer planes. The Li diffusion constant in the direction perpendicular to the basal
planes of highly oriented pyrolytic graphite (HOPG) is measured for the first time using Rutherford backscattering
spectrometry and is found to be D, = 2.1 x 1071° ¢cm?/s with an activation energy of 0.26 eV, in the case of low
temperatures (300 K) and low Li concentration (Li/C atomic ratio <3%). This value increases by a factor of two when
HOPG is exposed to hydrogen plasma before lithium deposition. The implications resulting from the Li-graphite in-
tercalation in lithium wall conditioning are discussed, focusing on Li-induced suppression of graphite sputter-

ing. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The observed effects of wall conditioning by in-situ
lithium deposition are very low hydrogen recycling, re-
duction of oxygen impurity in a hot core plasma region,
significant suppression of carbon impurity, and im-
provement of energy confinement. Although these effects
have been markedly observed in TFTR [1,2], this is not
the case in other machines [3-5]. These differences must
be reconciled and the underlying physics and chemistry
of lithium effects must be clarified.

Efforts to elucidate the roles of lithium in wall con-
ditioning have been made in the previous studies [3,5,6].
A strong chemical activity of a fresh lithium layer was
observed, which could successfully account for the hy-
drogen pumping effect by lithium hydride (LiH) for-
mation and for the oxygen gettering effect by lithium
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oxide (Li,O) formation. As far as carbon impurity re-
leased from graphite walls is concerned, previous studies
[5] revealed that the lithium conditioning suppresses the
physical sputtering yield of graphite by an order of
magnitude, forming graphite intercalation compounds
(GICs) with deep penetration of lithium in graphite as
observed in DIII-D [7] and TFTR [8].

Graphite is known to intercalate lithium up to a
maximum of 1 lithium atom per six carbon atoms, and
to form LiCg, which is called the stage-one Li-GIC. This
property has been used in lithium-ion batteries whose
negative electrodes are made of graphite. The aniso-
tropic diffusion constants of lithium atom in graphite
have been investigated [9-16]. However, most of
the previous studies are limited to a regime of high
temperatures (~700 K) and high concentration (x =
1 in Li,Cs).

In this paper, we report the results of a study that was
done to determine the perpendicular diffusion constant
of lithium in graphite at low temperatures (300 K) and
low concentrations (x < 1), together with the influence
of the hydrogen retention on the diffusion constant.
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2. Diffusion of lithium in graphite
2.1. Experimental

Intercalation processes of lithium atoms into graphite
at room temperature are investigated in a vacuum vessel
which is combined with a high-energy ion beam system
for Rutherford backscattering spectrometry (RBS)
measurements [15]. Highly oriented pyrolytic graphite
(HOPGQG) [17] was selected owing to its simple structure,
for measuring the Li diffusion constant D, in the di-
rection perpendicular to the basal plane. Vacuum
evaporation of metallic lithium (94.1% "Li + 5.9% °Li)
at ~800 K and 1 x 10~° Torr gives deposition of ~3-um
thick Li layer onto the HOPG specimen of 0.26 x
20 x 20 mm® mounted on a rotatable stage. Special care
was given to prevent the parallel diffusion (D)) of lithium
atoms from the edge of HOPG, by masking the edge
prior to the lithium deposition. The speciemen was ex-
posed to 1 MeV proton beam at 45° incidence to obtain
better spatial resolution, and the backscattered H' ions
are detected at an angle of 10° with respect to the beam
axis. After the lithium deposition is completed, the RBS
measurements immediately start to get the time varia-
tion of Li atom density profile. In order to examine the
influence of hydrogen retention on the Li diffusion in
graphite, a hydrogen-free as-received HOPG specimen is
compared with hydrogen-containing HOPG specimen
which is prepared by 60-min exposure to hydrogen glow
discharge plasma (300 V, 40 uA/cmz, 20 m Torr) in
the vessel. The hydrogen retention is estimated to be
8 x 10'® H/cm®, assuming that 9% of ion fluence is
retained in the graphite [16].

2.2. Lithium diffusion in hydrogen-free HOPG

Typical energy spectra of H ions backscattered from
a hydrogen-free HOPG at different times after lithium
deposition are shown in Fig. 1. Here, the time ¢ = 0 re-
fers to the initiation of two-min lithium deposition
phase. The dashed lines in Fig. 1 indicate the reference
data of pure HOPG (no lithium deposition), showing a
characteristic knee at the energy £ = 0.72 MeV (scat-
tering from the top surface carbon for 1 MeV proton
incidence). In the top spectrum at 1 = 4 min, one can see
that thick Li layer deposition modifies the energy spectra
in two ways. The first is the down-shift (AE ~ 0.05 MeV)
of the carbon-induced spectra, owing to the energy loss
in the Li layer. The second is the appearance of a new
hump in a range of energy, 0.45 < E < 0.56 MeV, cor-
responding to the H' scattering by lithium atoms. As
the time goes on, the Li-induced hump gradually shrinks
and becomes almost stationary after 30 min. This sta-
tionary hump suggests the formation of a lithium oxide,
e.g., by reaction with the background water vapor. In
fact, a small signal grows after >20 min just below the
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Fig. 1. RBS energy spectra for different times after lithium
deposition onto the hydrogen-free HOPG at room temperature.
The upper insertions indicate the scale of depth from surface
carbon Cg and surface lithium Lig.

predicted energy E =0.78 MeV due to scattering by
oxygen atoms. The cross-section for 1 MeV proton
collision with oxygen was compared with that for pro-
ton-lithium collision, taking account of nuclear reac-
tions of 7Li and °Li. These cross-section data roughly
explain the signal intensity ratio between the oxygen-
induced hump and the Li-induced hump in steady-state.

The distribution of lithium concentration c¢(x,¢) can
be derived from the RBS data shown in Fig. 1, where the
position x is the depth from the HOPG surface. For this,
first, the energy scale in Fig. 1 needs to be replaced by
the depth scale as shown in the top left inset in Fig. 1;
second, by subtracting the counts given by the dashed
line from the measured total counts one obtains the
counts A(x, ¢) for the lithium-induced hump. This signal
h(x,t) is approximately proportional to c(x,?), since
change in the stopping power dE/dx is negligible in a
narrow energy range (AE < 0.1 MeV). Finally, the value
of h(x, ) is converted to the absolute Li density c(x, ¢) as
follows. Lithium vapor condenses on the HOPG surface
and forms a thin layer of metallic lithium (specific
gravity 0.534, atomic density ¢y = 4.63 x 102 cm™?). At
t = 4 min, most of the deposited lithium still remain in a
state of metallic lithium, and comparison of the peak
value of h with ¢, leads to the calibration factor.
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Fig. 2. Lithium concentration c¢(x,¢) as a function of depth x
from the HOPG surface at different times z.

The Li concentration c(x,¢) obtained in this way is
shown in Fig. 2. Here, the location of the HOPG surface
(x = 0) was determined as follows. The lithium-graphite
intercalation theory predicts that a maximum Li
concentration ¢y is given by LiCs and hence cy =
1.83 x 10”2 cm™ from the specific gravity 2.19 of the
present HOPG. Thus, we assign the boundary x = 0 at
the position having ¢ ~ ¢y. In Fig. 2, the lithium on
the external surface of the HOPG specimen (x < 0)
disappears after ~30 min, leaving lithium oxide com-
pounds on the HOPG surface with a low concentration
of lithium (~3% of carbon concentration) inside the
HOPG. Previous Auger depth profiles [5] showed very
large values (40% at maximum) of Li/C atomic ratio
inside the graphite, however this difference can be
probably caused by the radiation-induced sputtering of
lithium in the sputter Auger measurements. The total
number N (¢) of lithium atoms outside the graphite sur-
face (x <0) is calculated from N(¢) = j?oc c(x,t)dx,
substituting the measured c(x, ¢) in Fig. 2. The values of
N(¢) normalized with the initial value N, are plotted in
Fig. 3.

2.3. Calculation of lithium diffusion loss

The temporal decrease of N(¢) would be easily cal-
culated if the Li diffusion flux through the interface
(x=0) from a lithium layer to the HOPG could be
calculated from the diffusion equation Oc/0t=
D, 8*c/0x? for the lithium concentration c(x, ¢). To solve
this one-dimensional equation, we assume the following
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Fig. 3. Experimental points and theoretical curves for total
number N (¢) of lithium atoms outside the HOPG as a function
of time ¢.

initial conditions at t = 0: ¢ = ¢ for x < 0, and ¢ = 0 for
x > 0. Thus, we assume an initially empty HOPG layer
contacting at x = 0 with a semi-infinite lithium layer of
atomic density ¢y. In addition, as boundary conditions
we assume ¢ =cy at x =0, and 0c/0x =0 at x =d.
Namely, the Li concentration at the interface x = 0 is
equal to the maximum value ¢y, and Li atoms cannot
leave the opposite end of the HOPG layer.

Under these conditions, the diffusion equation can be
solved and yield the following solution [18]:

4oy & 1 C2m+1
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Numerical calculations of Eq. (1) demonstrate that Li
atoms gradually diffuse into the HOPG with the diffu-
sion time of ~(2d/m)*/D. . In steady state (t — o), the
second term on the right-hand side vanishes and hence
¢ = cwm, 1.e., the HOPG is uniformly filled with lithium
up to the maximum level of ¢y, thus forming the stage-
one intercalation compound LiCyg.

If the effect of surface barriers, such as lithium oxide,
is negligible, then the lithium flux diffusing into the
HOPG is given by I'(t) = —D,0c/0x| _,. If one let the
areal density of deposited lithium at = 0 be Ny, then,
the lithium diffusion into the HOPG depletes the lithium
areal density N(¢) outside the HOPG, which can be ex-
pressed as follows: N(f) =N, — [y T'(t)dr. Using the
solution (1), we can calculate N(¢)/N, for the experi-
mental conditions of interest (see the solid lines in Fig. 3).

(1)

X exp
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The model results predict values of N(¢) < 0 since the
deposited lithium (~3-um thick) in the present experi-
ment is only 3% of the Li amount necessary for forming
LiCs of thickness d = 2600 um. The value of D, that
best fits the experimental points for the hydrogen free
HOPG was found to be D, = 2.1 x 107! cm?/s. The
diffusion time scale 7y, i.e., characteristic time of lithium
loss is given by 1, = (2//n)*/D., where [ is the initial
lithium layer thickness and / < d. This D, value for
lithium diffusion is very large in comparison with the
diffusion constant of hydrogen atom in isotropic graphite
at room temperature ~ 5 x 10717 cm?/s [15]. Only few
studies done in the field of lithium-ion batteries have
published the diffusion constants of lithium in graphites
[9-14]. Most of these data, however, refer to in-plane
diffusion constant Dy at high lithium concentration
(LiCq; 100% of ¢np) and high temperatures (~700 K), and
they show a considerable scatter in the range of the
activation energy E, =0.18-1.3 eV. Ref. [13] reports
for diffusion of Li in HOPG at low concentrations
(x < 1, Li,Cq) and high temperatures (1000-1300 K), the
value of Dj = (3 x 10® cm?/s)exp(—1.83 eV/kT) and
the ratio D/D, ~80 at T = 1180 K. From our work we
derive D, at low temperatures (300 K) and low concen-
tration (0-3% of cy). Combining the present value of D
at 300 K with the previous value of D, at 1180 K
available in the literature [13], we obtain an activation
energy E,=026eV and D, = (4.5x 107% cm?/s)
exp(—0.26 eV /kT).

2.4. Influence of hydrogen retention in graphite

The as-received HOPG specimen was exposed to a
hydrogen glow discharge plasma for 60 min until the
hydrogen retention seems to have been saturated: such
saturation is confirmed by monitoring the hydrogen
pressure during the discharge [16]. After then, a ~3-pm
thick lithium layer (Li areal density ~ 1.4 x 10"7 /cm?) is
deposited on the hydrogen-containing HOPG (H areal
density ~ 0.8 x 10'7 /cm?), and subsequently the speci-
men is examined by RBS as in the hydrogen-free case.
When comparing the data with the hydrogen-free case,
the Li-induced hump shrinks more rapidly at the same
observation time. Such behavior is markedly seen in
Fig. 3, where the lithium amount N(¢)/N, outside the
graphite surface is plotted as a function of time. The
lithium deposited on the hydrogen-containing graphite
disappears at ¢ = 18 min while it takes ~36 min in case
of the hydrogen-free graphite. Comparison of the ex-
perimental points with the theoretical analysis by Eq. (1)
suggests a diffusion constant to be D; =4.3 x
1071 cm? /s which is two times larger than that derived
for the hydrogen-free HOPG sample.

There are several effects that could explain the ob-
served hydrogen-enhanced Li diffusion. The hydrogen
glow discharge at 300 V gives the H retention in the

graphite surface layer of ~20 nm in thickness, where
H/C ~ 0.3. In studies carried out in the field of Li-ion
batteries, it was observed that carbon materials con-
taining substantial amount of hydrogen (i.e., H/C ~ 0.2)
can intercalate more Li atoms in proportion to the H/C
atomic ratio [14]. Li atoms are also believed to bind in the
vicinity of H atoms, but it is unlikely that bulk lithium
hydride (LiH) could be formed in graphites [14]. Another
explanation might be that the presence of H induces
an increase in spacing between carbon layers [19], which
will in turn could facilitate Li diffusion. Finally, the Li
diffusion may be accelerated by the formation of surface
and near-surface defects in the HOPG sample formed
during the 60-min hydrogen glow discharge.

3. Implication of lithium interaction in conditioning effects

In present-day fusion machines, graphite or carbon-
based materials often occupy 50-90% of the entire wall
area. In such environment, the deposited lithium layer of
thickness / will rapidly diffuse into the graphite walls in a
time scale of 7, = (2//n)’/D. The effective diffusion
constant D depends on the temperature and the type of
carbon materials and the morphology modified by the
hydrogen plasmas. The D, value of HOPG at 300 K
obtained in the present study could represent a lower
limit, whereas D may be two orders of magnitude larger
than D, . Thus, taking for example / = 100 nm at 300 K,
D, =2x10""" em?/s and Dy =100D,. This gives a
diffusion time in the range 7y = 10 ms—1 s. The Li
density near the graphite surface decreases in time from
¢y to cum, and eventually to ¢, as the time ¢+ — oo. Typical
lithium conditioning effects such as hydrogen gettering
and impurity suppression are expected to be propor-
tional to the surface coverage of lithium (Li concentra-
tion near surface). Therefore, strong lithium effects are
expected only for a short time interval (< 7 ) between the
Li deposition and the plasma discharge. If ¢ > 71, the
lithium effects will be larger for the larger stationary Li
density ¢, (larger Li surface coverage). One could ex-
plain the remarkable Li effects in TFTR taking account
of the short time interval (~1 s), the large c., (~20 g of Li
deposited during five years), and the small value of D due
to the low wall temperature (room temperature). In ad-
dition, the H retention in graphite was thoroughly re-
duced in TFTR by helium discharges before Li
deposition, thus decreasing the Li diffusion constant.

Lithium insertion into carbonaceous materials is
known to occur universally in hundreds of carbon ma-
terials [14]. The Li-induced suppression of physical
sputtering of isotropic graphite [5] cannot be explained
without taking into account of lithium—graphite inter-
calation: TRIM-SP [20] simulation of graphite sputter-
ing shows little change in the carbon sputtering yield
with and without 14% Li (cm). As shown previously [5],
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lithium atoms at the graphite surface act as a barrier for
carbon sputtering. Once lithium atoms are sputtered
away, new Li atoms are promptly supplied to the surface
from the graphite bulk owing to the large diffusion
constant. On the other hand, the lithium conditioning
also suppresses chemical sputtering of graphite as re-
ported previously [6]. In this case, the methane forma-
tion by hydrogen surface reaction on graphite will be
suppressed in proportion to the surface coverage of
lithium over carbon layer.

4. Conclusion

Lithium atoms deeply diffuse into the bulk of
graphite when metallic lithium is deposited on the
graphite surface. This Li—graphite intercalation is es-
sential to explain some of the known lithium condi-
tioning effects observed in tokamaks. Rutherford
backscattering spectrometry enabled to measure the
perpendicular diffusion constant of lithium in the hy-
drogen-free HOPG. The result is expressed as
Dy = (4.5 x 107% cm?/s) exp(—0.26 eV /kT), while the
parallel diffusion constant Dy is about two orders of
magnitude larger than D,. In addition, the presence
of hydrogen in the graphite matrix enhances the value of
D, by a factor of two. A thin layer (thickness /) of de-
posited lithium is absorbed by graphite in a diffusion
time 1, = (2//m)*/D for the effective diffusion constant
D. In order to obtain a marked Li effects, it is recom-
mended that the interval between the lithium deposition
and the main discharge is not longer than 7. Also, one
could make the 7y value large by reducing the H reten-
tion in graphite and by lowering the wall temperature.
Further measurements of diffusion constant of lithium in
isotropic graphite, carbon-fiber-composite and amor-
phous carbon are in progress.
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