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Abstract

Molecular hydrogen absorption into graphite has been studied in order to obtain information on the �true� hydrogen
diffusion coefficient in graphite, oxygen effect and the mechanism of hydrogen trapping, which should be important

issues on estimating hydrogen retention and recycling in plasma facing graphite and CFC. Hydrogen may permeate into

a filler grain in the form of hydrogen molecules, diffuse through crystallite boundaries, and may finally be trapped as

hydrogen atoms at the edge surface of a crystallite. The diffusion coefficient can be given as D ðm2=sÞ ¼ 3:3�
10�10ð�1:3 eV=kT Þ, when the trapping effect does not exist. The simulation with mass balance equations can reproduce
change of apparent diffusion coefficients.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Graphite and carbon-based materials are attractive

candidates for the plasma facing components in current

and the next fusion experimental devices such as ITER

[1,2]. As well known, these materials cause high hy-

drogen recycling and high tritium inventory. Hydro-

gen recycling is one of the critical issues for the next

experimental reactors which will realize long pulse or

steady state operation. Bulk hydrogen retention seems

to dominate the hydrogen retention in graphite and

carbon-based materials at temperatures above 1000 K

[3–5], instead of hydrogen implanted in the subsur-

face region which would be released below the temper-

ature.

From this point of view, numerous studies have been

performed concerning the hydrogen retention in the

bulk of graphite exposed to hydrogen gas and the hy-

drogen diffusion [6–18]. However, in these results, the

amount of the retained hydrogen are significantly de-

pendent on the brands of graphite [11–13], and the

pressure dependences are also quite different in each

study (observed: [7,12,17], not observed: [6]). Moreover,

hydrogen diffusion coefficients in graphite show a dis-

crepancy of five orders of magnitude (to be mentioned in

discussion). Attempts to interpret the complicated phe-

nomena of hydrogen behavior in graphite have been

recently made [18,19], and the nature of hydrogen

trapping is going to be identified.

In the present study, following key issues to estimate

hydrogen bulk retention and hydrogen recycling have

been investigated, which are (1) true diffusion coefficient

of hydrogen in graphite, (2) oxygen effect on hydrogen

retention and diffusion, (3) the mechanism of hydrogen

trapping and detrapping in graphite and (4) modeling

of hydrogen absorption, transport and desorption.

2. Experimental

The specimens used in this study were several brands

of isotropic graphite such as IG-110U, IG-430U, ISO-

880U (Toyo Tanso Co. Ltd.) and ATJ (Union Carbide

Corp.). The specimens used in each measurement were

�6 g consisting of several pieces of 5� 33� 1 mm3

sheets, although the dimensions of the specimen influ-

enced neither hydrogen retention nor the absorption

rate. Prior to hydrogen gas exposure, these specimens

were annealed at a given temperature of 1373–1823 K

for 1 h in vacuum to desorb the occluding gas. After the
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estimation of the annealing effect, the outgassing tem-

perature was fixed to be 1823 K. Hydrogen retention

and absorption rates were evaluated by the pressure

decrease in a constant volume system with a Baratron

capacitance manometer (390H, MKS Inc.) until the

equilibrium state was established (elapsed time: 0.5–

30 h). The pressure range of the experiments was 0.02–

40 kPa. Hydrogen transport in a graphite grain was

simulated by numerical calculation.

3. Results and discussion

3.1. The nature of hydrogen trapping (oxygen effect)

In order to estimate the nature of hydrogen trapping,

hydrogen absorption was examined for graphite samples

having been for long period (nine years) in the air. The

amounts of absorbed hydrogen (hydrogen bulk reten-

tion) were evaluated after 1 h degassing (Fig. 1(a)), and

the apparent diffusion coefficients proportional to ab-

sorption rate constants, D=r2, are shown in Fig. 1(b).

Since the process of hydrogen absorption appears to be

controlled by diffusion process [11,17], absorption rate

constants were defined as the quotient of apparent dif-

fusion coefficient with the square of the size of diffusing

medium (radius of filler grain). After the outgassing

below 1573 K, no hydrogen absorption took place. The

hydrogen absorption started from the outgassing tem-

perature of 1573 K, and the value of the bulk retention

became similar to that of the fresh specimen (produced

and measured in the same year, 1992) after the outgas-

sing at 1823 K. Hydrogen absorption was very rapid for

the sample outgassed at 1573 K. The absorption rate

decreased with increasing of outgassing temperature and

eventually absorption rate became almost equal to the

corresponding value at 1823 K for the fresh sample

studied in 1992. Edge surface of graphite lattice is

chemically active to adsorb various molecules, such as

hydrogen, oxygen, water and organic compounds. Or-

ganic compounds would be desorbed out at relatively

low temperatures, and most of hydrogen released out at

around 1400 K [7,14]. Hence, chemical species desorbed

at higher temperature are generally CO and CO2 [20] (O2

cannot be released from chemically bonded sites, since

the binding energy of C–O is larger than that of C–C),

and trapping sites will bind oxygen atoms. Therefore, if

oxygen atoms forestall to occupy trapping sites, the sites

will not show affinity for hydrogen atoms. Conse-

quently, it will increase diffusion coefficient due to lack

of trapping effects. As described here, trapping sites for

hydrogen atoms should be also for oxygen atoms.

Kanashenko et al. [18] and Chernikov et al. [19] have

suggested that two kinds of trapping sites exist in

graphite, a low-energy site (2.3 eV) and a high-energy

site (4.4 eV). According to their studies, the low-energy

sites correspond to �usual C atoms at the edge of crys-

tallite� due to their energy [21], and the high-energy sites
correspond to �submicroscopic interstitial clusters�. It
seems that the former has pressure dependency and the

latter does not have, since the low-energy trapping will

make equilibrium state of trapping and detrapping ac-

cording to the ambient pressure, on the other hand, the

high-energy sites will trap all of the hydrogen atoms

until the sites become fully occupied. The concentration

of the low-energy trapping sites should be much higher

in graphite, on the other hand, the number of high-

energy trapping sites will increase in graphite samples

irradiated with neutrons or energetic ions. Since the data

were obtained from un-irradiated one and measured at

relatively high pressures in present work, the low-energy

traps must be highly predominant in hydrogen bulk re-

tention. Although, the author have insisted that the

hydrogen retention correlated with the degree of

graphitization, after the paper [15] was published in

1996, he has suggested that hydrogen atoms were trap-

ped at the edge surface of crystallite due to the better

correlation between hydrogen retention and the sur-

face area of prism (edge) plane. It is consistent with the

Fig. 1. Hydrogen bulk retention and apparent diffusion coef-

ficients in graphite having been in the air for a long period

(sample: ATJ, exposure temperature: 1273 K, hydrogen pres-

sure: 14 kPa, outgassed time: 1 h): (a) hydrogen retention and

(b) diffusion coefficients.
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hypothesis proposed by Chernikov et al. [19]. It should

be difficult for an oxygen atom to reach interstitial

clusters from ambience at a low temperature due to its

atomic or molecular size. In conclusion, trapping sites

for hydrogen and oxygen should be edge surface of crys-

tallite.

3.2. Pressure dependence of hydrogen absorption

The author showed that hydrogen absorption rate

had strong dependence on hydrogen exposure pressure

[17]. The hydrogen absorption rates are small at low

hydrogen pressures, and large at high hydrogen pres-

sures. In order to ascertain whether the activation en-

ergies are different at various hydrogen pressures or not,

temperature dependence of absorption rates have been

examined at the lowest and the highest pressures in this

experimental range (Fig. 2). Although the absorption

rates for these two pressures deviate roughly 15 times,

the slopes, i.e. activation energies, are similar value

(roughly 1.3 eV) in the three samples. This indicates the

diffusion process, which controls hydrogen absorption,

does not change between low and high pressures (i.e. low

and high concentration of hydrogen). Since the trapping

is rather deep (i.e. having high activation energy), the

migration of hydrogen appears to be suppressed espe-

cially at low concentration (at low concentration, traps

with binding energy of 2.3–2.9 eV will be effective, but at

extremely low concentration, traps with higher binding

energy of 4.4 eV may affect diffusion).

3.3. Diffusion mechanism

Based on the results obtained from this work, a hy-

drogen transport model in graphite under a relatively

high hydrogen pressure such as >20 Pa has been de-

veloped. Fig. 3 shows a schematic illustration of this

model. In the experiments, hydrogen gas can reach the

surface of each filler grain through open pores keeping

the ambience due to its porous structure. Subsequently,

it will penetrate into filler grain by the mechanism of

diffusion. In the diffusion process, the medium will be

each filler grain. Since the heat of solution of hydrogen

in graphite is 1.13 eV [22], energy difference between

those for ambient hydrogen molecules and trapped hy-

drogen atoms will be this value. The activation energy

of apparent diffusion of hydrogen derived from hydro-

gen absorption experiments is 1.3 eV as mentioned in

the previous section. On the other hand, the activation

energy of apparent diffusion derived from hydrogen

desorption experiments is 2.6 eV (Atsumi et al. [7]) or

2.9 eV (Causey et al. [3]). Considering these energies, any

energy barrier cannot be realized at grain surface, while

an energy barrier can be found at trapping sites. It

suggests that hydrogen can diffuse to trapping sites with

the form of molecule without dissociation at the grain

surface, and then, it is dissociated and bound at trapping

sites.

These phenomena are numerically simulated with the

following mass balance equations referred to the works

by Morita and Tsuchiya [23,24].

dNðr; tÞ
dt

¼ Dr2Nðr; tÞ þ RdNtðr; tÞ

� RtNðr; tÞCðr; tÞ; ð1Þ

dNtðr; tÞ
dt

¼ �RdNtðr; tÞ þ RtNðr; tÞCðr; tÞ; ð2Þ

dCðr; tÞ
dt

¼ RdNtðr; tÞ � RtNðr; tÞCðr; tÞ; ð3Þ

where Nðr; tÞ is the local concentration of free hydrogen
atom, Ntðr; tÞ is that of trapped hydrogen atom, Cðr; tÞ is

Fig. 2. Temperature dependence of hydrogen absorption rates into graphite exposed at different hydrogen pressures: (a) IG-110U, (b)

IG-430U and (c) ISO-880U.
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the concentration of vacant trap, D is the true diffusion

coefficient of free hydrogen, Rd is the thermal detrapping

rate constant for trapped hydrogen and Rt is the trap-

ping rate constant for free hydrogen. The simulation was

performed numerically with 100 divided regions under

an assumption of spherical system (presumed by the

shape of filler grains), while Morita et al. have solved

analytically. If hydrogen diffuses with the form of a

molecule, the surface concentration of free hydrogen,

NðR0; tÞ, will be proportional to the hydrogen gas pres-
sure. Assuming the detrapping to be negligibly small, the

apparent diffusion coefficients could be derived from the

change of the total amount of the trapped hydrogen.

The results are shown in Fig. 4 as a function of the

hydrogen pressure. The experimental data were obtained

from IG-110U (grain radius: 7 lm) at 1273 K [17]. Al-

though there is a discrepancy between the experimental

data and the simulated curve, the change of apparent

Fig. 3. Schematic illustration of the proposed model on hydrogen diffusion in graphite.

Fig. 4. Apparent diffusion coefficients versus hydrogen pressure

and their numerical simulation (sample: IG-110U, temperature:

1273 K, closed circle: experimental value, bold curve: numerical

simulation).

Fig. 5. True hydrogen diffusion coefficients obtained in the

present study and comparison of values reported in Refs. [7,25–

31].
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diffusion coefficients with hydrogen pressure could be

certainly confirmed. In the case, true hydrogen diffusion,

which would correspond to the �crystallite boundary�
diffusion of hydrogen molecules, could be evaluated as

7:5� 10�15 m2/s.

True diffusion coefficients of hydrogen for three

samples are shown in Fig. 5 applying the same estima-

tion to each measuring temperature (1073, 1123, 1173,

1273 and 1323 K) with a comparison of reported diffu-

sion coefficients. Since the data obtained here corre-

spond to �crystallite boundary� diffusion of hydrogen

molecules within each filler grain, the activation energy

is the half of other reported energies and the coefficients

themselves are relatively high. The diffusion coefficient,

D, can be roughly expressed as follows,

D ðm2=sÞ ¼ 3:3� 10�10
�1:3 eV

kT

� �
: ð4Þ

Other reported values in Fig. 5 show high activation

energies (2.3–4.4 eV), which are reflected the trap bind-

ing energy, except two data seemed to show atomic

diffusion within intercalations of graphite lattice [30,31].

4. Conclusions

The hydrogen bulk retention and absorption rates

have been examined for various conditions. And the

diffusion behavior was simulated with numerical analy-

sis. The results are summarized as follows:

(1) Hydrogen would be trapped at the edge surface of

crystallites existing in a filler grain when graphite

samples are exposed to hydrogen gas at relatively

high pressure such as >20 Pa.
(2) The trapping site can also be occupied with an oxy-

gen atom. In such the case, the site will not show af-

finity for a hydrogen atom.

(3) Hydrogen will be able to permeate into a filler grain

with keeping the form of hydrogen molecule and dif-

fuse through �crystallite boundaries�, and finally

trapped at edge surface after dissociation at the

place.

(4) The �crystallite boundary diffusion� can be expressed
as D ðm2=sÞ ¼ 3:3� 10�10ð�1:3 eV=kT Þ when the

trapping effect can be negligible. The value may

change due to the difference of the grain structure,

the manufacturing conditions, the raw materials

and so on.

(5) The absorption and hydrogen transport in graphite

were simulated with mass balance equations. Change

of apparent diffusion coefficients with hydrogen pres-

sure could be well reproduced.
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