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Abstract-Hydrogen absolption experiments were carried out using zirconium (Zr) and titanium (Ti) in the fore1 of 
a metal sponge, strip and rod to investigate the metal hydride characteristics. The Zr and Ti sponges showed a high 
hydrogen absorption capacity despite a low reaction teraperature. The H/M, wlfich indicates the capacity of hydro- 
gen absorption, was measured at 2.0 for the Zr/Ti sponge at 25 ~ In the case of the Zr/Ti ship and rod, however, the 
hydrogen absorption capacity was very low at 25 ~ The capacity of hydrogen absorption increased with an increase 
in the reaction temperature. When the Ti strip was not activated, the H/M ratio was measured at 0.58. When the Ti 
ship was once and twice activated at 800 ~ for 1 hour, the H/M ratio increased to 1.6 and 1.83, respectively. The hy- 
dr-ogen absorption capacity decreased with the increraent of concentration of helium in hydr-ogen clue to a blmtketing 
effect of metal surface by the helium. A pulverizing phenomenon during the metal hydriding was observed in both 
the Zr/Ti strip and the Zr/Ti rod. However, this pulverizing phenomenon was not observed in the Zr/Ti sponges be- 
cause of their lfigh surface area. 
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INTRODUC TION 

There are a nulilber of potential raethcxls for storing hydrogen. 
A metal hydride form is one of the useful ways of hydrogen storage 
[Holtslander and Yal-askavitcb, 1981]. Recently, many studies have 
been peffomled on hydrogen stol-age and delivery using hydrogen 
storage metals [Reilly and Weswall, 1976; Lee and White, 1984; 
Hwang and Gong, 1991; Kabutomori et al., 1998; Istfiyaraa et al., 
2000]. Many raetals react with hydrogen to fonn solid hydrides, 
but only transition metals have the required properties for hy&ogen 
storage applicatioix The raetals used as a metal hydride include ~ -  
conium and titaniurn. The properties of these metal hydrides that 
make fflera stfitable are very low dissociation pressures at a normal 
temperature, a high capacity for hydrogen, ease of prepaz-ation, and 
stability in air and water at a storage temperature [Holtslander and 
Miller, 1982]. The hydrides of zirconionl, titanium, hafifitan, and 
yttfimn as well as erbionl have been suggested as usefifi for hydro- 
gen storage [Burger and Trevorrow, 1980]. The dissociation pres- 
sure of ~conionl and titanimn hydrides is less fflan 10 -is Pa at 25 ~ 
and less than 5 kPa at 500 ~ however, at 1,000 ~ these hydrides 
are completely dissociated, whereas the hydrides of yttfiarn and 
erbium are extremely stable with dissociation pressures less than 
100 Pa, even at 1,000 ~ Zr and Ti hydrides are suitable for recov- 
erable storage, whereas the hydrides of erbium and yttfiarn are more 
suited for the nonrecovery of hydrogen [Holtslander and Yaraskav- 
itch, 1 981 ]. allother advantage of metal hy&ides is ffleir laxge capac- 
ity for hydrogen. The density of hydrogen in some metal hydrides 
is similar to, or greater than, that of liquid hydrogen [Cox and Wil- 
lianlson, 197 7]. 

Zr and Ti were selected for fffis study since hydrogen is bound 
strongly at a normal storage temperature, and the hydride is easily 
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prepared and can be dissociated to recover hydrogen if reqtmed. 
In the present study, hydrogen absorption experiments by Zr and 

Ti in the fonn of a metal sponge, strip and rod were carried out to 
investigate the characteristics of metal hydrides. The effects of the 
reaction temperature, the type of metal, activation conditions and 
the presence of helium in the hydrogen were investigated. 

EXPERIMENTAL 

This work was performed by using commercial Zr and Ti in the 
form of a metal sponge, strip, and rod. A 3/8 inch 1I) • 150rara 
length of stainless steel tube was used as the reactor for the hydro- 
gen absccption. Tile experimental appm-ams for the hydrogen ab- 
8olption is shown in Fig. 1. Tile expeiiments for the metal hy&iding 
were carried out with the following four steps by using the G E N ~  
PROGRAM developed by Lee et al. [Lee, 1998]: 1) the evacuation 
step for removing the rest gas in the system, 2) the volinne raeas- 

Computer 
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Fig. 1. Experimental apparatus for hydrogen absorption. 
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ureraent step for meastring the flee volmne of the reactol, 3) the 
activation step for removing the surface oxide, and 4) the hydrogen 
absolplion step. The metal surface was cleaned by heatkg (Zr: 1,0(I) 
~ Ti: 800 ~ in a vacutm~ for 1 horn- to dissolve the surface oxide 
and then cooling to the desired reaction temperature. 

The hydrogen absolption capacity was calculated by using the 
following equation. 

P,.V~ P~V~ § P~V, 
T,,, - T,,, ~o T + T, +~g~R 

P~V~ +~2 P A dx P V  
-~ . . . .  +~~ ' + n , R  ..... 

T= W(x) T, " '  

P~V,,, + P~V~ + P~V, +no~R (1) 
T~ T ~  T, 

where Tz:e is the logarithmic mean temperature at x=0, To and 
x L, Tz. 

RESULTS AND DISCUSSION 

Metal hydrides are formed by the direct combination of the metal 
and hydrogen and the reaction is exott~emfic as follows: 

M +2H2<~MHx+Q cal (2) 

where M mid x represent file metal and file appropriate stoichionle- 
try for the reaction of the metak respectively 

Fig. 2 shows the effect of file reaction temperature on file forma- 
tion of a metal hydride using Zr and Ti sponges. From the experi- 
mental results, it was found that file reactic~l rate was vmy fast and 
the reaction was completed wiflN1 less than 5 minutes. The reac- 
tion temperature specified is the initial temperature when the hydro- 
gen was fa-st introduced to the reactor vessel cc~ltaiimg the metal. 
The reactic~ was exothemflc, and the ~nperatare was raised quick- 
ly with lkne. The Zr and Ti sponges showed a high hydrogen ab- 
SOlption capacity at a relatively low reaction telnperature. The H/M 
ratio, which indicates the capacity of hydrogen absorption, was meas- 
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Fig. 2. Effect of the reaction lemperature on the formation of metal 
hydride using Zr and Ti sponges. 
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Fig. 3. Hydriding reactions of Ti-sirip and Ti rod at various reac- 
tion temperatures. 
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Fig. 4. Hydriding l~aclions of Zr  rod at various reaction tempel~- 
hires. 

ured at 2.0 for the Zr sponge at reaction temperatare of 25 ~ The 
H/M ratio was also measured at 2.0 for the Zr and Ti sponges at 
reaction temperatures of 200 ~ and 500 ~ Therefore, the capac- 

ity of hy&-ogen absolption by Zr and Ti sponges was not depend- 
ent on the reaction temperature. However, as shown in Fig. 3 and 
Fig. 4, in the case of the strip and rod types of Zr and Ti rod, the 
hydrogen absorption capacities were very low at 25 ~ However, 
the capacities of hydrogen absoiption inca-eased with an increase in 
the reaction temperature, and the H/M ratio was measured at 1.71 
for the Ti strip, 0.61 for the Ti rod and at 0.99 for the Zr rod at 500 
~ The rate of the reaction for the strip and rod types of Zr and Ti 
was slow compared with that of the sponge, especially at a low ex- 
perimental temperan~re of 25 ~ Because of the bulk form of the 
rod, the diffusion of hy&ogen into the metal appeared to be the rate- 
controlling step in the reaction, and hence a higher temperature was 
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Fig. 5. Effect of metal type on the formation of metal hydride us- 
hlgZr at 500 ~ ~I' ' 
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Fig. 6. Effect of metal type on the formation of metal hydride us- 
big Ti at 500 ~ -i- 10 

B - 1 activation 
required [Holtslander and Miller, 1982]. . ~ " 2 ~ctiv~m 

Fig. 5 md Fig. 6 Row the effect of the metal type on the forma- 05 + " 3 activation 
tion of a metal hydride fixnn Zr md T im a reaction temperature of 
500 ~ respectively. As shovm in ecperknental results, the sponge 00: . . . . . . . . . . . . . .  
typeofZrandTihadahighercapacityofhydrogenabsorptionthan 0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6  
the strip androdtype ~ Z r  md TL From these e~p~imental results, Time(minutes) 
it was found that the rate and capacity of hydride formation reac- 
tion is dependent on the ~rface area available for the reaction. Ac- Fig. 8. I'Xfect of activation on the forinalion at" metal hydride us- 
cording to BET analysis results, the sponge type maerials (5.86x ~ag Zr mip at 500 ~ 
10~m2/g) had ahigher surface ~eathan strip (2.4x104 m2/g) and 
rod (1.1 x 10 -2 m2/g) types materials, reconfima that the sponge type materials have a much higher sur- 

Fig. 7 shows the photograph for the pulverization phenomenon face area than the strip or rod type materials. 
ofZr andTi before and after metal hydriding. As shovm in Fig. 7, Fig. 8 shows the effect of activaion on the formation of metal 
a pulverizing phenomenon during metal hyc~iding vms observed hydride fit)rn a Zr strip at a reaction temperature of 500 ~ When 
in both the Zr/Ii strip and the Zr/Ii rod. However, this pulverizing the Zr strip wag activated once at 1,000 ~ for 1 hour, the HAl ratio 
phenomenon was not observed in the Zr/Ti sponge These results was measured at 1.25. However, the capacity of hydrogen absorp- 
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Fig. 9. Effect of activation on the formation of metal hydride us- 
ing Ti  strip at 500 ~ 

lion increased with the frequency of activation, and in the case of 
three times of activation, the Zr strip had a high capacity of hydro- 
gen absorption, and the H/M ratio was also measured at 2.0. Fig. 9 
shows the effect of activation on the fcmration of metal hydride 
from a Ti strip at a reaction temperature of 500 ~ When the Ti strip 
was not activated, the hydrogen absolption eapadty was low, and 
the H/M ratio was measured at 0.58. But. when the Ti strip was ac- 
tivated once or twice at 800 ~ for 1 horn; the H/M ratio increased 
to 1.6 and 1.83, respectively. From these results, it would seem that 
the activation step for removing the surface oxide is very impor- 
tant, and the metal surface must be clean for a high hydrogen ab- 
solption capacity. 

The major difference in the dleraisby with bitium compared wiffl 
hy&ogen or det~eiium is the effect of helium fi-oln the bitium decay. 
This helium is known to inhibit the hydriding reaction. To investi- 
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Fig. 10. Effect of helium on the formation of metal hydride using 
Ti sponge at 25 ~ 
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Fig. 11. Effect of helium on the formation of metal hydride using 
Ti  sponge at 400 ~ 

gate this effect, Ti sponge was hydrided with hydrogen containing 
0.9 v%, 1.85 v% and 4.3 v% helium, respectively. Fig. 10 and Fig. 
11 show the effect of helium on the metal hydfidmg reaction using 
Ti sponge at 25 ~ and 400 ~ respectively. As shown in the ex- 
perimental results, the hydrogen absorption capadty decreased with 
the increment of conceIm'ation of helium in hydrogeix This effect 
is thong~ht to be due to a Nanketing effect of metal surface by the 
helium, preven~g access to the surface by hydrogen. When the 
helium concei~-ation was 0.9 v%, 1.85 v% and 4.3 v%, the H/M 
ratio at the reaction temperal]Jre of 25 ~ decreased to 1.61, 0.82 
and 0.22, respectively. Howev~; as shown in Fig. 11, when the reac- 
tion temperatue was 400 ~ the effect of  helium for the hydrogen 
absolption decreased, and there is an fffitial rapid absorption ofhy- 
&-ogen followed by a much slower rate of reactioix These results 
are thought to be due to higher diffusion rate of hydrogen than that 
of helium with the increment of reaction temperature. 

CONCLUSIONS 

The sponge type of Zr and Ti showed a high hydrogen absorp- 
t_ic~l capacity at a relatively low reaction terat:erat-ure. The H/M ratio 
was raeasured at 2.0 for both the Zr sponge and Ti sponge at a reac- 
tion temperature of 25 ~ The reaction rate was very fast and the 
reaction was completed in less than 5 rainutes. However, in the case 
of file strip and rod types of Zr and Ti, the hydrogen absorption ca- 
pacifies were very low at a reaction temperature of 25 ~ The sponge 
type of Zr and Ti with a higher surface area reacted more quickly 
than the strip or rod type of Zr and Ti. When the Ti strip was not 
activated, the H/M ratio was measured at 0.58. However, when the 
Ti strip was activated once or twice at 800 ~ for 1 hour, the H/M 
ratio increased to 1.6 and 1.83, respectively The capacity of hydro- 
gen absorption increased with the frequency of activation. It was, 
therefore, established that the activation step for removing the sur- 
face oxide was very important, and the metal surface hadto be clean 
for a high hydrogen absolption capacity. The hy&ogen absoiption 
capacity decreased with the increment of concentration of helium 
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in hy&ogen. This effect is ttlought to be clue to a blaiLke~lg effect 
of metal strface by the helium, preventing access to the strface by 
hydrogen. 

A C K N O W L E D G E M E N T  

This project has been carried out under the Nuclear R&D Pro- 
giam by MO ST. 

N O M E N C L A T U R E  

P : pressure [arm] 
V : volume [ml] 
T : temperab,u-e [~ 
Tz~s : the logarithmic mean temperature at x=0, To and x=L, TL 
n,j, : hydrogen absorption capacity [mole] 
R : gas constant [22400/273] 

Subscripts 
i : initial state 
e : equilibrium state 
at :manifold 
c : connection part from solenoid valve to reactor 
r : reactor 
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