
REFERENCES

Anton, D.L. (2003) Hydrogen desorption kinetics in transition metal modified 
NaAlH4. Journal of Alloys and Compound, 356-357, 400-404.

Asakuma, Y., Miyauchi, ร., Yamamoto, T., Aoki, H., and Miyura, T. (2003) 
Numerical analysis of absorbing and desorbing mechanism for the metal 
hydride by homogenization method. Journal of Alloys and Compound. 28, 
529-536.

Bogdanovic, B. and Schwickardi, M. (1997) Ti-doped alkali metal aluminium 
hydrides as potential novel reversible hydrogen storage materials. Journal of 
Alloys and Compound. 253-254, 1-9.

Bogdanovic, B., Brand, R.A., Marjanovic, A., Schwickardi, M , and Toile, J. (2001) 
Metal-doped sodium aluminium hydrides as potential new hydrogen storage 
materials. Journal of Alloys and Compound, 302, 36-58.

Bogdanovic, B., Felderhoff, M., Germann, M., Hârtel, M., Pommerin, A., Schtlth, F., 
Weidenthaler, c., and Zibrowious, B. (2003) Investigation of hydrogen 
discharging and recharging processes of Ti-doped NaAlH4 by X-ray 
diffraction analysis (XRD) and solid state NMR spectroscopy. Journal of 
Alloys and Compound, 350. 246-255.

Cuevas, F., Joubert, J.M., Latroche, M., and Guégan, A.p. (1996) Intermetallic 
compound as negative electrodes of Ni/MH batteries. Applied Physics A. 
72, 225-238.

Gross, K.J., Guthrie, S.E., Takara, ร., and Thomas, G.J. (2000) In-situ X-ray 
diffraction study of the decomposition of NaAlH4. Journal of Alloys and 
Compound. 297, 270-281.

Gross, K.J., Thomas, G.J., and Jensen, C.M. (2002a) Catalyzed alanates for 
hydrogen storage. Journal of Alloys and Compound. 330-332, 683-690.

Gross, K.J., Majzoub, E.,Thomas, G.J., and Sandrock, G. (2002b) Hydride 
Development for Hydrogen Storage. Proceedings of the 2002 บ.ร. DOE 
Hydrogen Program Review. USA.



43

Gross, K.J., Sandrock, G., and Thomas, G.J. (2002) Dynamic in situ X-ray 
diffraction of catalyzed alanates. Journal of Alloys and Compound, 330-332, 
691-695.

Gross, K.J., Majzoub, E.H., and Spangler, ร.พ. (2003) The effects of titanium 
precursors on hydriding properties of alanates. Journal of Alloys and 
Compound. 356, 423-428.

Hottinen, T. (2001) Technical Review and Economic Aspects of Hydrogen Storage 
Technologies. Master degree thesis. Helsinki University of technology, 
Japan.

Jensen, C M., Zidan, R.A., Mariels, N., Hee, A.G., and Hagen, c. (1999) Advanced 
titanium doping of sodium aluminum hydride: segue to a practical hydrogen 
storage material? International Journal of Hydrogen Energy, 24, 461-465.

Jensen, C.M. and Gross, K.J. (2001) Development of catalytically enhanced sodium 
aluminum hydide as a hydrogen-storage material. Applied Physics A. 72, 
213-219.

Majzoub, E.H. and Gross, K.J. (2003) Titanium-halide catalyst-precursors in sodium 
aluminum hydrides. Journal of Alloys and Compound, 356-357, 363-367.

Meisner, G.P., Tibbetts, G.G., Pinkerton, F.E., oik, C.H., and Balogh, M.p. (2002) 
Enhancng low pressure hydrogen storage in sodium alanates. Journal of 
Alloys and Compound, 337, 254-263.

Sandrock, G., Gross, K.J., Thomas, G., Jensen, c., Meeker, D., and Takara, ร. 
(2002a) Engineering considerations in the use of catalyzed sodium alanates 
for hydrogen storage. Journal of Alloys and Compound, 330-332, 696-701.

Sandrock, G., Gross, K.J., and Thomas, G. (2002b) Effect of Ti-catalyst content on 
the reversible hydrogen storage properties of the sodium alanates. Journal of 
Alloys and Compound, 339, 299-308.

Shannon, R.D. (1976) Revised effective ionic radii in halides and chalcogenides. 
Acta Crystallographica. A32, 751.

Slattery, D.K. and Hampton, M.D. (2002) Complex hydrides for hydrogen storage. 
Proceedings of the 2002 บ.ร. DOE Hydrogen Program Review, USA.

รนท, D., Kiyobayashi, T., Takeshita, H.T., Kuriyama, N., and Jensen, C.M. (2002) 
X-ray diffraction studies of titanium and zirconium doped NaAlH4:



44

elucidation of doping induced structural changes and their relationship to 
enhanced hydrogen storage properties. Journal of Alloys and Compound, 
337, 1-2, L8-L11.

รนท, D., Srinivasan, ร.ร., Kiyobayashi, T., Kuriyama, N., and Jensen, C.M. (2003) 
Rehydrogenation of dehydrogenated NaAlH4 at low temperature and 
pressure. Journal of Physical Chemistry B, 107, 10176-10179.

รนท, D., Srinivasan, ร.ร., Chen, G., and Jensen, C.M. (2004) Rehydrogenation and 
cycling studies of dehydrogenated NaAlH4. Journal of Alloys and 
Compound, in press.

Thomas, G.J., Gross, K.J., Yang, N.Y.C., and Jensen, C.M. (2002) Microstructural 
characterization of catalyzed NaAlH4. Journal of Alloys and Compound, 
330-332, 702-707.

Zaluska, A., Zaluski, L., and Strôm-Olsen, J.o. (2000) Sodium alanates for 
reversible hydrogen storage. Journal of Alloys and Compound. 298, 125- 
134.

Zidan, R.A., Takara, ร., Hee, A.G., and Jensen, C.M. (1999) Hydrogen cycling 
behavior of zirconium and titanium-zirconium doped sodium aluminum 
hydride. Journal of Alloys and Compound, 285, 119-122.



APPENDICES

Appendix A Estimating volume of sample holder.

For example: in the purified NaAlEU experiment
Table A1 Pressure data for calculate volume space of the sample holder

Run
No.

Pressure (atm)

Manifold Sample holder
Initial Final Initial Final

1 138.2500 26.8155 1.0000 26.4101
2 138.0010 47.4479 26.4101 46.8930
3 137.1560 64.1930 46.8930 63.8385
4 138.1510 77.9978 63.8385 77.3433
5 139.7480 89.6597 77.3433 88.9043
6 138.7010 98.9320 88.9043 98.1253
7 139.7460 106 6540 98.1253 105.8000
8 139.4960 112.8340 105.8000 112.0300
9 137.9020 117.5680 112.0300 116.8140
10 138.4320 121.5550 116.8140 120.7510

At given Vi = 4.14 cm3, mol of gas in sample holder is calculated by 
substitution all measurement value into Equation (3.4) and estimate the 
compressibility factor from Equation (3.5).
Table A2 Mol balance of two states

Run
No. mol in V1,initial mol inV,. final mol in v 2, final

1 0.02246 0.00455 0.01791
2 0.02242 0.00798 0.01444
3 0.02229 0.01073 0.01156
4 0.02242 0.01297 0.00945
5 0.02269 0.01484 0.00785
6 0.02253 0.01632 0.00621
7 0.02269 0.01752 0.00517
8 0.02262 0.01849 0.00413
9 0.02238 0.01923 0.00315
10 0.02246 0.01985 0.00261



Table A3 Volume of sample holder

P2 , fmal(atrn) v 2
26.4101 17.2939
46.8930 17.6101
63.8385 17.6046
77.3433 17.5595
88.9043 17.5931
98.1253 17.5042
105.8000 17.6083
112.0300 17.5516
116.8140 17.4811
120.7510 17.6600
Average 17.5466
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Appendix B Desorbed and absorbed hydrogen calculation.

Desorbed hydrogen calculation

For example: at 6 mol% ZrCL}-added sample (V2 is given in Table 4.2)
Use equation of state for estimating mol of hydrogen in the sample holder 

and this relation:

wt% = weight of released hydrogen
weight ofNaAlH4(not include doped metal)

20 40 60 80
Temperature, ๐c

y = 0.0006X + 1 
y = 0.0005x+ 1
y = 0.0005X + 1 
y = 0.0004X + 1 
y = 0.0004X + 0.9998

♦  T= 50 C 
■  T= 100 C 
A T= 150 C 
X T= 200 C
• T= 250 C

100 120 140

Figure B1 Approximated Z value at different temperature ranges.



48

Table B1 Calculated capacity from Equation of State with compressibility 
factor

Temperature (๐C) p (atm) mol z wt%
80 0.131432 0.000078 1.000066 0.015575
85 0.161946 0.000095 1.000081 0.018940
90 0.176498 0.000102 1.000088 0.020316
95 0.191058 0.000108 1.000096 0.021649
100 0.182531 0.000102 1.000091 0.020466
105 0.180959 0.000100 1.000090 0.019924
110 0.200832 0.000109 1.000100 0.021803
115 0.213428 0.000115 1.000107 0.023021
120 0.233015 0.000124 1.000117 0.024819
125 0.240578 0.000127 1.000120 0.025408
130 0.283687 0.000147 1.000142 0.029427
135 0.330160 0.000170 1.000165 0.033945
140 0.444386 0.000225 1.000220 0.045050
145 0.569253 0.000285 1.000285 0.057011
150 0.644282 0.000319 1.000322 0.063755
155 0.769148 0.000376 1.000385 0.075213
160 0.844178 0.000408 1.000422 0.081588
165 6.755432 0.003220 1.003378 0.644032
170 7.622529 0.003588 1.003811 0.717551
175 7.747396 0.003605 1.003874 0.721077
180 7.877582 Q.003628 1.003909 0.725587
185 8.102122 0.003690 1.004051 0.737990
190 9.472906 0.004264' 1.004736 0.852893
195 16.918466 0.007501 1.008459 1.500169
200 28.162252 0.012328 1.011265 2.465647
205 34.616389 0.014956 1.013847 2.991194
210 35.737997 0.015273 1.014295 3.054609
215 36.510734 0.015438 1.014604 3.087560
220 37.228321 0.015565 1.014891 3.112986
225 37.801725 0.015635 1.015103 3.128336
230 38.181095 0.015650 1.015272 3.129938
235 38.699335 0.015691 1.015480 3.138167
240 39.003115 0.015711 1.015600 3.142222
245 39.51 1557 0.015730 1.015804 3.146000
250 40.020832 0.015752 1.015908 3.150492



Absorbed hydrogen calculation

For example: at 6 mol% ZrCU doped sample

Table B2 Absorbed mol of TÎ2

Time (min) p (atm) mol Amol
initial 141.6327 0.072281 0.000000

2 141.9816 0.072171 0.000110
4 142.4800 0.072063 0.000218
6 142.8786 0.071978 0.000303
8 143.1777 0.071847 0.000434
10 143.4767 0.071784 0.000497
12 144.0748 0.071526 0.000755
14 144.8223 0.071273 0.001008
16 145.1213 0.071148 0.001133
18 145.4203 0.070958 0.001323
20 145.1213 0.070888 0.001393
22 144.9213 0.070806 0.001475
24 145.8688 0.070709 0.001572
26 146.7659 0.070282 0.001999
28 145.9685 0.070245 0.002036
30 145.0216 0.070395 0.001886
32 144.8223 0.070306 0.001975
34 144.6229 •*0.070280 0.002001
36 144.6229 0.070217- 0.002064
38 144.5233 0.070109 0.002172
40 144.3738 0.070042 0.002239
42 144.3239 0.069893 0.002388
44 144.2242 0.069826 0.002455
46 144.0747 0.069782 0.002499
48 144.0249 0.069675 0.002606
50 143.8754 0.069608 0.002673
52 143.6760 0.069542 0.002739
54 143.6262 0.069457 0.002824
56 143.4767 0.069412 0.002869
58 143.3770 0.069346 0.002935
60 143.2275 0.069301 0.002980



Table B3 Calculated capacity from pressure drop

Time (hr) p (atm) mol wt%
initial 141.6327 0.000000 0.000000

1 143.2275 0.069301 0.845814
2 140.2373 0.067884 1.137367
3 138.0445 0.067024 1.309283
4 136.4996 0.066271 1.459903
5 135.4031 0.065720 1.570211
6 134.4064 0.065272 1.659747
7 133.7087 0.064958 1.706286
8 133.1107 0.064689 1.776290
9 132.5624 0.064500 1.814033
10 132.0641 0.064276 1.858971
11 131.6155 0.064073 1.899435
12 131.2667 0.063916 1.926422
13 131.9178 0.063701 1.930922
14 131.6188 0.063632 1.982429



Appendix c  Amount of doped metal (per 1 g of NaAlH4).

T a b led  Weight of activated species

Doped
metal mol% weight(g)

2 0.088132
ZrCL, 4 0.179938

6 0.275374
9 0.427106

TiCl3 4 0.119135
HfCU 4 0.247299
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