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6.1 Abstract

The segregation o f bulk A1 after the hydrogen desorption may be one o f 
many reasons why there is the incomplete hydrogen re-absorption and the need for 
higher desorption temperature in the subsequent desorption o f  metal-doped NaAlH4. 
In this work, we attempted to improve the reversible hydrogen storage capacity o f 4 
mol% HfCLt doped NaAlH4 by adding 10 wt% co-dopant (activated carbon, graphite, 
and carbon nanotubes) using ball milling technique. It was found that the co-dopants 
significantly affect the hydrogen desorption/re-absorption o f  the hydride. The 
hydrogen re-absorption capacity o f HfCl4 doped NaAlH4 added with the co-dopants 
increases 10-30% as compared with that without a co-dopant, and graphite seems to 
be the best co-dopant among three tested carbon materials. Furthermore, graphite 
also shows the good synergy with other metal catalysts (TiCh, TiC>2, Ti, and V C I 3 ) 

on the reversibility enhancement o f NaAlH4. TiCl3-NaAlH4 added with graphite has 
the highest hydrogen capacity around 4 wt% (H/M). Moreover, the rate o f  hydrogen 
re-absorption o f co-dopant doped samples also increases more than 50% o f that 
without a co-dopant. Thus, it can be postulated that high porosity and large surface 
area o f the co-dopant decrease the segregation o f  bulk A1 after the desoprtion and 
improve hydrogen diffusion in or out from the bulk o f desorbed or re-absorbed 
samples.

6.2 In tro d u c t io n

NaAlH4 (Sodium aluminium hydride) has been considered to be a promising 
solid media for hydrogen storage especially after the discovery by Bogdanovic and 
Schwickardi on the reversibility o f NaAlH4 by doping with small amounts o f metal 
catalysts [1-2]. The modified NaAlH4 with metal catalysts can desorb/re-absorb 
hydrogen at a moderate condition. Metal catalysts in the Group 4 (Ti, Zr, and, Hf)
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seem to be effective dopants in the reaction. TiCl3 by far shows the best catalytic 
activity in the hydrogen desorption/absorption. However, the cycling hydrogen 
storage capacity o f  NaAlH4 doped with metal catalysts is around 1 . 5 - 4  wt%, which 
is lower than the theoretical hydrogen capacity, 5.6 wt% [3-14].

In our previous work, we studied the hydrogen desorption/absorption o f  
NaAlH4 doped with Ti-, Zr-, Hf- 1 or V-compound. The reversible hydrogen capacity 
is around 1.5-3.8 wt% (H/M) based on the only metal hydride weight [12]. One 
reason that the total reversibility o f the desorbed sample cannot be achieved to the 
original state may be because o f the segregation o f bulk A1 after the hydrogen 
desorption. This, in turn, decreases the surface area for hydrogen diffusion. If, 
somehow, the segregation o f A1 could be prevented, which would result in a better 
hydrogen transfer in the A1 bulk, the hydrogen re-absorption in the sample may 
possibly be increased. To achieve that aim, co-doping a porous material with a 
transition metal catalyst in NaAlH4 may be o f help for the quest to obtain high 
hydrogen reversibility. In fact, attempts have been made by doping carbon 
nanostructures with transition metal catalysts in NaAlH4 to improve their hydrogen 
desorption/re-absorption [15-18],

The main objective o f this work is to investigate the effect o f graphite, 
activated carbon, and carbon nanotubes on the hydrogen desorption/absorption of 
metal doped NaAlH4.

6.3 Experimental

6.3.1 Materials
NaAlH4 (90% purity), HfCl4 (98% purity), Ti powder (99.98%, 325 

mesh), and graphite (99.99%) were purchased from Aldrich Chemical. VCI3 (99% 
purity) was purchased from Merck. Ti02  (P25)was ordered from Degtissa. Activated 
carbon was obtained from CALGON, BPL. TiCri (Riedel-de Haën) was obtained 
from vacuum drying o f 12% TiCfr in hydrochloric acid (see detail o f the preparation 
in Chapter 3).

While carbon nanotubes (CNTs) - multi walled type - was 
synthesized and treated with the following method. Prior to experiments, LaNi5
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(Guangzhou Research Institute for Non-Ferrous Metals, China) used as a catalyst 
was treated by stirring with 0.2 M HC1 for 30 min then filtered and washed with 
deionized water. About 2 g o f treated LaNi5 was loaded into a quartz combustion 
boat and placed inside a quartz ณbe located inside a tube furnace. The system was 
sealed and flushed with nitrogen for 10  min, and then the temperature was ramped to 
800°c. Once the temperature was stabilized, the nitrogen flow was cut o ff and liquid 
petroleum gas (LPG, Afrox South Africa) flow was initiated at a flow rate o f 5.8 cm3 

min'1. After 60 min, the LPG flow was terminated and the nitrogen flow was re­
initiated. The sample was then cooled under nitrogen. To purify CNTs obtained from 
the synthesis, 2 g o f  CNTs were added to 100 ml o f 10 M HC1. The mixture was 
sonicated (ultrasonic bath, integral systems, model UMC-20, 50 kHz, 400 watts) for 
1 h and refluxed at 120°c for 3 h. The solid was filtered and washed with deionized 
water until pH value o f the rinsed water was around 6-7, and dried in an oven at 
90°c overnight. Before metal deposition, the purified CNTs were modified through 
oxidation by concentrated HNO3 under ultrasonication for 1 h.

6.3.2 Hydrogen desorption/absorption
All experiments in this study were performed under nitrogen 

atmosphere from a cryogenic source. NaAlH4 was doped with 4 mol% HfCLt together 
with one o f co-dopants including graphite,, activated carbon, and CNTs. An amount 
o f co-dopant is 10 wt%. A centrifugal ball mill (Retsch ball mill model S I00, 
stainless steel vial size 250 ml, stainless balls with 1 cm and 2 cm diameters) was 
used as a mixing means for 20 min with a speed o f  300 rpm.

After the mixing, approximately 1 g o f a sample was placed into a 
thermovolumetric apparatus. The high pressure stainless steel reactor (316SS) was 
heated from room temperature to 280°c via a furnace controlled by a PID 
temperature controller. The K-type thermocouple was placed inside the reactor to 
measure the temperature. The pressure transducer (Cole Parmer, model 68073- 
68074) was used to keep track o f the pressure change resulted from hydrogen 
desorption. For absorption experiments, hydrogen (99.9995%) was used to pressurize 
the high pressure vessel. Hydrogen was re-absorbed at 120°c and 10 MPa for 10 h. 
Once the pressure reading was constant over a period o f time, the data was used to
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calculate the amount o f  hydrogen absorbed on the sample. The released hydrogen 
shown in wt% (H/M) was calculated with respect to only the amount o f NaAlfL} 
while wt% was calculated with respect to the amount o f NaAlH4 plus a metal and co­
dopant in the sample. The same procedure was repeated to investigate the 
reversibility.

Sample characterization was performed using a Rigaku X-ray diffractometer 
at room temperature over a range o f diffraction angles from 28-70 with CuK-alpha 
radiation (40 k v , 30 mA).

6.4 Experimental Results

Figure 6.1 displays the 1st hydrogen desorption o f NaAlFLi doped with 4 
mol% HfCU (HfCLt, Figure 6.1(a)) compared with the one doped with 4 mol% HfCU 
and 10 mol% co-dopant: 4 mol% HfCU + 10 wt% graphite (HfCU+G, Figure 6.1(b)), - 
4 mol% HfCU + 10 wt% activated carbon (HfCU+ AC, Figure 6.1(c)), and 4 mol% 
HfCU + 10 wt% CNTs (HfCU+CNTs, Figure 6.1(d)). The figure shows that the 
samples co-doped with 10  wt% carbon materials release hydrogen at a lower 
temperature (~20 - 40°c lower) than the sample only doped with HfCU (120°C) at 
the initial hydrogen desorption. However, trends o f their hydrogen desorption 
behavior are quite similar. That is the hydride samples decomposes in 2 steps with 
the highest released hydrogen about 4.8 wt% (H/M).

After the first hydrogen desorption, hydrogen was re-absorbed into the 
samples at 120°c with an initial pressure o f 10 MPa for 10 h. Figure 6.2 shows that 
the hydrogen re-absorption rates o f samples doped with HfCU and the carbon 
materials are 50% higher than that o f  the one doped only with HfCU. The initial rate 
o f hydrogen re-absorption were also calculated: 0.012 wt% (H/M) min' 1 for HfCU, 
0.035 wt% (H/M) min'1 for HfCU+G, 0.019 wt% (H/M) min'1 for HfCU+AC, and 
0.032 wt% (FI/M) min' 1 for HfCU+CNTs. The sample co-doped with graphite shows 
the best performance in hydrogen re-absorption using about 4 h to reach the 
maximum hydrogen re-absorption while the ones doped with activated carbon or 
CNTs needs 5 and 6 h, respectively.
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Figure 6.3 shows the hydrogen reversibility in the samples doped with 4 
mol% HfCU and 10 wt% co-dopant compared with the one doped with only 4 mol% 
HfCU. The results reveal that all co-dopants increase the amount o f  the re-absorbed 
hydrogen and decrease the desorption temperature in subsequent cycles compared to 
NaAlH4 doped with only HfCU. An increase about 10-30% o f the re-absorbed 
hydrogen amount from the sample without any co-dopant can be observed. The 
sample with HfCLt and graphite re-absorbs hydrogen up to 3.5 wt% (H/M) and the 
re-absorbed amounts are lower with CNTs (3.2 wt% (H/M)) and activated carbon (3 
wt% (H/M)) while the reversible hydrogen capacity o f the sample without a co- 
dopnat is around 2.6 wt% (H/M). Moreover, the initial hydrogen desorption in the 
subsequent cycle o f  the samples added with activated carbon occurs at the lower 
temperature, 135°c while the one without a co-dopant is at 150°c. Comparison 
between the reversibility o f NaAlH4 co-doped with the carbon materials indicates 
that the stability o f the reversible hydrogen capacity o f the sample co-doped with 
activated carbon is inferior to the other samples, which are co-doped with graphite or 
carbon nanotubes. The reversible capacity o f HfCl4-NaAlH4 co-doped with activated 
carbon tends to decrease with the increase in the number o f cycles.

A possible reason for the improvement o f the hydrogen desorption/re- 
absorption o f NaAlH4 with the co-dopants could be the role o f their physical 
properties (porosity and high surface area) as it is these properties that may help in 
increasing the hydrogen transfer in and out from the bulk sample by decreasing the 
grain aggregation o f  desorbed NaAlH4 as reported by Cento et al. [19]. Moreover, as 
carbon materials are known to posses unique properties as à mixing agent manifested 
through lubrication phenomena and as micro-grinding agent manifested through the 
formation o f carbide species, the co-dopants could facilitate the mixing during the 
sample preparation and increase the hydrogen diffusion hydrogen pathway into the 
desorbed hydride sample.

In addition, the role o f carbon materials may involve with the electronic 
effect to promote the activity o f metal catalysts in the hydrogen desorption/re- 
absorption o f  NaAlH4. The 71-electron of carbon is known to be back-donated to the 
lower energy partially empty d-orbitals o f metal catalyst leading to enhance the 
activity o f catalyst in the reaction [18], Moreover, the hydrogen spillover mechanism
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also facilitates the hydrogen diffusion hydrogen pathway into the desorbed hydride 
sample.

Among the studied co-dopants, graphite exhibits the best activity with the 
transition metal catalysts on the hydrogen desorption/re-absorption o f NaAlH4. The 
different performance o f  each carbon material on the reaction may be explained in 
terms o f carbon structure. The planar carbon structures (graphite) tend to favor easier 
hydrogen penetration during the hydrogen re-absorption than tridimensional ones 
(activated carbon or CNTs) [20]. Moreover, the carbonyl group on the carbon surface 
o f activated carbon and CNTs may partially retard or block hydrogen diffusion into 
the- hydride system i f  an oxide film on the surface is formed. This may cause the 
lower reversibility o f the sample doped with HfCl4 and activated carbon in the 
prolonged cycles.

The XRD patterns o f  H f€l4-NaAlH4, HfCl4+G-NaAlH4, HfCl4+AC- 
NaAlH4, and HfCl4+CNTs-NaAlH4 after desorption and re-absorption in Figures 6.4 
and 6.5 show that products after complete decomposition consist o f NaH, A1 and 
NaCl, while the constituents are NaAlH4, Na3AlH6, Al, and NaCl for the re-absorbed 
hydride. No peak o f other compounds is present from the characterization. This may 
indicate that no new crystal phase was formed after co-doping the carbon materials in 
the hydride system [15-18].

To further confirm the role o f graphite in improving the. reversibility o f 
metal-doped NaAlH4, 10 wt% graphite was also co-doped in VCI3-, metallic Ti-, 
TiC>2-, and TiCfi-doped NaAlH4. Figures 6.6 - 6.9 display the comparison between 
hydrogen desorption in the 1st desorption and 7th desorption o f the samples co-doped 
with graphite and the ones without graphite. It was found that co-doping graphite can 
increase the reversible hydrogen capacity o f NaAlFLt with metal and graphite, 5-70% 
higher than the ones without graphite. Moreover, graphite dramatically influences the 
1st cycle o f hydrogen desorption o f  VCl3-NaAlH4 co-doped with graphite and Ti- 
NaAlH4 co-doped with graphite by decreasing the desorption temperature o f the 
hydride samples. Figure 6.6 reveals that the desorption temperature o f VCl3-NaAlH4 

co-doped with graphite is about 20-40°C lower than the sample without graphite. 
The decrease in the desorption temperature is also observed in the subsequent cycle. 
The reversible hydrogen capacity o f  VCl3-NaAlH4 is increased from 1.5 wt% (H/M)
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to 2.7 w t%  (H /M ) after adding graphite. F igure 6.7 d isplays the e ffec t o f  graphite on 
the hydrogen desorption o f  T i-N a A lH 4. A lthough  adding graphite in  T i-N aA lH 4 

c lea rly  decreases the 1st desorption temperature (~  4 0 °c  lower), a small amount o f  
reversib le hydrogen capacity can be increased from  0.97 w t%  (H /M ) fo r T i-N aA lH 4 

to 1.38 w t%  (H /M ) fo r the one added w ith  graphite. Th is can be in fered that the 
ac tiv ity  o f  m eta l catalyst in  hydrogen dissociation has more in fluence on the 
reversib le hydrogen capacity o f  NaAlFLt. In  the case o f  T i0 2 -N a A lH 4 and T iC h  
added w ith  graphite (F igures 6 . 8  and 6.9), the ir hydrogen desorption behaviors are 
no t changed- a fte r the samples added w ith  graphite. Less than 5%  o f  the reversible  
hydrogen capacity o f  TiC>2 -N aA lH 4  and T iC l3 -N aA lH 4  is increased after adding 
graphite, 3.95 w t%  (H /M ) to 3.99 w t%  (H /M ).

A lthough  dop ing carbon materials can im prove the hydrogen re-absorption  
and increase hydrogen capacity in  the hydride system, they also increase the total 
we igh t o f  the sample. A s the amount o f  released hydrogen o f  the samples were 
calculated w ith  respect to to ta l we igh t o f  sample (พ t% ), i t  was noticed that the 
reversib le hydrogen capacity o f  a ll metal doped N a A lH 4 increases a fter co-doping  
w ith  graphite, except T i0 2 - and T iC l3-N aA lH 4 co-doped w ith  graphite, wh ich are 
low e r than that o f  the sample w ithou t graphite as shown in  F igure 6.10.

6.5 Conc lus ions

A dd ing  carbon materia ls (graphite, activated carbon, and CNTs) 
s ign ifican tly  im prove the hydrogen re-absorption rate and increase the reversible  
hydrogen capacity o f  metal doped N aA lH 4. The hydrogen re-absorption capacity o f  
metal-doped N a A lH 4 added w ith  the co-dopants increases 5-70%  from  that w ithou t a 
co-dopant, and graphite seems to be the best co-dopant. M oreover, the co-dopants 
catalyze the hydrogen desorption o f  N a A lH 4 by  low e ring  20-40°C  o f  the desorption  
temperature. I t  may be explained that the h igh  po ros ity  and large surface area o f  the 
co-dopant w ou ld  decrease the segregation o f  A1 bu lk  after the desorption and 
im prove the hydrogen d iffu s ion  in /ou t from  the bu lk  o f  desorbed/re-absorbed  
samples. M oreover, carbon materials m igh t invo lve  w ith  the electronic effect to
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promote the a c tiv ity  o f  metal catalysts in  the hydrogen d issocia tion in to the desorbed 
hydride.
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Figure 6.1 Corre la tion between temperature and hydrogen released during the 1st 
hydrogen desorption .of doped N a A lH 4: a) 4 m o l%  H fC l4, b ) 4 m o l%  H fC l4 +  10 
w t%  graphite, c) 4 m o l%  H fC l4 +  10 w t%  activated carbon, and d) 4 m o l%  H fC l4 + 
10 w t%  CNTs.
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Figure 6 .2  T h e  h y d ro g e n  re -a b s o rp t io n  ra te  in  th e  3 r<J c y c le  o f  d o p e d  N a A lH 4: a ) 4

m o l%  H fC U , b )  4  m o l%  H f C l4 +  10  w t%  C N T s ,  c ) 4  m o l%  H f C l4 +  10 w t%
a c tiv a te d  c a rb o n , and  d ) 4  m o l%  H f C l4 +  10  w t%  g ra p h ite .
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F ig u re  6.3 C o rre la tion  between temperature and hydrogen released compared  
between the 1st desorption and the subsequent desorptions o f  doped NaAlHz): a) 4 
m ol%  HfCL}, b ) 4 m o l%  HfCLt + 1 0  w t%  graphite, c) 4 m o l%  H fCLt + 1 0  w t%  
activated carbon, and d) 4 m o l%  H fC U  + 10 w t%  CNTs.
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F ig u re  6.4 X R D  patterns o f  a) H fC l4 -N aA lH 4, b) H fC l4  +  G -N a A lH ^  c) HflCLt +  
A C -N aA lH 4, and d) H fC l 4 +  C N Ts -N aA lH 4 after the hydrogen desorption.
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F igu re  6.5 X R D  patterns o f  a) 4 m o l%  H fC l4 -N aA lH 4, b ) H fCLt + G -N aA lH 4, c) 
H fC l4 + A C -N a A lH 4, and d) H fC l4 + C N Ts-N aA lH 4 a fte r hydrogen re-absorption.
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F igu re  6.6 Corre la tion between temperature and hydrogen released du ring  the 1st 
desorption o f  doped N aA lfL t between: a) 4 m o l%  VCI3 and b ) 4 m o l%  VCI3 + 10 
w t%  graphite, and in  the 7th desorption: c) 4 m o l%  VCI3 and d) 4 m o l%  VCI3 + 10 
w t%  graphite.
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F ig u re  6.7 Correlation between temperature and hydrogen released during the 1st 
desorption o f doped NaAlH4 between: a) 4 mol% Ti and b) 4 mol%. Ti + 10 wt% 
graphite, and in the 7th desorption: c) 4 mol% Ti and d) 4 mol% Ti + 10 wt% 
graphite.
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F ig u re  6.8 Correlation between temperature and hydrogen released during the 1st 
desorption o f doped NaAlH4 between: a) 4 mol% Ü O 2 and b) 4 mol% TiC>2 + 10 
wt% graphite, and in the 7th desorption: c) 4 mol% TiC>2 and d) 4 mol% TiC>2 + 10 
wt% graphite.
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F ig u re  6.9 Correlation between temperature and hydrogen released during the 1st 
desorption o f doped NaAlH4 between: a) 4 mol% TiCh and b) 4 mol% TiCb + 1 0  
wt% graphite, and in the 7th desorption: c) 4 mol% TiCU and d) 4 mol% ÜCI3 + 10 
wt% graphite.
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F igu re  6.10 Hydrogen capacity calculated on the basis o f the total weight o f 4 mol% 
metal-NaAlH4 (light block) and 4 mol% metal-NaAlH4 co-doped with graphite (dark 
block).
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