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a  b  s  t  r  a  c  t

On-demand  hydrogen  generation  from  the  hydrolysis  reactions  of  chemical  hydrides  has  gained  ever-
increasing  attention  as a  promising  approach  for  providing  mobile/portable  hydrogen  sources.  In  this
paper,  we  report  a new  chemical  hydrogen  storage  system  that  is  composed  of  sodium  borohydride
(NaBH4)/aluminum  (Al)/sodium  hydroxide  (NaOH)  solid  powder  mixture  and  aqueous  solution  of  cobalt
chloride  (CoCl2). Hydrogen  generation  can  be readily  controlled  by  regulating  the  contact  of  the  aque-
ous  solution  with  the  solid  powder  mixture.  In  comparison  with  the  conventional  NaBH4/H2O  or  Al/H2O
systems,  the  newly  developed  dual-solid-fuel  system  exhibits  distinct  advantages  in  hydrogen  storage
ydrolysis reaction
odium borohydride
luminum powder
atalyst

density,  hydrogen  generation  rate  and  fuel  conversion.  Additionally,  the  dual-solid-fuel  system  shows  sat-
isfactory transient  response.  The  factors  influencing  the  hydrogen  generation  performance  of  the  system
were studied.  The  reaction  by-products  were  characterized  using  powder  X-ray  diffraction  and  Fourier
transform infrared  spectroscopy  techniques.  Our  study  demonstrated  a  high-performance  dual-solid-fuel
hydrogen  generation  system,  and  may  lay  a  foundation  for developing  practical  hydrogen  generators  for
mobile/portable  applications.
. Introduction

The widespread use of hydrogen as a clean alternative to fos-
il fuels is severely hampered by the lack of safe and efficient
eans for hydrogen storage. The past decades have witnessed

umerous efforts in developing solid-state hydrogen storage
aterials/technologies. However, extensive studies of various

nterstitial metal hydrides, complex metal hydrides and physisor-
ents have led to no viable system that can reversibly store >5 wt.%
ydrogen under conditions that are relevant to the practical opera-
ion of proton exchange membrane fuel cell (PEMFC) [1].  Recently,
hemical hydrides have gained ever-increasing attention as an
mportant alternative to the reversible approach [2,3]. In compar-
son with the reversible hydride materials, on-demand hydrogen
eneration (HG) from chemical hydrides in conjunction with off-
oard spent fuel regeneration appears to provide a more realistic
olution for near-term hydrogen storage applications.

Catalyst

aBH4 + (2 + x)H2O −→ NaBO2 · xH2O + 4H2 ↑ +210 kJ (1)

Sodium borohydride (NaBH4) is a representative chemical
ydride. Its hydrolysis reaction following Eq. (1) (where x denotes

∗ Corresponding author. Tel.: +86 24 2397 1622; fax: +86 24 2389 1320.
E-mail address: pingwang@imr.ac.cn (P. Wang).

920-5861/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.10.094
© 2010 Elsevier B.V. All rights reserved.

the excess of water) can be significantly accelerated by using metal
catalysts or acid promoters, and decelerated or even terminated by
adding alkaline stabilizer. The alkaline-stabilized aqueous solution
of NaBH4, in combination with the supported catalysts, there-
fore constitutes a controlled HG system. NaBH4-based hydrolysis
systems possess a series of advantages that merit their potential
applications as mobile or portable hydrogen sources, including sat-
isfactory reaction controllability, mild operation temperature, safe
fuel storability, negligible environmental impact and minimized
pretreatment requirement prior to feeding PEMFC end-user [2,3].
In the past decade, numerous efforts have been directed towards
the development of NaBH4-based HG system, which resulted in sig-
nificant progress in synthesis of high-performance catalyst [4–7],
device design [5,8,9],  and regeneration chemistry [10,11]. However,
even with the aid of these technological advances, the NaBH4-
based hydrolysis system is still greatly limited in the vehicular
applications. One major problem is the low hydrogen density, due
primarily to the solubility limitations of NaBH4 and sodium metab-
orate (NaBO2) by-product in aqueous solution [12], as well as
the “dead weight” H2O which exists in the form of NaBO2·xH2O.
According to the thermodynamic modeling study by Shang and
Chen [13], the “optimum” hydrolysis system containing 8.5 wt.%

NaBH4/5 wt.% NaOH at 25 ◦C gives a material-based hydrogen den-
sity of 1.8 wt.%. This is only 1/6 of the theoretical value (10.8 wt.%)
that is generated from the stoichiometric hydrolysis reaction fol-
lowing Eq. (1) (x = 0). Another major drawback that limits the

dx.doi.org/10.1016/j.cattod.2010.10.094
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:pingwang@imr.ac.cn
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ractical application of NaBH4 is its prohibitively high cost. The
urrent price of commercial NaBH4 gives rise to an equivalent
ydrogen cost of around US$200 per kg H2, nearly two orders
f magnitude higher than the DOE’s US$2–3 per kg H2 goal
14]. Whereas cost reduction is expectable through technology
nnovation in regenerating borate back to borohydride, NaBH4 is
pparently disqualified as a competitive transportation fuel for the
ear-term application [15].

Quite recently, two strategies have been employed in develop-
ng energy- and cost-effective chemical hydrogen storage systems.
ne is to directly use chemical hydrides as solid fuel to overcome

he solubility limitation. When hydrogen is needed, the aqueous
olution of catalysts [16,17] or acids [18,19] is regulated to contact
ith the solid fuel. Alternatively, addition of water to the premixed
ixture of solid fuel and catalyst was also practiced [17,20–22].
s a consequence of the reduced water amount, the newly devel-
ped systems possess much higher hydrogen density than the
onventional hydrolysis system [16–22].  The other strategy is to
se cheap materials, e.g. aluminum (Al) [23] or its alloys [24], as a
ater-splitting agent for generating hydrogen. Al reacts with water

o generate hydrogen gas following Eq. (2) at ambient condition.
lthough the gravimetric hydrogen density is relatively low (with

 theoretical value of 3.7 wt.%),

l + 3H2O
NaOH−→ Al(OH)3 ↓ +1.5H2 ↑ +426.5 kJ (2)

he resource abundance and the low cost of Al (US$2.4 per kg
rimary Al) make Al/H2O system promising for hydrogen storage
pplications [25]. In the study of the Al/H2O system, a central issue
s how to solve the self-restraining problem that originates from
he formation of a coherent and adherent oxide layer on the Al
urface. A number of reaction-promoting approaches are under
nvestigation to address this problem. It has been demonstrated
hat additions of hydroxides [26], metal oxides [27] or selected
alts [28] can effectively disrupt the passivation layer. Alternatively,
lloying Al with low melting point metals has proven an effec-
ive approach for inhibiting the formation of a coherent passivation
ayer [29,30].

In the present study, we employ a combination of the two
trategies to develop a new HG system, which is composed of
aBH4/Al/NaOH powder mixture and cobalt chloride (CoCl2) aque-
us solution. On-demand HG can be readily achieved by regulating
he addition of CoCl2 aqueous solution to the solid powder mixture.
n comparison with the conventional NaBH4- or Al-based systems,
he newly developed dual-solid-fuel (NaBH4 + Al) system exhibits
ignificant advantages on HG rate and fuel conversion. Additionally,
he dual-solid-fuel system shows favorable performance in terms
f hydrogen density and transient response. The combination of
hese advantages makes the (NaBH4 + Al)/H2O system promising
or mobile/portable hydrogen source applications.

. Experimental

NaBH4 (96% purity), Al powder (100–200 mesh, 99% purity),
aOH (98% purity) and hydrated cobalt chloride (CoCl2·6H2O, 99%
urity) were purchased from Sinopharm Chemical Reagent Corp.
nd used as received. Deionized water was used in preparation of
ll the aqueous solutions. The NaBH4/Al/NaOH powder mixtures in
aried mass ratios were hand-milled using agate mortar and pestle
n an Ar (99.999%)-filled glove box.

Fig. 1 presents a schematic diagram of the experimental setup
sed for the measurement of HG properties. The catalytic hydroly-

is reaction was carried out in a 250 mL  three-neck flask, wherein
he precisely weighed solid fuel was preloaded. A CoCl2 aque-
us solution with desired concentration was  fed into contact
ith the solid fuel in the reactor using a pressure-equalizing
Fig. 1. Schematic diagram of experimental setup.

dropping funnel. Typically, the dropping rate of the aqueous solu-
tion was controlled at around 3 g min−1, which ensures a reliable
comparison of the HG dynamics of different systems. The gener-
ated hydrogen gas passed through a heat exchanger to cool to
room temperature followed by contacting with a silica drier to
remove water vapor. The HG rate was  measured using an online
mass flow meter (Sevenstar Huachang, MFM  D07–7BM, accuracy
within ±2%) that was  equipped with a computer. The HG vol-
ume was calculated by integrating the measured HG rate over
time. The reaction temperature was  monitored using a thermo-
couple embedded in the solid fuel bed and recorded using an
online recorder. For each solid fuel composition, the experiment
was  repeated two times. The determined relative error was  no more
than ±3%.

The solid by-products of the hydrolysis reaction were ana-
lyzed by powder X-ray diffraction (PXRD, Rigaku D/MAX-2500,
Cu K� radiation) and Fourier transform infrared spectroscopy
(FTIR, Bruker TENSOR 27, MCT  detector). Elemental analysis was
performed using inductively coupled plasma-atomic emission
spectrometry (ICP-AES, Iris Intrepid).

3. Results and discussion

3.1. Hydrogen generation dynamics

Both NaBH4 and Al (or its alloys) have been extensively studied
as potential fuel for HG. In the present study, we constituted a new
HG system that was  composed of NaBH4/Al/NaOH powder mixture
and CoCl2 solution. The NaOH additive acts to disrupt the aluminum
oxide (Al2O3) layer on the Al surface following Eq. (3).  Its addition
amount varied with Al amount, but with the NaOH: Al mass ratio
fixed at 1:5.

Al2O3 + 2NaOH + 3H2O → 2NaAl(OH)4 (3)

The selection of CoCl2 as a catalyst is based on its well estab-
lished promoting effect on the hydrolysis reaction of NaBH4 [31,32].
According to Levy et al. [32], CoCl2 aqueous solution reacts with
NaBH4 following Eq. (4), resulting in the formation of catalytically
active Co2B, which appears as a black precipitate in the aqueous
solution.

CoCl2 + 2NaBH4 + 3H2O → 0.5Co2B ↓ + 2NaCl + 1.5HBO2

+ 6.25H2↑ (4)

As shown in Fig. 2(a), contact of aqueous solution of CoCl2 with
NaBH4/Al/NaOH powder mixture initiates rapid hydrogen release.
The system reached its maximum HG rate of 4.8 L min−1 after a

duration of around 0.5 min, and completed ∼90% fuel conversion
after 3 min. As the exothermic reaction proceeded, the temperature
of the fuel slurry promptly increased to around 100 ◦C, followed
by a gradual temperature decrease. The elevated system temper-
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Fig. 2. A comparison of HG rate (top), fuel conversion (middle) and system temper-
ature (bottom) among the systems. (a) 1.0 g of NaBH4, 0.5 g of Al powder, 0.1 g of
N
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aOH and 3 g of 5 wt.% CoCl2 aqueous solution; (b) 1.0 g of NaBH4, 0.1 g of NaOH
nd  2.0 g of 7.5 wt.% CoCl2 solution; (c) 0.5 g of Al powder, 0.1 g of NaOH and 1.0 g of

 wt.% CoCl2 solution.

ture causes water evaporation, which makes the water supply
eficient to react with the solid fuel. This is one possible reason
or the incomplete fuel conversion.

For comparison, the corresponding results of the systems con-
aining individual NaBH4 or Al solid fuel are included in Fig. 2(b) and
c), respectively. It was found that, even with the presence of NaOH
tabilizer, addition of CoCl2 solution can significantly accelerate the
ydrolysis reaction of NaBH4 (NaBH4:NaOH = 10:1, the addition of
aOH is to improve the storability of NaBH4 solid fuel and to ensure

 reliable property comparison). Here, to ensure the same catalyst
ontent in the two systems, the CoCl2 concentration in the NaBH4-
ased system was increased to 7.5 wt.%. It was found that the HG
ate of the NaBH4 system is significantly lower than that of the
aBH4 + Al dual-solid-fuel system. Among the three systems exam-

ned, the Al/H2O reaction system shows the worst HG performance.
nly at the initial stage does the Al/H2O reaction system show

−1
n appreciable HG rate, with a maximum value of 482 mL  min .
fter 2.5 min, the Al/H2O reaction largely terminated, resulting in a

uel conversion of only 34%. Evidently, it is the surface passivation
hat inhibits the Al/H2O reaction, indicating that the applied alka-

able 1
heoretical and experimental hydrogen densities and fuel conversions of the (NaBH4 + Al

Al:NaBH4 (mass ratio) Al/(Al+NaBH4) (wt.%) Hyd

The

0:1 0 7.2 

1:3  25 6.2 

1:2  33 5.9 

1:1.5 40  5.6 

1:1  50 5.3 

1.5:1  60 4.9 

2:1  67 4.6 

3:1  75 4.3 

1:0  100 3.5 

ote: (a) The mass of water required to fully react with the solid fuels following Eqs. (1) (x
aBH4 ∼ 1.9 g H2O → 0.21 g H2 (2.37 L, STP), 1 g Al ∼ 2 g H2O → 0.11 g H2 (1.24 L, STP). (b) T
nd  NaOH is 5:1, CoCl2 concentration is fixed at 5 wt.%.
ay 170 (2011) 50– 55

line concentration is insufficient for disrupting the in situ reformed
passivation layer on the surface of Al powder.

Comparison of the HG performances of the three systems clearly
indicates that the dual-solid-fuel system involves a synergetic pro-
moting mechanism [24]. Fundamentally, it should be understood
from the coupling effects of the following aspects: the catalytic
hydrolysis of NaBH4 results in elevated alkalinity of the aqueous
solution [31], and thereby promoting the Al/H2O reaction through
disrupting the passivation layer. As the highly exothermic Al/H2O
reaction proceeds, the solution temperature is further increased,
which in turn promotes the hydrolysis reaction of NaBH4. In addi-
tion, the in situ formed Co2B fine particles may  play dual roles in the
HG process. Besides its catalytic effect on the hydrolysis reaction of
NaBH4, Co2B particles may  deposit on the Al powder surface and
function as a cathode of a micro-galvanic couple. This will reduce
the hydrogen overpotential, thereby accelerating the corrosion of
metallic Al [33]. Currently, the detailed studies are still ongoing
to further the mechanistic understanding of the HG process of the
(NaBH4 + Al)/H2O system.

The HG performance of the (NaBH4 + Al)/H2O system was  found
to be highly dependent on the system composition. In an effort to
optimize the system composition, we  firstly examined the effect
of the solid fuel component ratios on the HG performance of the
system. Table 1 summarizes the hydrogen densities and fuel con-
versions of the systems with varied Al and NaBH4 mass ratios.
Partial substitution of NaBH4 by Al results in a decrease of the theo-
retical hydrogen density of the system, owing to the low hydrogen
density of the Al/H2O reaction system. But on the other hand, partial
replacement of NaBH4 by Al powder was found to exert a positive
effect on the fuel conversion under the applied experimental con-
ditions. This, to a certain extent, compensates for the hydrogen
capacity loss. For the systems containing 25–50 wt.% Al powder
relative to the total weight of NaBH4 + Al mixture, the material-
based hydrogen densities ranging from 5.8 to 4.9 wt.% has been
experimentally demonstrated. Here, the hydrogen densities were
determined on the basis of the total weights of the solid and liquid
fuels. In an overall consideration of hydrogen density, fuel conver-
sion and material cost, we  selected the solid fuel with a mass ratio
of Al:NaBH4 = 1:2 for further investigation.

Next, we examined the effect of catalyst amount on the HG per-
formance of the system. Fig. 3 presents the HG kinetic curves of
the systems composed of 1 g of NaBH4, 0.5 g of Al, 0.1 g of NaOH,
and 3 g of aqueous solution of CoCl2. The sole variable in the set
of experiments is the CoCl2 concentration in the aqueous solution.
As expected, increasing the CoCl2 concentration results in increas-
ingly pronounced improvement on the HG kinetics, as well as the

elimination of the induction period that was observed in the system
without catalyst. For the system using a 5 wt.% CoCl2 aqueous solu-
tion, 90% fuel conversion was accomplished within 3 min. When the

)/H2O systems containing different solid fuel component.

rogen density (wt.%) Fuel conversion (%)

oretical Experimental

6.2 86
5.8 93
5.4 91
5.2 92
4.9 93
4.4 90
4.2 91
3.8 89
1.2 34

 = 2) and (2), respectively, and the theoretical hydrogen amounts are as follows: 1 g
he mass ratio of solid and liquid fuels is 1:2 for all the systems, the mass ratio of Al
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ig. 3. Effects of CoCl2 concentration on the HG volume and fuel conversion of the
ystem composed of 1.0 g of NaBH4, 0.5 g of Al powder, 0.1 g of NaOH and 3 g of CoCl2
queous solution.

oCl2 concentration was  increased to 15 wt.%, the system largely
ompleted the HG within 1.5 min. However, increased catalyst con-
entration does not give rise to further increase of fuel conversion.

 similar observation was also reported by Zhang and Mohring in
heir study of H2SO4-catalyzed hydrolysis of solid NaBH4 system
19]. Presumably, this should be ascribed to a mass-transfer-limited
henomenon that is associated with the insufficient water supply.
dditionally, the foaming by-products become the predominant
onstituent of the system at the late reaction stage, which may
ccumulate on the solid fuel powder surface and block the contact
f the unreacted solid fuel with the residual water.

In the (NaBH4 + Al)/H2O system, high fuel conversion is achiev-

ble through moderately increasing the water supply. As shown in
he top of Fig. 4, a 100% fuel conversion was achieved when the
mount of 5 wt.% CoCl2 aqueous solution was increased to over

ig. 4. Effects of water amount on fuel conversion (top) and hydrogen density (bot-
om) of the system composed of 1.0 g of NaBH4, 0.5 g of Al powder and 0.1 g of NaOH.
he  CoCl2 concentration was  fixed at 5 wt.%.
Fig. 5. FTIR spectrum of the reaction by-products. The HG system is composed of
1.0  g of NaBH4, 0.5 g of Al powder, 0.1 g of NaOH, and 3 g of 5 wt.% CoCl2 aqueous
solution.

5 g. But meanwhile, increased water supply results in a decrease
of hydrogen density of the system, as seen in the bottom of Fig. 4.
An overall consideration of fuel conversion and hydrogen density
suggests that, for the NaBH4 + Al solid fuel in a 2:1 mass ratio, a
doubled water supply of the mass of solid fuel is optimum. As seen
in Table 2, thus-constituted system possesses a favorable combi-
nation of high hydrogen density (5.4 wt.%), high fuel conversion
(over 90%) and rapid HG dynamics (4.8 L min−1), which are com-
parable to the best performances of NaBH4-based HG systems, and
much better than those of Al-based HG systems. Importantly, the
NaBH4 + Al dual-solid-fuel system shows advantage over NaBH4-
based systems on the hydrogen production cost, which benefits its
potential applications.

3.2. By-products analysis

The system composed of 1 g of NaBH4, 0.5 g of Al, 0.1 g of NaOH,
and 3 g of 5 wt.% CoCl2 aqueous solution was  selected for by-
products analysis. The by-products of the reactions were collected
and dried under vacuum at 75 ◦C for 24 h. The obtained grey solid
powder was characterized by FTIR. As shown in Fig. 5, the character-
istic B–O, Al–O stretching bands were clearly identified in the region
of 900–1500 cm−1, indicative of the formation of B–O, Al–O com-
pounds [34]. As expected, the O–H stretching, H–O–H deformation
and H–O–B deformation bands were also identified, which is con-
sistent with the formation of hydrated by-products. Additionally, it
was  noticed that the characteristic B–H stretching band of NaBH4
at 2280 cm−1 completely disappeared in the IR spectrum [10]. This
finding suggests that the residual solid fuel that is responsible for
the 90% conversion should be predominantly Al powder.

Fig. 6 presents the XRD pattern of the reaction byproducts.
As expected, NaBO2·2H2O (JCPDF card 06–0122) and Al(OH)3
(JCPDF card 15–0136) were identified as the major by-products
of the hydrolysis reaction of NaBH4 and the Al/H2O reaction,
respectively. Additionally, the XRD pattern shows the presence
of small amounts of NaBO2·4H2O (JCPDF card 20–1078), Na2B4O7
(JCPDF card 15–0136), NaOH·H2O (JCPDF card 30–1194), and
Na2CO3·10H2O (JCPDF card 01–0938) by-products. Here, the crys-
talline Na2B4O7 and Na2CO3·10H2O were not generated in the
hydrolysis reaction, but they are the products from the reactions of

the NaBO2 by-product and NaOH stabilizer with CO2 in air following
Eqs. (5) and (6),  respectively [16]. Na2CO3 subsequently hydrated
with H2O to form Na2CO3·10H2O. Notably, no diffraction peak of
Al was identified in the XRD pattern, whereas its presence is sug-
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Table 2
A comparison of hydrogen generation performances of the NaBH4 + Al dual-solid-fuel system and the relevant single-solid-fuel systems.

Systems Materials and operating conditions HG rate (L min−1) Fuel
conversion (%)

Hydrogen
density (wt.%)

Ref.

NaBH4/Al/H2O 1.0 g NaBH4(s)/0.5 g Al/0.10 g NaOH/3.0 g 5 wt.% CoCl2
solution, 0.1 MPa

4.8 91 5.4 This paper

NaBH4/H2O 1.0 g NaBH4(s)/0.10 g NaOH/2.0 g 7.5 wt.% CoCl2
solution, 0.1 MPa

3.5 86 6.2 This paper

1.02  g NaBH4(s)/0.2 g CoCl2/1.5 g H2O, 0.1 MPa – 81.2 6.7 [16]
1.14  g NaBH4(s)/0.14 g Co2+–IR120/2.0 g H2O, 0.1 MPa  0.67 91 6.7 [20]
1.2  g NaBH4(s)/0.48 g Ni–Ru/2.3 g H2O, 1.26 MPa 11.6 98 6.3 [22]

Al/H2O 0.5 g Al/0.1g NaOH/1.0 g H2O, 0.1 MPa  0.48 34 1.2 This paper
0.20  g 30 vol% Al–70 vol% �-Al2O3/270 g H2O at 22 ◦C, 1.3 × 10−3 100 – [27]

0.53 85.4 – [30]
0.24 71 – [34]
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0.1 MPa
1.0  g Al–10 wt.%Bi–5 wt.% NaCl alloy/10 g H2O, 0.1 MPa  

0.2  g Al/75 mL  0.1 M Na2SnO3 at 75 ◦C, 0.1 MPa  

ested by the combination of the HG property examination and
TIR results. Most probably, the invisibility of crystalline Al in the
RD analysis originates from its “encapsulation” by the accumu-

ated by-products. In this regard, detailed microstructural studies
ay  provide conclusive evidence.

NaBO2 + CO2 → Na2B4O7 + Na2CO3 (5)

aOH + CO2 → Na2CO3 + H2O (6)

In the present study, CoCl2 was used as a catalyst. But the
RD examination of the reaction by-products cannot detect any
o-containing crystalline phase. In an effort to characterize the
atalytically active species, we treated the by-products by using
agnetic separation technique and examined the separated mate-

ial by XRD and elemental analysis. As shown in Fig. 6(b), the
eparated black powder possesses an amorphous structure. Quan-
itative elemental analysis by using ICP-AES determined that the

aterial is composed of 91.3 wt.% Co and 8.7 wt.% B, correspond-
ng to a formula of Co1.93B. These results agree well with the early
bservation of Schlesinger et al. [31].

.3. “Start–stop” hydrogen generation dynamics

Transient response is a key aspect in evaluating the performance
f a practical hydrogen generator. In the present system, CoCl2

queous solution was used as a HG controlling agent. The transient
esponse property was examined by measuring a discontinuous
G process that involved repetitious start/stop of the addition of
oCl2 aqueous solution. As shown in Fig. 7, instantaneous HG was

ig. 6. (a) XRD pattern of the reaction by-products of the system composed of 1.0 g
f  NaBH4, 0.5 g of Al powder, 0.1 g of NaOH, and 3 g of 5 wt.% CoCl2 aqueous solution;
b)  XRD pattern of the substance that was separated from the reaction by-products
sing magnetic separation technique.
Fig. 7. “Start/stop” HG dynamics profile of the (NaBH4 + Al)/H2O system.

initiated upon contacting the NaBH4 + Al solid fuel with CoCl2 aque-
ous solution. After switching off the CoCl2 aqueous solution supply,
the HG reactions can be terminated within about 5 min. Repetitious
switch on/off the CoCl2 aqueous solution supply was found to exert
appreciable effect on the maximum HG rate and the time duration
to reach it. For example, the maximum HG rate at the third cycle is
around 20% lower than that at the first cycle. One possible reason
for this property degradation might come from the accumulated
by-products on the surface of the unreacted solid NaBH4 and Al
powder that block the liquid fuel from contacting the solid fuel. The
(NaBH4 + Al)/H2O system exhibits satisfactory transient response.
This is of significance for the practical design of a hydrogen gener-
ator, as it allows for a smaller ballast tank size, thus giving rise to
an increased hydrogen density on the system basis.

4. Conclusions

Our study demonstrated that NaBH4/Al/NaOH solid powder
mixture, in combination with the aqueous solution of CoCl2, con-
stitutes a high-performance hydrogen generation system. As a
consequence of the mutual-promoting effects of the hydrolysis
reaction of NaBH4 and the Al/H2O reaction, the dual-solid-fuel
system exhibits the significant advantages over the conventional
NaBH4/H2O or Al/H2O reaction systems in terms of hydrogen den-
sity, hydrogen generation rate and fuel conversion. A preliminary
investigation has elucidated the effects of solid fuel component
ratios, catalyst concentration and water amount on the hydro-

gen generation performance of the system. With an optimized
fuel composition, the system can achieve over 90% fuel conver-
sion within 5 min, giving rise to a material-based hydrogen density
of 5.4 wt.%. The favorable combination of high hydrogen den-
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ity, high hydrogen generation rate, satisfactory fuel conversion
t ambient temperatures and prompt transient response makes
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35  (2010) 1038.

34] U.B. Demirci, O. Akdim, P. Miele, J. Power Sources 192 (2009) 310.

http://www.hydrogen.energy.gov/pdfs/42220.pdf

	Hydrogen generation from coupling reactions of sodium borohydride and aluminum powder with aqueous solution of cobalt chlo...
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Hydrogen generation dynamics
	3.2 By-products analysis
	3.3 “Start–stop” hydrogen generation dynamics

	4 Conclusions
	Acknowledgements
	References


