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bstract

Hydrolysis of sodium borohydride NaBH4 is a promising method for on-board hydrogen supply for fuel cells. In this study, the hydrolysis
eaction was studied by starting with solid NaBH4 rather than aqueous borohydride solutions, and adding less amount of water in an attempt to
xplore the maximum hydrogen generation capacity. It was found that hydrogen could be liberated at very high rates and over than 90% conversion
ates were achieved when the mole ratio of water to sodium borohydride was not less than 4:1. The final hydrogen generation capacity was achieved
s high as 6.7 wt%. Materials such as CoCl or cobalt powder were found to be effective as the catalysts for the hydrolysis reaction at such reaction
2

onditions. A large heat effect due to the exothermic reaction and a low melting point of NaBO2·4H2O led to the acceleration of hydrogen generation
t the latter part of the hydrolysis process. It is thus promising to utilize these reaction conditions to achieve high hydrogen generation capacity by
roper system design.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are regarded as one of solutions for solving energy
nd environmental problems by generating power with higher
fficiency and zero emission. The proton exchange membrane
uel cell (PEMFC) is the most promising fuel cell type for
ommercialization due to its excellent performance at low
emperatures. However, safe and efficient hydrogen supply to
EMFCs is still a problem to be solved. There are several
ptions for hydrogen storage and supply: hydrogen can either
e stored as compressed gas, as a liquid or in hydrogen storage
aterials. Hydrogen can also be supplied by reforming hydro-

arbons. However, these methods are inadequate in terms of
heir volumetric or gravimetric storage densities. For example,
ydrogen stored in pressurized vessels has low volumetric den-
ity and safety concern. Liquid hydrogen is energy-consuming
or preparation and storage. Hydrogen storage in metal hydrides

s advantageous in its volumetric density and safety but the
ravimetric density needs to be improved. Reformation from
ydrocarbons requires high temperature and produces hydrogen

∗ Corresponding author. Tel.: +86 571 87951770; fax: +86 571 87951770.
E-mail address: liubh@zju.edu.cn (B.H. Liu).
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ith CO impurities that will poison electrocatalysts in fuel cells.
ecently, aqueous sodium borohydride solutions are attracting
onsiderable attentions as hydrogen source for fuel cells due
o high hydrogen contents and the ease of hydrogen generation
y the catalyzed hydrolysis reaction according to the following
quation:

aBH4 + 2H2O = NaBO2 + 4H2 + 300 kJ (1)

There have been quite a lot of studies on hydrogen generation
rom hydrolysis of borohydrides [1–17]. It has been found that
t [4], Ru [1,9,15], Co2B [17,19], Ni2B [5], Ni [8], Raney Ni
11,20], Mg2Ni [3] are good catalysts for the hydrolysis reaction.
ome prototype hydrogen generators were built up to power fuel
ells [6,16,17]. On the other hand, it has also been found that the
ydrolysis product sodium meta-borate NaBO2 has a relatively
mall solubility in water. Although NaBH4 shows a solubility of
5 g in 100 g water at 25 ◦C, NaBO2 has only 28 g in 100 g water
t 25 ◦C [6]. Correspondingly, it was reported that the optimum
oncentration of NaBH4 in starting solution was about 15 wt%

4,9,12], otherwise NaBO2·4H2O would precipitate out from the
olution and possibly damage the catalyst or clog tubes in the
eaction system. As a result, hydrogen generation capacity in the
ystem will be limited to 3.2 wt%, quite inadequate considering

mailto:liubh@zju.edu.cn
dx.doi.org/10.1016/j.jallcom.2008.01.023
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he theoretical 10.8 wt% in Eq. (1) and a target of 6.0 wt% set
y Department of Energy (DOE), USA, for hydrogen storage
ystems [18].

To make the system more attractive and competitive, it is
ighly desirable to increase hydrogen generation capacity for
he borohydride system. However, few investigation results were
eported about hydrogen generation at very high borohydride
oncentrations or using solid sodium borohydride as a hydro-
en source for the PEMFC. The reaction kinetics and hydrogen
ield remain unclear when water is not abundantly supplied. In
his work, we studied characteristics of the hydrolysis reaction
y using solid NaBH4 and adding less amount of water. Hydro-
en generation rates and conversion rates were investigated by
xamining the effects of water amounts as well as catalyst addi-
ions. Reaction mechanisms were discussed on the basis of the
xperimental results.

. Experimental

.1. Reaction mode

In this research, sodium borohydride was not dissolved in water to prepare
solution prior to the reaction. As shown in Fig. 1, 1 g of sodium borohydride
owder was put at the bottom of a 200 ml three-neck flask. The hydrated cobalt
hloride CoCl2·6H2O was dissolved in a portion of water. Then the solution of
he catalyst was injected into the flask using a syringe to initiate the hydrolysis
eaction. A thermocouple was embedded in borohydride powder to monitor the
emperature during the reaction. No stirring was applied and no water bath was
sed during the reaction. The volume of generated hydrogen was measured as a
unction of time by passing it through a wet drum gas meter and the volume was
ransformed to the standard temperature and pressure (S.T.P) before calculating
ydrogen generation rates. When cobalt powder was used as the catalyst, it was
remixed with sodium borohydride powder in a mortar and put into the flask
efore water was injected.

.2. Materials

Two materials in different forms were tested as the catalysts for the hydrol-
sis reaction: CoCl2·6H2O and fine cobalt powder. In the case of CoCl2·6H2O,
certain amount of CoCl2·6H2O was dissolved in different volumes of water

nd then the solutions were injected into the flask. A fine cobalt power from
ohnson Mathey Company with a powder size of 1.6 �m was also tested as
he catalyst. It was premixed with sodium borohydride powder before the
est. No stabilizer reagent such as sodium hydroxide was employed in this

esearch.

Sodium borohydride used in the experiments was commercially available
ith a purity of 96%. De-ionized water was used in this research.

ig. 1. The experiment setup: 1: three-neck flask, 2: syringe, 3: bottle for gas
ashing, 4: gas meter, 5: thermal couple, 6: temperature measurement unit.
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.3. Instrumental analyses

The hydrolysis products after the reaction were analyzed by X-ray diffrac-
ion (XRD) on a Rigaku D/MAX-RA using Cu K� radiation. Also a commercial
roduct of NaBO2·4H2O was analyzed by differential scanning calorimetry
DSC) on Shimadzu DSC60. Alumina crucibles were used in the DSC mea-
urement and �-Al2O3 powder was used as the reference. The DSC sample was
eated at a rate of 4.5 ◦C/min.

. Results and discussion

When the initial concentration of sodium borohydride was
ore than 10 wt%, it has been found that crystals of the hydrol-

sis product sodium meta-borate NaBO2·4H2O would appear
fter the reaction finished. The presence of hydrated meta-borate
rystals inevitably affects the subsequent reaction, especially
hen crystals appear on the surface of the catalyst. In case the
ydrogen generation system is clogged or damaged by crys-
als, it was well reported that the optimum initial concentration
f sodium borohydride is about 15 wt% [4,9,12]. It inevitably
esults in a maximum hydrogen generation capacity of 3.2 wt%,

value far less than the theoretical 10.8 wt% in Eq. (1). To
xplore the possibility of achieving larger hydrogen genera-
ion capacity, it is essential to investigate characteristics of
he hydrolysis reaction when water is not very abundant. It is
xpected that solids will be formed during the reaction. We were
nterested in studying how hydrogen generation kinetics and the
nal conversion rate would become under this kind of reaction
ondition.

To make the hydrolysis reaction as deep as possible even after
rystals emerge, it is important to select an active catalyst that
s able to be finely distributed in the reactants. Among possible
atalysts for the borohydride hydrolysis reaction [20], we found
hat cobalt chloride CoCl2 could serve the purposes. It has been
eported that the catalytic mechanism for cobalt chloride is first
n acidic catalysis and then a subsequent catalysis from a reduc-
ion product cobalt boride Co2B [20]. The reduction reaction
an be written as follows [21].

CoCl2+2NaBH4 + 3H2O = 6.25H2 + 0.5Co2B

+ 2NaCl + 1.5HBO2 (2)

Co2B produced from above reaction was reported as a very
ood catalyst for borohydride hydrolysis [19–21]. In this work,
e expected that the formed fine Co2B could be distributed in

he reactants promptly and thoroughly to make the hydrolysis
eaction fast and deep.

Fig. 2 shows hydrogen generation under the catalysis of 0.1 g
oCl2·6H2O and at a 1:2 weight ratio of sodium borohydride to
ater. From Fig. 2, it can be seen that the hydrogen generation

urve shows two steps. The measured temperature is also found
o have the similar shape. During the experiment, it was observed
hat the reduction reaction took place very quickly as the slurry
urned into black almost simultaneously when the CoCl2 solu-

ion was injected into the flask. After the black cobalt boride
as formed, it acted as the catalyst of the subsequent hydrol-
sis reaction. According to the reaction (2), 0.1 g CoCl2·6H2O
ould only consume 0.033 g NaBH4 and produce 59 ml H2.
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ig. 2. Hydrogen generation volume and temperature as a function of time
NaBH4: 1.0 g, H2O: 2.0 g, CoCl2·6H2O: 0.1 g).

ccordingly, the first step found in the hydrogen generation and
emperature curves in Fig. 2 (about 175 ml of hydrogen and a rise
f temperature to 40 ◦C) was already the result of two catalysis
ffects. Therefore, it appears that the reaction (2) only showed
ffects at very initial stage of the experiment and the subsequent
ydrolysis was only under the catalysis of the formed Co2B.
lthough the mole ratio of H2 to NaBH4 is 3.125:1 in reac-

ion (2), which is smaller than 4:1 in reaction (1), the decrease
f hydrogen volume due to reaction (2) would be only 19 ml
hen 0.1 g CoCl2·6H2O was used. This amount is negligible

ompared with 2370 ml hydrogen generated from 1 g NaBH4
n reaction (1). Therefore, the influence of CoCl2 reduction on
otal released hydrogen volume would be negligible.

Under the catalysis of Co2B, the reaction was then found to
roceed at a constant rate though the temperature was gradually
ncreased due to the exothermic reaction. However, a surge of
ydrogen generation took place when the conversion reached
bout 35%. The burst of hydrogen generation was also accom-
anied by a quick rise of temperature. As can be seen in Fig. 2,
he temperature was elevated to be as high as 110 ◦C. When
he reaction proceeded further and water was almost consumed,
ydrogen generation was found to slow down. The reaction
nally reached a conversion of 92% after 24 h and a hydrogen
eight percentage of 6.1 wt% was achieved on a mass basis of

ll reactants and the catalyst.
Fig. 3 shows that hydrogen generation was largely depressed

y decreasing the amount of the catalyst. Although it is definite
hat the reaction slows down with the decrease of catalyst, the
arge difference in hydrolysis kinetics for two catalyst additions
hown in Fig. 3 is supposed to be mainly caused by the heat
ffect. It seems that if the initial reaction was not quick enough
o trigger the heat effect, hydrogen generation would become
ather slow. It would take several hours rather than a few minutes
o reach the same conversion.

Fig. 4(a and b) shows the effects of water amount on the

ydrolysis reaction when the weight of sodium borohydride was
ept at 1 g. As can be seen from Fig. 4(a), hydrogen generation
ate was first decreased and then increased with decreasing water
rom 7 to 2 g. On the whole, hydrogen generation was very fast

t
n
e
a

ig. 3. Hydrogen generation at two different catalyst additions (NaBH4: 1.0 g,

2O: 1.5 g).

nd finished within several minutes. The conversion could finally
each more than 90% as shown in Fig. 5. When water amount was
urther decreased to be less than 2 g, the conversion rate turned
o be largely decreased. Also the kinetics slowed down with
ecreasing water addition. Based on above results, we suppose
hat hydrogen generation rates were mainly influenced by two
ounter effects: a decrease in water activity and an increase in
eat effect due to a reduction of the total amounts of the reactants
hen water was less added.
The experiment results are summarized in Table 1. It shows

hat the final hydrogen generation capacity reached 6.7 wt% that
s high enough as a viable hydrogen generation system. Table 1
lso shows that there were no apparent decreases of released
ydrogen volume due to the reduction of CoCl2.

Fig. 6 shows the XRD analysis results of the final solid prod-
cts after hydrogen was released. In these three samples, several
olid phases were detected: NaBO2·2H2O or NaB(OH)4,
aBO2·4H2O or NaB(OH)4·2H2O, Na2B4O7·5H2O

nd Na2CO3·H2O. The presences of NaBO2·2H2O and
aBO2·4H2O were within expectation but the appearances
f small amount of Na2B4O7·5H2O and Na2CO3·H2O were
nexpected. The formation mechanism of Na2B4O7·5H2O and
a2CO3·H2O may be originated from the following reaction

22].

NaBO2 + CO2 = Na2B4O7 + Na2CO3 (3)

Further investigation is needed to verify the above forma-
ion mechanism for Na2B4O7. Although there existed unreacted
aBH4 in the remaining samples when water amount was small,
he peaks from NaBH4 were not distinguishable. Also Co2B was
ot well detected. The reason may situate in that they were cov-
red by the products. For the samples produced from NaBH4
nd 2.0 g water or 0.8 g water, most NaBO2·4H2O turned into
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Fig. 4. Hydrogen generation characteristics at different water additions. (a)
NaBH4: 1.0 g; H2O: 2.5–7.0 g; CoCl2·6H2O: 0.2 g; (b) NaBH4: 1.0 g; H2O:
2.0–0.8 g; CoCl2·6H2O: 0.2 g.

Fig. 5. Decrease of the final conversion rate with increasing of borohydride
concentrations (NaBH4: 1.0 g, CoCl2·6H2O: 0.2 g).
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ig. 6. XRD patterns of three hydrolysis product samples. (a) H2O 2.0 g,
oCl2·6H2O 0.2 g; (b) H2O 1.5 g, CoCl2·6H2O 0.1 g; (c) H2O 0.8 g,
oCl2·6H2O 0.2 g.

aBO2·2H2O. But for the sample produced from NaBH4 and
.5 g water under the catalysis of 0.1 g CoCl2·6H2O, a con-
iderable portion of NaBO2·4H2O remained. As this sample
nderwent a slow kinetics as shown in Fig. 3, it is supposed
hat the low reaction temperature resulted in a difficulty in dif-
usion when NaBO2·4H2O crystals were formed and thus the
eaction was impeded.

Fig. 7 shows the DSC analysis result of NaBO2·4H2O. The
rst peak represents the melting of NaBO2·4H2O and dehydra-

ion to NaBO2·2H2O. Further dehydration from NaBO2·2H2O
eeds to be higher than 110 ◦C. Combining hydrogen generation
urves with the XRD and DSC analysis results, we suppose that
ue to a quick initial kinetics and a large heat effect, the temper-
ture was elevated over the melting point of NaBO2·4H2O and
hen water reacted easily with borohydride to achieve a high con-
ersion rate. If the temperature cannot be raised to the melting
oint, reaction kinetics will be much slower due to diffusion dif-
culty in solid, and also the conversion rate would be decreased
s a result of slow kinetics. Therefore, it can be concluded that
hree factors were responsible for the quick and full conversion
f borohydride to hydrogen with small amounts of water: (1) an
ffective catalyst, (2) large heat effect and (3) the low melting
oint for NaBO2·4H2O.

To investigate effects of catalyst on the reaction charac-
eristics, catalysts other than CoCl2 were also tested. Fig. 8
emonstrates hydrogen generation behavior under the cataly-
is of cobalt powder. Compared with cobalt chloride, the cobalt
owder has only one catalysis mechanism: a heterogeneous
atalysis. As can be seen from Fig. 8, there show no initial

teps in both the hydrogen generation curve and the temperature
urve. At the initial stage, hydrogen was generated very slowly.
ut after several minutes of incubation time, there also showed
burst in hydrogen generation, similar to that under the catal-
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Table 1
Hydrogen generation characteristics via hydrolysis of sodium borohydride

Reactants Catalyst (g) Theoretical hydrogen
volumea (l)

Released hydrogen
volume (l)

Conversion rate (%) Hydrogen generation
capacity (wt%)

NaBH4 (g) H2Ob (g) NaBH4 (wt%)

1.02 7.05 12.6 0.20c 2.32 2.32 100 2.57
1.02 5.03 16.9 0.20c 2.32 2.32 100 3.42
1.02 4.00 20.3 0.20c 2.32 2.30 99.1 4.09
1.02 3.03 25.2 0.20c 2.32 2.14 92.2 4.72
1.02 2.51 28.9 0.20c 2.32 2.10 90.5 5.31
1.02 2.00 33.8 0.10c 2.32 2.13 91.8 6.30
1.02 2.00 33.8 0.20c 2.32 2.12 91.4 6.27
1.01 1.50 40.2 0.10c 2.30 1.58 68.7 5.62
1.03 1.50 40.7 0.20c 2.34 1.90 81.2 6.70
1.04 0.80 56.5 0.20c 2.37 0.99 41.8 4.80
1.03 1.98 34.2 0.5d 2.34 2.21 94.4 6.56
1.03 2.07 33.2 1.0d 2.34 2.17 92.7 6.25
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a According to the hydrolysis reaction (1) and the 96% purity of NaBH4.
b Hydrates in CoCl2·6H2O were not included.
c CoCl2·6H2O.
d Co powder.

sis of CoCl2·6H2O. When the cobalt powder was decreased
o 0.5 g, hydrogen generation showed some interesting behav-
ors. Within the initial 40 min, hydrogen was liberated at almost

constant rate though the system temperature was increased
radually. But there was also a sudden rise in hydrogen release
nd system temperature. Combined with the results shown in
igs. 3 and 4, it was found that the sudden acceleration of the
eaction usually took place around 60 ◦C. It is thus more evident
hat this kinetic behavior is highly related with the melting of
aBO2·4H2O, probably due to alternations in water activity or

hermal property.
Compared with cobalt powder, the cobalt chloride solutions

howed much more effective catalytic effects due to the initial
cidic catalysis and the very fine cobalt boride formed.

From above results, it can be concluded that the following
quation shows the largest hydrogen generation capacity for the

ydrolysis of sodium borohydride, in which water and sodium
orohydride is in a mole ratio of 4:1 or a weight ratio of 2:1:

aBH4 + 4H2O = NaBO2·2H2O + 4H2 (4)

Fig. 7. DSC analysis result of NaBO2·4H2O.
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ig. 8. Hydrogen generation characteristics under the catalysis of the cobalt
owder (NaBH4: 1.0 g, H2O: 2.0 g).

Considering the possibility of achieving hydrogen genera-
ion capacity as high as 7.3 wt% in above reaction and very fast
ydrogen generation kinetics, it is of interest to develop practical
ydrogen generation systems with such high hydrogen capacity.

. Conclusions

In this study, the hydrolysis reaction of sodium borohydride
as studied when solid NaBH4 was used and water was not abun-
antly supplied. It was found that the reaction could achieve very
uick kinetics and more than 90% conversion rates if the mole
atio of water to borohydride was more than 4:1. Three factors
ere found to account for this reaction characteristic: the first
as fast initial reaction kinetics under effective catalysis, then

t induced a large heat effect to raise the temperature to higher
han the melting point of NaBO2·4H2O, and finally the melting

f NaBO2·4H2O made the further reaction fast and deep. In this
tudy, cobalt chloride was found to be more effective than the
obalt powder due to the initial acidic catalysis mechanism and
ne structure of produced Co2B. In account of the fast kinetics
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