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ffect  of  trapped  hydrogen  on  the  induction  period  of  cobalt–tungsten–boron/
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a  b  s  t  r  a  c  t

Calcination  treatment  is an  important  step  in preparation  of  supported  transition  metal  catalysts  that
are  effective  for promoting  the  hydrolysis  reaction  of  sodium  borohydride.  We  found  that  calcination
treatment  of cobalt–tungsten–boron/nickel  foam  catalysts  results  in  the appearance  of  an  induction
eywords:
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odium borohydride
atalyst
ydrolysis

period  in  their  first  time  use,  and  the  duration  of which  depends  on the  calcination  temperature  and
atmosphere.  Upon  reusing  the catalysts,  the induction  period  completely  disappeared.  X-ray  diffrac-
tion, scanning  electron  microscopy,  X-ray  photoelectron  spectroscopy  and  synchronous  thermal  analyses
techniques  were  employed  to  study  the  mechanism  underlying  the  induction  period  phenomenon.  Our
study  results  showed  that  the  appearance/disappearance  of  the  induction  period  should  be correlated

sorpt

nduction period

with  the desorption/reab

. Introduction

Hydrogen storage is a major hurdle to the widespread imple-
entation of the hydrogen fuel cell technologies [1].  Recently,

n-demand hydrogen generation (HG) from chemical hydrides,
n conjunction with spent fuel regeneration, has emerged as
romising hydrogen storage means for transportation and portable
pplications. Sodium borohydride (NaBH4) is a representative
hemical hydride that has been extensively studied as a potential
ydrogen storage medium [2–5]. NaBH4 reacts with water follow-

ng Eq. (1) (where x denotes the excess of water), yielding H2 and
orax

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

y-product. Since the hydrolysis reaction can be significantly accel-
rated by adding appropriate catalyst and effectively inhibited
sing alkaline stabilizer, the alkaline aqueous solution of NaBH4

n combination with catalyst provides safe and compact hydrogen
ource with controllable HG performance [6].  But owing to the sol-
bility limitation of borax by-product in aqueous solution and the
dead weight” H2O existed in the hydration forms of NaBO2·xH2O,
he NaBH4-based hydrolysis system suffers low hydrogen density
typically 2–3 wt.%). This, together with the lack of energy- and
ost-effective route for spent fuel regeneration, accounts for the

no-go” recommendation of US Department of Energy (DOE) for
aBH4 for vehicular application. But fundamentally, the combined
dvantages of good fuel storability, reaction controllability, and the

∗ Corresponding author. Tel.: +86 24 2397 1622; fax: +86 24 2389 1320.
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ion  of hydrogen  in  the  catalysts.
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environmentally benign hydrolysis product make the NaBH4-based
hydrolysis system promising for portable or niche applications [4].

Catalyst study is a central issue in developing NaBH4-based HG
system. Besides acid accelerators, a number of noble or non-noble
transition metals/alloys/salts have been identified to be catalyti-
cally active towards the hydrolysis reaction of NaBH4, including Ru
[6,7], Pt [8,9], Pt–Ru [10,11], Pt–Pd [12] or Pt–Pd–Ru [13], Ru–Co–Fe
[14], Raney Ni and Co [15], Co and Ni borides [16–24],  and so forth.
These heterogeneous metal catalysts can greatly accelerate the
hydrolysis reaction and yield nearly 100% conversion of NaBH4 at
ambient conditions. However, to meet the practical requirements
for on-demand hydrogen generator, both the catalytic activity
and durability of the catalysts need to be further improved. In
this regard, a better understanding of the catalytic mechanism is
clearly of significance for optimizing the composition, structure
and preparation process of metal catalysts. Currently, the catalytic
mechanism by which metal catalysts promote the hydrolysis reac-
tion of NaBH4 is still unclear, due primarily to the difficulties in
obtaining direct and convincing evidences to depict the interac-
tion between solid catalyst and liquid reactants [2,5,10,19,25–30].
Careful consideration of the related experimental phenomena is
therefore important for gaining insight into the catalytic hydrolysis
process.

In our recent study of catalytic hydrolysis of NaBH4 using the
cobalt–tungsten–boron catalyst supported on nickel foam (donated
as Co–W–B/Ni foam catalyst hereinafter), we  observed an interest-
ing induction period phenomenon. It was  found that the calcination

treatment of the catalysts resulted in an induction period in their
first time use. But upon reusing the catalysts, the induction period
completely disappeared. A combination of property/structure stud-
ies has been carried out to understand this phenomenon.

dx.doi.org/10.1016/j.cattod.2010.09.007
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:pingwang@imr.ac.cn
dx.doi.org/10.1016/j.cattod.2010.09.007
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ig. 1. SEM morphologies of the Co–W–B/Ni foam catalysts. (a) As-prepared catalys
ative  EDX result of the catalyst; (d) post-calcined catalyst at 300 ◦C under Ar atmos

. Experimental

.1. Preparation and calcination of catalyst

The supported Co–W–B/Ni foam catalyst was prepared by
sing a modified electroless plating method, following a procedure
etailed in Ref. [18]. The pretreated Ni foam was repeatedly plated

n the bath solution for four times at 25 ◦C. The prepared black cat-
lyst was washed thoroughly with deionized water and ethanol
99.9% purity) to remove the residual BH4

−, Cl−, NH4
+ and Na+ ions,

nd then dried in vacuum at 50 ◦C for 48 h, and stored in a vacuum
esiccator. According to the weight change before and after plating,
he Co–W–B catalyst loading is about 45 mg  cm−2 (Ni foam).

The calcination treatment of the catalyst samples was car-
ied out in a Sievert’s type apparatus that was equipped with a
rogrammed temperature controller, which allows a temperature
ontrolling within ±1 ◦C. To minimize the H2O/O2 contamination
uring the calcination treatment, the reactor containing the cat-
lyst sample was firstly evacuated/charged with Ar gas (99.999%
urity) twice. The catalyst samples were then heated at a ramp-

ng rate of 2 ◦C min−1 to a designated temperature in the range

f 100–400 ◦C, and held at that temperature for 2 h. In the case
f calcination treatment under hydrogen atmosphere, the high-
urity hydrogen gas (99.999% purity) was further purified using

 hydrogen storage alloy system.
low magnification; (b) as-prepared catalyst at a high magnification; (c) a represen-
; (e) the catalyst (d) after the first time use.

2.2. Catalytic hydrolysis performance testing

The HG amount and the HG rate of the hydrolysis system were
measured using a classic water-displacement method. In a typical
measurement, a fuel solution containing 20 wt.% NaBH4 and 5 wt.%
NaOH was thermostated in a sealed flask, and then one piece of
Co–W–B/Ni foam catalyst (1 cm × 1 cm)  attracted on a magnetic
stirring bar was  dropped into the solution to initiate hydrolysis
reaction. The volume of the generated hydrogen was measured by
monitoring the water displaced from a graduated cylinder (with a
volume of 5.2 L) that was connected to the reaction flask.

2.3. Characterization of catalyst

The Co–W–B/Ni foam catalysts were characterized by powder
X-ray diffraction (XRD, Rigaku D/max-2500, Cu K� radiation) and
scanning electron microscopy (SEM, LEO Supra 35) that is equipped
with an energy dispersive X-ray (EDX) analysis unit (Oxford). The
surface elements and their electronic states of the catalyst sam-
ples were analysed using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Al K� X-ray source). All the binding energies were

calibrated by using the C1s peak at 284.6 eV of the adventitious
carbon as an internal standard. The curve fitting was performed
by using XPS PEAK 4.1 software. The gas desorption behavior of
the catalyst samples were analysed by synchronous thermal anal-
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Fig. 2. HG kinetic curves of the fuel solution containing 20 wt.% NaBH4 and 5 wt.%
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As a start of the mechanism study, we examined the catalyst
samples at different states by using XRD and SEM. Unfortunately,
these phase/structure analyses provide no valuable hint for under-
standing the induction period phenomenon. Fig. 5 presents the
aOH in the presence of Co–W–B/Ni foam catalyst (1 cm × 1 cm). (a) As-prepared
atalyst; (b) post-calcined catalyst at 300 ◦C under Ar atmosphere; (c) post-calcined
atalyst (b) in its second time use.

ses (thermogravimetry/mass spectrometer, TG/MS, Netzsch 449C
upiter/QMS 403C). In the thermal analyses measurements, high-
urity Ar (99.999% purity) was used as purge gas. The applied
amping rate was 10 ◦C min−1.

. Results and discussion

The supported Co–W–B/Ni foam catalyst can be readily pre-
ared by using a modified electroless plating method [18]. Fig. 1(a)
nd (b) presents the SEM morphologies of the as-prepared cata-
yst. After repeating the plating process for four times, the Ni foam
urface was completely covered by a catalyst coating layer com-
osed of Co, W,  B and O elements, as indicated by the EDX result
hown in Fig. 1(c). Here, the O element in the catalyst coating layer
hould mainly come from oxidation of the catalyst upon expo-
ure to air in the storage process [31]. The quantitative elemental
nalysis using inductively coupled plasma-atomic emission spec-
rometry (ICP-AES) determined that the catalyst coating contains
7 wt.% Co, 4.5 wt.% W and 8.5 wt.% B, corresponding to a formula
f Co65W1B34. As seen clearly in Fig. 1(b) at a high magnifica-
ion, some small white particles with an average size of around
00 nm distribute randomly on the scraggy surface of the catalyst.
resumably, these small particles should be generated from the
pontaneous decomposition of the plating solution in the catalyst
reparation process. According to the ICP-AES analysis of the fine
owder that was collected from the plating bath, these small par-
icles possess similar chemical composition to the catalyst coating
ayer.

The supported transition metal catalysts are generally subjected
o an appropriate calcination treatment to improve catalytic activ-
ty and the catalyst/support adhesion [16–18].  Here, our study
ound that the calcination treatment caused an interesting induc-
ion period phenomenon. As shown in Fig. 2, the as-prepared
o–W–B/Ni foam catalyst can initiate the hydrolysis reaction

mmediately upon contacting with the NaBH4 solution. Examina-
ion of the kinetics curve found that the hydrolysis reaction reached
ts maximum rate from the initial stage. By contrast, the hydrol-
sis reaction system using the post-calcined catalyst showed a
istinct induction period. But for the same catalyst in its second
ime use, the induction period was observed to completely dis-
ppear. Notably, this is a reproducible phenomenon, not only in

he different batches of the Co–W–B/Ni foam catalysts, but also
n other related transition metal catalysts, e.g. Co–B/Ni foam cata-
yst [17]. Additionally, comparison of the HG kinetics curves found
hat the calcined and reused catalysts were better than the as-
Fig. 3. Effect of calcination temperature on the induction duration of the Co–W–B/Ni
foam catalysts in their first time use.

prepared catalyst in terms of catalytic activity, which is presumably
associated with the precipitation of nanocrystalline Co from the
amorphous matrix [18], as elucidated in the XRD results shown
below.

Further study found that the induction duration of the post-
calcined catalysts in their first time use depends on the calcination
conditions. Elevating the calcination temperature typically resulted
in prolongation of the induction duration. As seen in Fig. 3, the
induction duration of the Co–W–B/Ni foam catalyst increased from
0.5 to around 8 min  upon increasing the calcination tempera-
ture from 100 to 400 ◦C under a vacuum condition. Changing the
calcination atmosphere also produced considerable influence on
the induction duration of the catalyst. As shown in Fig. 4, the
post-calcined catalysts under Ar atmosphere or vacuum condition
exhibit quite similar induction duration, both around 5 min. But
upon using H2 atmosphere in the calcination treatment, the induc-
tion duration of the calcined catalyst became shorter. Particularly,
when the calcination was  carried out under 5.0 MPa hydrogen,
the induction duration was  reduced to around 2 min, just about
1/3 of that of the calcined catalyst under Ar atmosphere. In all
cases, the induction period of the calcined catalysts disappeared
in their second time use, regardless of the calcination conditions
applied.
Fig. 4. Effect of calcination atmosphere or pressure on the induction duration of the
Co–W–B/Ni foam catalysts in their first time use. The calcination temperature was
300 ◦C.
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Fig. 6. XPS spectra of the Co–W–B/Ni foam catalysts. (a) As-prepared; (b) as-
ig. 5. XRD patterns of the Co–W–B/Ni foam catalysts. (a) As-prepared catalyst; (b)
ost-calcined catalyst at 300 ◦C under Ar atmosphere; (c) the catalyst (b) after its
rst time use.

RD patterns of the Co–W–B/Ni foam catalysts at different states.
he wide and diffuse peak centered at around 2� = 45◦ clearly
ndicated the amorphous nature of the as-prepared Co–W–B cat-
lyst. After being calcined at 300 ◦C for 2 h, the catalyst showed
eak diffraction peaks at around 2� = 44.4◦, indicative of the for-
ation of nanocrystalline Co. As the post-used catalyst exhibited

imilar diffraction pattern to the post-calcined catalyst, the for-
ation of nanocrystalline Co should have no relevance to the

nduction period. Additionally, the catalyst samples at as-prepared,
ost-calcined and reused states, respectively, showed similar mor-
hological feature, as shown in Fig. 1(b), (d) and (e). This study
esults clearly suggested that the appearance/disappearance of
nduction period should originate from some subtle structure
nd/or composition changes that occurred in the calcination or
ydrolysis reaction processes.

The first possibility that comes to our mind is that the
nduction period phenomenon is correlated with the changed sur-
ace oxidation state of the catalyst. The calcination treatment

ay  aggravate surface oxidation of the catalyst via promot-
ng the reactions between the physisorbed H2O/O2 and the
omponent elements of the catalyst. The formed oxidation
ayer may  block the contact between fuel solution and cat-
lyst, thus prohibiting the occurrence of hydrolysis reaction

 But upon contacting with the reductive NaBH4 solution, the metal
xides layer might be reduced back to elemental metal or alloy
20,22,30] and accordingly, the catalytic activity of the catalyst is
ecovered. To check this possibility, we examined and compared
urface element chemical state of different catalyst samples. Fig. 6
resents the XPS spectra of the catalyst samples, from which the
inding energies of the surface elements were determined and
ummarized in Table 1. The as-prepared catalyst exhibits consid-
rable surface oxidation, as evidenced by the clear identification
f CoO (781.5/797.1 eV), WO3 (35.1/37.2 eV) and B2O3 (191.9 eV)
pecies [22,31,32].  But meanwhile, metallic Co (778.5/793.5 eV)
nd B (188.0 eV) remained detectable. Air exposure caused fur-
her aggravated surface oxidation. For the catalyst sample after
ir exposure for one week, only oxidized species were observed
n the surface, which possess amorphous nature according to the
RD analysis. In the post-calcined catalyst sample under Ar atmo-
phere, we identified W 4f and B 1s peaks that resemble those
n the air-exposed sample. But according to the Co 2p spectrum,
here existed metallic Co0 on the surface of the calcined catalyst,

hich agrees well with the XRD results, as seen in Fig. 6(b). In the
ost-calcined catalyst sample under 5.0 MPa  H2, the metallic state
ignals of all the component elements were detectable. As a whole,
PS studies showed that air exposure for one week causes more
prepared catalyst followed by air exposure for one week; (c) post-calcined catalyst
at  300 ◦C under Ar atmosphere; (d) post-calcined catalyst at 300 ◦C under 5.0 MPa
H2; (e) the catalyst (b) after immersing in the NaBH4 solution for 30 s.

serious surface oxidation of the Co–W–B catalyst than calcina-
tion treatment at 300 ◦C for 2 h. Among the five examined samples
(a–e), the post-calcined catalyst under 5.0 MPa  H2 exhibited the
lightest surface oxidation. But according to the property examina-
tions, the air-exposed catalysts showed no induction period (Fig. 7),

whereas the calcined catalysts, even under H2 atmosphere, exhib-
ited an induction period in their first time use (Fig. 4). These findings
clearly indicate that surface oxidation is not the main reason for the
appearance of induction period. Actually, designed experiments
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Table 1
XPS binding energies (eV) for the Co–W–B/Ni foam catalysts.

Catalyst sample Co 2p3/2 Co 2p1/2 W 4f7/2 W 4f5/2 B 1s

MP  SP MP  SP

a 778.5 793.5 35.1 37.2 188.0
781.5  786.0 797.1 803.1 191.9

b  781.4 786.3 797.2 803.1 35.1 37.2 191.9
c 778.4  793.4 35.2 37.3 192.0

781.6  786.2 797.2 803.0
d  778.2 793.3 30.8 32.9 187.4

780.7  785.5 796.7 803.3 34.9 37.1 192.1
e  778.7 793.8 35.2 37.3 187.9

781.4  784.6 797.2 803.6 192.1

(a) As-prepared catalyst; (b) as-prepared catalyst followed by air exposure for one week; (c) post-calcined catalyst at 300 ◦C under Ar atmosphere; (d) post-calcined catalyst
at  300 ◦C under 5.0 MPa  H2; (e) the catalyst (b) after immersing in the NaBH4 solution for 30 s. MP = binding energy of main peak, SP = binding energy of satellite peak.

Fig. 7. Comparison of HG kinetics of the fuel solution containing 20 wt.% NaBH4

and 5 wt.% NaOH in the presence of Co–W–B/Ni foam catalyst (1 cm × 1 cm). (a)
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Correlating the induction period phenomenon with the
s-prepared; (b) as-prepared catalyst followed by air exposure for one week; (c)
s-prepared catalyst followed by air exposure at 50 ◦C for 50 h.

howed that surface oxidation exerts quite limited influence on
he catalytic activity of the Co–W–B catalysts. As seen in Fig. 7,
he catalyst samples after air exposure for one week or after being
eated at 50 ◦C under air for 50 h exhibited quite similar catalytic
erformance to the as-prepared catalyst. The reason for this phe-
omenon is that the Co oxides can be readily reduced back to the
orresponding metallic states upon contacting with the reductive
aBH4 solution [22], as seen in Fig. 6(e).

Alternatively, comprehensive understanding of the experimen-
al results led us to a speculation that the observed induction period
henomenon may  correlate with the trapped hydrogen in the cat-
lyst samples. Similar hypothesis was also proposed by Burchardt
t al. in their study of alkaline water hydrolysis using NiPx cata-
yst [33,34]. Their study clearly showed that the catalytic activity
orrelated closely with the hydrogen content in the NiPx alloys.
n the present study, hydrogen trapping in the Co–W–B catalyst

as directly evidenced by the synchronous TG/MS results, as pre-
ented in Fig. 8. In the as-prepared catalyst, a H2-desorption peak
as observed to start from ∼100 ◦C, and reached its maximum at

round 180 ◦C. As the peak temperature of H2-release was sub-
tantially higher than that of the H2O-desoprtion peak (at around
10 ◦C), the H2-signal can be safely ascribed to hydrogen release
rom the catalyst sample. After being calcined at 300 ◦C, the cat-
lyst samples exhibited significantly weakened MS  H2-signals. A
lose examination found that H2-signal from the post-calcined cat-
lyst under 5.0 MPa  H was stronger than that from the calcined
2
atalyst under Ar atmosphere. Interestingly, the hydrogen-trapping
n the Co–W–B catalyst is a “reversible” phenomenon. As seen in
he MS  H2-pattern (b), the post-calcined catalyst showed again a
Fig. 8. TG/MS results of the Co–W–B catalyst samples at different states. (a) As-
prepared; (b) post-calcined catalyst after its first time use; (c) post-calcined catalyst
at  300 ◦C under 5.0 MPa  H2; (d) post-calcined catalyst at 300 ◦C under Ar atmosphere.

strong H2-signal after its first time use. Correlating these MS  results
with the property examination results suggests that hydrogen
desorption/reabsorption is a mechanistic reason for the appear-
ance/disappearance of the induction period in the catalyst samples.
In this regard, the observed effect of H2 atmosphere on shortening
the induction duration might be understood from the restrained
hydrogen release from the catalyst sample under H2 atmosphere.
Unfortunately, owing to the concurrent release of H2O, it is impos-
sible to quantitatively correlate the induction duration with the
residual hydrogen content in the catalyst. Additionally, it was
noticed that the hydrogen desorption behavior of the reused cat-
alyst differed from that of the as-prepared catalyst. This finding
suggests that hydrogen-trapping in the transition metal catalyst is
a complicated phenomenon, which may  involve different trapping
sites and/or interaction modes. In this regard, detailed experi-
mental/theoretical studies are still required to further mechanistic
understanding.
hydrogen-trapping in the catalyst samples provides valuable
insight into the catalytic hydrolysis mechanism. Currently, it is
generally accepted that metal (M)  – catalysed hydrolysis of NaBH4
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ig. 9. Schematic diagram of hydrogen absorption/trapping in the metallic catalyst.

nvolves the dissociative chemisorption of BH4
− on the catalyst sur-

ace as the first kinetic step [10,12,19,25–29]. The resulting MBH4
−

omplex then dissociates to form M–BH3
− and M–H  intermediates.

ccording to Holbrook and Twist [25], M–BH3
− subsequently reacts

ith H2O, possibly via a BH3 intermediate, to generate BH3(OH)−

nd M–H  species. The former undergoes stepwise replacement of
–H bonds by B–OH− bonds, and finally yields B(OH)4

−; the lat-
er combines with another M–H  to afford H2 and to regenerate the
ctive sites. Alternatively, Peña-Alonso et al. [12] suggested that
ransfer of the negative charge of M–BH3

− to H of M–H  is a critical
echanistic step. The negatively charged H reacts with H2O to form
2 and OH−. The generated OH− then participates in the stepwise

eplacement of the hydridic H bonded in B, resulting in the forma-
ion of B(OH)4

− product. Whereas differing in the understanding of
echanistic pathway, both models emphasized the catalysis reac-

ions on the metal catalyst surface. Here, our studies show that
he catalytic hydrolysis process involves not only the surface reac-
ions, but also the trapping and bulk diffusion of hydrogen in the

etal catalysts. In preparation of the catalyst using electroless plat-
ng method, the deposition of catalyst coating is accompanied with
igorous hydrogen evolution [17,18]. The metal catalysts in their
s-prepared states absorb a certain amount of hydrogen, which may
xist in atomic state and occupy the interstitial sites of metal lat-
ice or grain boundary. These trapped hydrogen atoms may  play a
rucial role in catalytic hydrolysis reaction of NaBH4 through pro-
iding a H-saturated environment of the catalysts. In the case of
re-desorption of the trapped hydrogen in the calcination treat-
ent processes, the detached H from BH4

− or H2O may  be firstly
bsorbed on the catalyst surface and then migrate into the bulk
f the catalyst, as schemed in Fig. 9. Here, designed experiments
sing deuterated species may  provide valuable insight into the
rigin of the trapped hydrogen in the catalyst. The observed induc-
ion period might be understood as the time required for reaching
he saturated H-concentration in the catalysts. When the saturated
-concentration is reached in the bulk of the catalyst, HG should
ccur mainly on the catalyst surface via combination of H atoms.

urrently, the mechanism underlying the hydrogen absorption in
etal catalysts and the correlation between the resulted changes of

lectronic structure and catalytic activity remain unclear. Further
etailed studies are still required.
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[

[
[
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4. Conclusions

Our studies found that calcination of the Co–W–B/Ni foam cat-
alyst results in the appearance of induction period in its first
time use, and the duration of which depends on the calcina-
tion temperature and atmosphere. The induction duration of the
catalyst can be shortened by using high-pressure H2 in the cal-
cination process, and eliminated upon reusing the catalyst. A
combination of structural and property studies suggest that the
appearance/disappearance of the induction period should be cor-
related with the trapped hydrogen in the catalyst, rather than the
changes of surface oxidation state of the catalyst. This experimental
finding provides insight into the catalytic hydrolysis mechanism of
NaBH4.
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