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a  b  s  t  r  a  c  t

Co-B  nanoparticles  supported  over  carbon  films  were  synthesized  by  using  pulsed  laser  deposition  (PLD)
and used  as  catalysts  in the  hydrolysis  of  sodium  borohydride  (NaBH4)  to  produce  molecular  hydro-
gen.  Amorphous  Co-B-based  catalyst  powders,  produced  by  chemical  reduction  of  cobalt  salts,  were
used  as  target  material  for  nanoparticles-assembled  Co-B  film  catalysts  preparation  through  PLD. Vari-
ous  Ar pressures  (10–50  Pa)  were  used  during  deposition  of  carbon  films  to  obtain  extremely  irregular
and  porous-carbon  support  with  high  surface  area  prior  to  Co-B  film  deposition.  Surface  morphology  of
the  catalyst  films  was  studied  using  scanning  and  transmission  electron  microscopy,  while  structural
characterizations  were  carried  out using  X-ray  diffraction.  The  hydrogen  generation  rate  attained  by
carbon-supported  Co-B  catalyst  film  is  significantly  higher  as  compared  to  unsupported  Co-B  film  and
to conventional  Co-B  powder.  Morphological  analysis  along  with  NaBH4 hydrolysis  tests  showed  that
orous carbon film
anoparticles
aser ablation

the  Co-B  nanoparticles  produced  with  PLD  act as  active  catalytic  centers  for hydrolysis  while  the  carbon
support  provides  high  initial  surface  area  for the Co-B  nanoparticles  with better  dispersion  and  tolerance
against  aggregation.  The  hydrogen  generation  rate  obtained  by the  present  catalyst  film  was  also  investi-
gated  as  a function  of  Co-B  loading,  carbon  morphology,  and  solution  temperature.  The  high  performance
of  our  carbon-supported  Co-B  film  is  well  supported  by the  obtained  very  low  activation  energy  (∼31  kJ
(mol)−1)  and  exceptionally  high  H2 generation  rate  (8.1  L  H2 min−1 (g  of  catalyst)−1)  in  the  hydrolysis  of

NaBH4.

. Introduction

Chemical hydrides (NaBH4, NH3BH3, LiBH4, NaH, KBH4, etc.)
ith high hydrogen storage capacity in terms of gravimetric and

olumetric efficiencies are the most prospective contenders to sup-
ly pure hydrogen at room temperature [1,2]. Among them, sodium
orohydride (NaBH4) has attracted worldwide interest mainly
ecause it is stable in alkaline solution, non-flammable, non-toxic

n nature, and with hydrogen storage capability of 10.8 wt%. [3].
urthermore, hydrogen is generated by water-based hydrolysis
eaction of NaBH4 with the important advantage of producing
alf of the hydrogen from the water solvent. However, catalyst

s required to accelerate this hydrolysis reaction in a controllable
anner. Therefore, the catalyst is the key factor that affects the H2

eneration performance from hydrolysis of NaBH4. Another limita-

ion for the development of NaBH4-based hydrogen technology is
elated to its regeneration from end product (borax), a process that
till needs large amount of energy.
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© 2010 Elsevier B.V. All rights reserved.

Solid state catalysts such as precious metals (generally function-
alized with support) or transition metals and their salts are found
to be very efficient in accelerating the hydrolysis reaction in a con-
trollable manner. Noble catalysts like Pt [4] and Pd [5] supported
on carbon, PtRu supported on metal oxide [6],  Ru supported on
anion-exchange resin [1],  Rh supported on different materials [7],
Ru nanoclusters [8],  and Ru-promoted sulphated zirconia [9] have
been utilized in the past to enhance the hydrogen production rate.
However, these catalysts do not seem to be viable for industrial
application considering their cost and availability. Transition met-
als such as fluorinated Mg  based alloy [10], Raney Ni and Co, nickel
and cobalt borides [11–13],  and even metal salts are generally used
to accelerate the hydrolysis reaction of NaBH4. Metal-boride amor-
phous alloy catalysts, prepared by reduction of metal salts with
a reducing agent, have attracted much attention in catalysis field
owing to their unique properties such as isotropic structure and
high concentration of coordinative unsaturated sites [14,15]. For
these reasons, Cobalt boride (Co-B) is considered, among all the

above mentioned catalysts, as an excellent candidate for the H2
production by catalytic hydrolysis of NaBH4, also owing to its rel-
evant chemical stability and low cost. Generally in the past, Co-B
catalyst was  studied in form of homogeneous powder which has
however the problem related to separation and aggregation. On

dx.doi.org/10.1016/j.cattod.2010.11.077
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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he other hand, Co-B in form of thin films will serve as an envi-
onmentally friendly “green catalyst” for being easily recovered,
eused, and acting as suitable tool for on/off switch. This thin film
atalyst can also acquire better catalytic properties because of the
nherent surface morphology and structure. In our previous works
13,16,17],  Co-B catalysts synthesized by pulsed laser deposition
PLD) in form of nanoparticle-assembled films showed a high per-
ormance for hydrogen production in catalytic hydrolysis reaction
f NH3BH3 and NaBH4. However this nanoparticle-assembled film
as deposited on flat glass surface which does not exhibit the

equired features of a large-surface area support intended for catal-
sis process.

Supports such as carbon, silica, and alumina play not merely the
ole of carrier for active metal, but also provide a large active surface
rea and better dispersion of the active phase due to their porous
ature. Besides that, a supported catalyst facilitates the diffusion
f reactants through the pores to the active phase, improves the
issipation of the reaction heat, retards the sintering of the active
hase, and increases the poison resistance. Carbon appears the best
upport for active catalyst just because of its highly chemical inert
ature particularly in strong basic and acid environments as well
s good interaction with the active metals; finally it also provides
exibility to produce selected morphology and porosity [18]. The
resence of oxygen-containing groups on the carbon surface which
an be acidic, neutral, and basic in nature, has also a great effect on
he absorptive properties [19]. In our previous work, we  deposited
luster-assembled C-films having structure ranging from diamond-
ike to highly porous form, by PLD using a range of laser parameters
20]. Thin Pd layer deposited on top of these C-films were later
tilized as catalyst for H2 generation by hydrolysis of NaBH4 and
howed significantly superior activity as compared to unsupported
d: we attributed this feature to the high dispersion of active Pd
articles provided by the morphology of C-films [21,22].

The aim of the present work is to study the effect of morpho-
ogical properties of carbon films, produced by PLD under different
r gas pressures, as a support for the nanoparticles-assembled Co-

 film catalyst. The C-supported Co-B film shows much improved
erformance for catalytic hydrolysis of NaBH4 solution to produce
ydrogen. The results are discussed in terms of active nature of
o-B nanoparticles and high surface area provided by the carbon
lms.

. Experimental

Co-B powder catalyst, synthesized by the chemical reduction
ethod, was used as the target material for the deposition of cat-

lyst film by PLD. This powder was prepared by adding sodium
orohydride, used as reducing agent, to an aqueous solution
0.05 M)  containing cobalt salt (CoCl2) under vigorous stirring. The
lack powder separated from the solution during reaction course
as filtered and then extensively washed with distilled water and

thanol before drying at around 323 K under continuous N2 flow.
n order to be used as a target for the film deposition, the Co-B
owder was cold pressed in form of cylindrical disks. PLD was  per-
ormed using KrF excimer laser (Lambda Physik) at the operating
avelength of 248 nm,  pulse duration of 25 ns, and repetition rate

f 30 Hz. According to our previous experience [13,16], the abla-
ion of Co-B was carried out under vacuum condition with a base
ressure of 2 × 10−5 Pa by using laser pulses of 3 J/cm2. The target to
ubstrate distance was maintained at 4 cm.  Details of the deposition

pparatus are reported in Ref. [23].

Co-B film supported on carbon was synthesized in two steps:
1) by first depositing carbon film by PLD, on a glass substrate,
sing a laser fluence of 12 J/cm2 and varying Ar pressure from 10
o 50 Pa to obtain different surface roughness; (2) by PLD of Co-B
ay 170 (2011) 20– 26 21

nanoparticles-assembled film over these carbon substrates in vac-
uum with same laser parameters as used to deposit unsupported
Co-B film. Weight of the catalyst loading was evaluated by mea-
suring the weight of the glass slide (76 mm × 46 mm)  with carbon
film, before and after deposition of Co-B film: it was kept approxi-
mately constant for all the produced samples (10 mg). Films were
deposited on silicon substrates for the characterization and on glass
substrates to test their catalytic activity.

The surface morphology of all catalyst powders was  stud-
ied by scanning electron microscope (SEM-FEG, JSM 7001F, JEOL)
equipped with energy-dispersive spectroscopy analysis (EDS, INCA
PentaFET-x3) to determine the composition of the samples. Trans-
mission electron microscopy (TEM) analyses were performed with
a field emission FEI TECNAI F20 SuperTwin FEG-(S)TEM microscope
operating at 200 kV equipped with an EDAX energy-dispersive X-
ray spectrometer (EDS). Structural characterization of the catalyst
powders was  carried out by conventional X-ray diffraction (XRD)
using the Cu K� radiation (� = 1.5414 Å) in Bragg–Brentano (�–2�)
configuration.

For catalytic activity measurements, an alkaline-stabilized solu-
tion of sodium borohydride (pH 13, 0.025 ± 0.001 M)  (Rohm and
Haas) was prepared by addition of NaOH. The titre of reagent
was  independently measured through iodometric method [24].
The generated hydrogen quantity was  measured through a gas
volumetric method in an appropriate reaction chamber with ther-
mostatic bath, wherein the temperature was kept constant within
accuracy±0.1 K. The chamber was equipped with pressure sensor,
stirrer system, catalyst insertion device, and also coupled with an
electronic precision balance to accurately measure the weight of
water displaced by the hydrogen produced during the reaction
course. A detailed description of the measurement apparatus is
reported in Ref. [25]. In all the runs, the catalyst was placed on the
appropriate device inside the reaction chamber and the system was
sealed. Catalyst powder or film was added to 200 ml  of the above
solution, at 298 K, under continuous stirring. In order to make com-
parison, the H2 cumulative production yield (%) versus time was
plotted instead of the hydrogen volume (ml) versus time. The effi-
ciency of the all form of catalysts was compared by using analogous
amount of Co-B catalyst (∼10 mg). The H2 generation rate was mea-
sured at different temperatures to determine the activation energy
involved in the catalytic hydrolysis reaction.

3. Results and discussion

In our previous works [13,16,21,22],  we  have successfully devel-
oped by PLD two kinds of catalyst films for catalytic hydrolysis of
NaBH4 solution to generate pure H2 gas. These catalysts were in
form of Co-B nanoparticles-assembled thin film and Pd supported
on rough carbon thin film. Both these catalyst films showed excel-
lent activity to produce expected amount of H2 from hydrolysis
of NaBH4 with significantly higher rates (about 5–6 times) than
the same amount of the corresponding powders. For Co-B film,
the enhanced catalytic activity was mainly attributed to the Co-
B nanoparticles, produced during the ablation process on the film
surface, with average size of around ∼250 nm and well established
spherical form [13,16].  These nanoparticles not only increase the
surface area of the catalyst but also act as the active catalytic cen-
ters for the hydrolysis reaction of NaBH4. In the case of Pd/C film,
the highly porous and irregular morphology of carbon support pro-
vides very high initial surface area and better dispersion of Pd

particles on the surface [21,22].  These results showed that Co-B
nanoparticles and appropriate carbon film morphology were the
main reason behind the enhanced performance of Co-B and Pd/C
thin film catalysts. Considering our previous results, in the present
work we combine the two features (nanoparticles and rough sup-
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Fig. 1. Hydrogen generation yield as a function of reaction time obtained by hydrol-
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favors the better dispersion of the nanoparticles, (2) provides high
sis of alkaline NaBH4 solution (0.025 M)  with Co-B catalyst powder and with
nsupported and C-supported Co-B film deposited by PLD. Carbon film used for
he  measurement was  deposited with Ar pressure of 40 Pa.

ort surface) to synthesize Co-B nanoparticles on highly irregular
nd porous carbon film support to improve the initial surface area
nd obtain better dispersion of nanoparticles. Carbon film was
eposited on the glass substrate using Ar gas pressure (40 Pa) in
he PLD chamber prior to the deposition of Co-B film.

Hereafter Co-B film deposited on glass substrate and on carbon
lm will be designated as unsupported- and C-supported Co-B film,
espectively. The catalytic activity of C-supported and unsupported
o-B film was compared by measuring the hydrogen generation
ield as function of time by hydrolysis of alkaline NaBH4 (0.025 M)
olution at 298 K: results are reported in Fig. 1. The figure clearly
hows that both the Co-B catalyst films are really efficient and
roduce hydrogen instantaneously as soon as they come in con-
act with the NaBH4 solution. However, the C-supported Co-B film
xhibits higher catalytic activity as compared to the unsupported
o-B film and it was able to complete the reaction within 10 min
hile the same amount of unsupported Co-B film catalyst (∼10 mg)

akes about 18 min  and the Co-B powder catalyst takes 85 min. The
xpected total amount of H2 was measured irrespective of the type
f used catalyst. The H2 generation yield values reported in Fig. 1
re perfectly fitted by using a single exponential function [26], as
escribed by:

H2](t) = [H2]max × (1 − e−k1t) = 4[[BH4
−]0 × (1 − e−k1t)] (1)

here [BH4
−]0 is the initial molar concentration of NaBH4 in the

olution and k1 is the overall rate constant of the reaction. This indi-
ates that hydrolysis reaction is first order reaction with respect to
aBH4. In the present case a low hydride/catalyst ratio was used
hich means that the first order kinetics involving diffusion of
H4

− on the catalyst surface is the rate limiting step during the
ydrolysis reaction (see discussion reported in Ref. [26]).

A numerical procedure, described elsewhere [16], was  utilized
o obtain the maximum value of the hydrogen generation rate
Rmax) for all the catalysts. By using same catalyst amount (10 mg),
he maximum H2 generation rate obtained for C-supported Co-

 films (∼8100 ml/min/g catalyst) has been found significantly
igher (almost 2 times) than that obtained using the unsup-
orted Co-B film (∼4330 ml/min/g catalyst). While the Rmax value
or C-supported Co-B films is about one order of magnitude
igher than Co-B powder catalyst (∼850 ml/min/g catalyst). Sev-
ral films synthesized by using the same PLD parameters showed

lmost identical (±5%) H2 generation rate, thus establishing the
eproducibility of our produced PLD films. During the reaction,
he catalyst films were quite stable both in terms of hydrogen-
roduction and bonding with the substrate.
ay 170 (2011) 20– 26

Structural characterization by XRD (not reported) shows that
both unsupported- and C-supported-Co-B catalyst films synthe-
sized by PLD are amorphous in nature. In Fig. 2 we  present SEM
images of Co-B catalyst powder and of both films (unsupported and
C-supported) synthesized by PLD. The SEM images of catalyst pow-
ders show typical particle-like morphology with spherical shape
and average size of a few nanometers. However, because of the
high surface energy related to these particles, they tend to agglom-
erate as observed in the SEM image (Fig. 2a). As seen in Fig. 2b, the
surface of unsupported Co-B catalyst films exhibit a nanoparticles-
assembled structure made of well dispersed spherical particles
with size ranging between 50 and 300 nm.  In addition to this Co-
B nanoparticles, we  also observed much smaller Co nanoparticles
(NPs) embedded in boron matrix on the film surface by TEM. Fig. 3a
represents the bright-field TEM micrographs of Co-B film surface
deposited by PLD using laser fluencies of 3 J/cm2. The Co-NPs, with
well defined spherical shape and average size of 11 ± 4 nm,  are
observed to be well-dispersed in the matrix of light element (espe-
cially boron or boron-oxide) as confirmed by energy dispersive
X-ray spectroscopy. The histograms of particle size distribution are
illustrated in Fig. 3b, while the particle density (with size D < 30 nm)
calculated from this plot is about 320 ± 30 NP/�m2.

Depending on the laser energy density and target material
thermodynamic properties, the laser ablation process falls into
two  main categories: vaporization (also intense vaporization) and
explosive boiling [27,28].  The mechanism of direct nanoparticle for-
mation is here attributed to the phase explosion process that occurs
under extreme conditions of high temperature and pressure pro-
duced by the laser pulses irradiating targets in vacuum [29]. High
energy density laser beam irradiation causes a superheating of the
region below the target surface beyond the limit of thermodynamic
stability of the material (∼90% of the thermodynamic critical tem-
perature, Tc) inducing a homogeneous nucleation of vapor bubble.
The target surface then makes a rapid transition from superheated
liquid to a matrix of vapor and liquid nano-size droplets, which
leave the irradiated target surface and get deposited on the sub-
strate: this is the case for Co-B nanoparticles (50–300 nm range)
formation on the surface. The phase explosion process occurs in
a superheated liquid near Tc and we  suppose that the emitted liq-
uid would have a homogeneous Co-B composition. However, either
during the flight from target to substrate, or just on the substrate,
cooling processes will occur that could lead to phase separation
and Co NP formation within the boron matrix occurs on the surface.
However, the involved mechanisms are still under investigation.

SEM images of C-supported Co-B film (Fig. 2c) show dendritic
microstructure of carbon film with highly irregular and porous
surface. To clearly identify Co-B particles in carbon film the com-
positional SEM image in backscattering electron mode (BSE) was
acquired (Fig. 2d). In BSE images materials of heavy and light ele-
ments can be readily distinguished through their brightness. Thus
from Fig. 2d, it is clearly evident the presence of Co-B nanopar-
ticles (bright particles) embedded in the porous carbon film with
improved dispersion. The mechanism behind the formation of such
rough carbon surface through PLD is discussed below.

The above morphological results confirm our previous finding
that the enhanced catalytic activity obtained with Co-B film, as
compared to powder, is primarily attributed to the Co-B nanoparti-
cles which act as active catalytic centers for the hydrolysis reaction.
Depositing these active Co-B nanoparticles on carbon film gives
rise to a further enhancement in catalytic activity which is mostly
ascribed to highly rough and porous carbon surface which: (1)
initial surface area, and (3) stabilizes the nanoparticles against
aggregation. To further confirm the role of carbon film we used
different Ar pressure in PLD chamber, ranging from 10 to 50 Pa, to
tailor roughness of deposited C-films.
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ig. 2. SEM micrographs of Co-B catalyst: (a) powder, (b) unsupported film, and (c
o-B  film. Carbon film used for the measurement was deposited with Ar pressure o

The SEM images of the carbon films deposited under Ar gas pres-
ure of 20, 30, 40 and 50 Pa are illustrated in Fig. 4a, c, e and g, while
o-B film supported on these carbon films are reported in Fig. 4b,
, f and h, respectively. Microstructures ranging from flat to highly

rregular and to porous are clearly visible. The carbon film deposited
t low Ar pressure (20 Pa) exhibits columnar structure (observed
hrough cross-section SEM images of the film, figure not shown)
ith embedded spherical nodules on the surface. By increasing

he pressure (to 30 and 40 Pa) dendritic, highly porous microstruc-
ure starts to appear with extremely irregular surface. The nodes in

his case appear bigger, loosely packed, and non-spherical. Film-
ubstrate adhesion is slightly poor than that reached at low Ar
ressure. When using high pressure conditions (50 Pa), the film
ppears powder-like, with barely any adhesion to the substrate.
he morphology of such a film is very similar to that of simulated

Fig. 3. (a) Bright field TEM images and (b) particle size histogram for unsuppo
pported film deposited by PLD. (d) Back scattering electron image of C-supported
.

films grown under ballistic deposition conditions. The collisional
effects imposed by inert gas (Ar) at high pressure in the deposi-
tion chamber cause a cooling down of plume along with charges
recombination and condensation of carbon clusters in the plume
which are deposited on the substrate. In particular, by increasing
the gas pressure, cluster–cluster collision may also occur that con-
tributes to formation of bigger clusters which, when assembled,
form highly porous and irregular structure on the film surface. The
visible consequence of such a process is the peculiar sequence of
morphologies that develop in the growing film as discussed in Ref.

[18].

Hydrogen generation yield was  measured, as a function of time,
during the hydrolysis of alkaline NaBH4 solution (0.025 M)  at 298 K
in presence of Co-B film catalyst supported on different carbon
films deposited with various Ar pressures ranging from 10 to 50 Pa

rted Co-B catalyst film deposited by PLD using energy density of 3 J/cm2.
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ig. 4. SEM micrographs of the carbon films deposited under different Ar gas pres
o-B  film supported on these carbon films, respectively.
Fig. 5). The inset of Fig. 5 shows the Rmax as a function of Ar
as pressure used to deposit the carbon films. Co-B catalysts sup-
orted on C-film deposited at low Ar pressures (10 and 20 Pa) show
lmost similar catalytic activity as un-supported Co-B film. We
ttribute this result to the non-porous structure of C-films. How-
(a) 20, (c) 30, (e) 40 and (g) 50 Pa, while (b), (d), (f) and (h) are the SEM images of
ever, the catalytic activity increases for Co-B catalysts supported
on C-films deposited at higher Ar pressures (30 and 40 Pa). Rmax

reached the maximum for C-film deposited at 40 Pa. As indicated
by SEM images, the roughness and surface area of C-film increases
with the deposition pressure. This trend is also followed by the
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ig. 5. Hydrogen generation yield as a function of reaction time obtained by hydroly-
is  of alkaline NaBH4 solution (0.025 M)  with Co-B film catalyst supported on carbon
lms deposited with various Ar pressures by PLD. Inset shows the Rmax as a function
f Ar gas pressure used to deposit the carbon films.

2 generation rate for hydrolysis of NaBH4 as demonstrated in the
nset of Fig. 5. Thus, surface area and roughness of C-films play a
ital role in the increment of catalytic activity for Co-B film catalyst
y providing better dispersion and avoiding aggregation of Co-B
anoparticles. On the contrary, Co-B catalyst supported on C-film
eposited at highest pressure of 50 Pa shows a drastic decrease in
he H2 generation rate and was not able to complete the hydrolysis
eaction of NaBH4. The C-film deposited at this pressure has a very
eek adhesion with the substrate and thus, under vigorous stirring,

he carbon film slowly detached from the substrate and agglomer-
tes into big clusters in the reactant solution during the NaBH4
ydrolysis reaction. These carbon clusters completely enclose the
o-B nanoparticles inside, thus causing the major retardation in H2
eneration rate.

In Fig. 6 the H2 generation yields, obtained through hydroly-
is of alkaline NaBH4 (0.025 M)  solution using C-supported Co-B
lm, are reported as a function of time at different reaction
emperatures. The carbon film deposited with Ar pressure of
0 Pa was used for the measurement. The Arrhenius plot of the
ydrogen production rates (inset of Fig. 6) gives an activation

nergy value of 31 ± 2 kJ mol−1 for C-supported nanoparticles-Co-

 film which is the same as that obtained with unsupported
anoparticles-Co-B film (30 ± 1 kJ mol−1) but much lower than that
f Co-B powder (45 ± 1 kJ mol−1) [30]. In general, the obtained
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ig. 6. Hydrogen generation yield as a function of reaction time obtained by hydrol-
sis of alkaline NaBH4 solution (0.025 M)  with C-supported (40 Pa) Co-B film catalyst
easured at 4 different solution temperatures. Inset shows the Arrhenius plot of the
2 generation rates.
Fig. 7. Hydrogen generation yield as a function of reaction time obtained by hydrol-
ysis of alkaline NaBH4 solution (0.025 M)  at 298 K in presence of Co-B catalyst with
different loadings (2, 6, 8, 10, 14 mg) on carbon film support (40 Pa).

activation energies are lower than that obtained with Co-B sup-
ported on different materials such as carbon (57.8 kJ mol−1) [31],
carbon nano-tubes (MWCNT) (40.4 kJ mol−1) [32], and Ni foam
(33 kJ mol−1) [33]. The present value is also lower than that of
Co-based catalyst for example Raney Co (53.7 kJ mol−1) [34], Co-
B nanoparticles (42.7 kJ mol−1) [35], Co supported on activated
carbon (44 kJ mol−1) [36], structured Co2B (45 kJ mol−1) [37], Co-
B thin film (44.47 kJ mol−1) [38] and Co supported on �-Al2O3
(33 kJ mol−1) [39], The values are also lower than that found by
Amendola (47 kJ mol−1) [1] using Ru catalyst and by Kaufman and
Sen [40] using different bulk metal catalysts, obtained 75 kJ mol−1

for cobalt, 71 kJ mol−1 for nickel, and 63 kJ mol−1 for Raney nickel.
The activation energy values obtained in the present case are com-
parable to that obtained with Pd/C powder (28 kJ mol−1) [21], Ru
nanoclusters (29 kJ mol−1) [8] and Ru–C (37 kJ mol−1) [41]. The
favorable activation energy values obtained in the present work are
attributed to active nature of Co-B nanoparticles which are well dis-
persed in porous carbon film that indeed provides the initial high
surface area and avoids agglomeration thus enhancing the catalytic
hydrolysis reaction.

The effect of catalyst loading on catalytic activity of Co-B/C cat-
alyst was  studied by depositing different amount of Co-B catalyst
on carbon film (deposited with 40 Pa Ar pressure). Fig. 7 presents
the hydrogen generation yield, as a function of time, occurring from
the hydrolysis of alkaline NaBH4 solution (0.025 M)  at 298 K in pres-
ence of Co-B catalyst with different amount of loading (2, 6, 8, 10,
14 mg)  on carbon film support. It is observed that H2 generation rate
(H2 ml/min) increases with Co-B loading and takes less amount of
time to produce the expected amount of H2. However for higher Co-
B loading, more than 10 mg,  no further increment in H2 generation
rate is observed. This result shows that 10 mg is enough to cover
the carbon film with better dispersion of NPs while high loading
might decrease the level of dispersion.

4. Conclusion

Co-B NPs supported on carbon films were synthesized by using
PLD and used as catalysts in the hydrolysis of NaBH4 to pro-
duce H2. Several Ar pressures, in the range from 10 to 50 Pa,
were used during PLD of carbon films to tailor roughness and

porosity of carbon support prior to PLD of Co-B film. The hydro-
gen generation rate attained with carbon-supported Co-B catalyst
film (Ar pressure of 40 Pa for C deposition) is significantly higher
(8.1 L H2 min−1 (g of catalyst)−1) as compared to unsupported Co-B
film (∼4.33 L H2 min−1 (g of catalyst)−1) and to conventional Co-
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 powder (∼0.85 L H2 min−1 (g of catalyst)−1). SEM analysis along
ith NaBH4 hydrolysis tests show that the Co-B NPs act as active

atalytic centers for hydrolysis while the carbon support provides
oth better dispersion of the Co-B NPs and atomic barriers that
void NPs aggregation. The hydrogen generation rate obtained by
he present carbon-supported Co-B catalyst was also investigated
s a function of Co-B loading and solution temperature. The H2
eneration rate increases as function of loading but no further
ncrement is observed for loading exceeding 10 mg  that is indeed
nough to cover the carbon film with the best dispersion of NPs.
inally, the high performance of our carbon-supported Co-B film is
ell supported by the obtained very low activation energy (∼31 kJ

mol)−1) in the hydrolysis of NaBH4.
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