
E
u

S
a

F
b

a

A
R
R
A
A

K
C
C
H
S

1

fi
t
(

N

I
w
N
g
o
e
I
a
o
t
N
N
T

0
d

Catalysis Today 170 (2011) 3– 12

Contents lists available at ScienceDirect

Catalysis Today

jou rn al h om epage: www.elsev ier .com/ locate /ca t tod

x  situ  characterization  of  N2H4-,  NaBH4-  and  NH3BH3-reduced  cobalt  catalysts
sed  in  NaBH4 hydrolysis

.  Cavalierea, J.  Hannauerb,  U.B.  Demircib,∗,  O.  Akdimb, P.  Mieleb

Institut Charles Gerhardt, Université Montpellier 2, CNRS, UMR 5253, Laboratoire des Agrégats Interfaces et Matériaux pour l’Energie, Place Eugène Bataillon,
-34095 Montpellier Cedex 5, France
Université Lyon 1, CNRS, UMR 5615, Laboratoire des Multimatériaux et Interfaces, 43 boulevard du 11 Novembre 1918, F-69622 Villeurbanne, France

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 27 September 2010
eceived in revised form 4 February 2011
ccepted 15 February 2011
vailable online 12 March 2011

a  b  s  t  r  a  c  t

Sodium  borohydride  NaBH4-reduced  cobalt  is a very  attractive  material  in  catalyzing  NaBH4 hydrolysis,
as  it  is  highly  reactive  and cost-effective.  However,  the  nature  of its  catalytically  active  phase  is still
unknown  although  it has  been  mostly  suggested  as  being  either  cobalt  boride  such  as  Co2B or  an alloy
Co–B.  With  the  objective  to contribute  to highlight  the  real  nature  of  the  catalytically  active phase,  we
eywords:
obalt catalyst
obalt chloride reduction
ydrogen release
odium borohydride hydrolysis

performed  a  systematic  study  focusing  on  synthesizing  different  Co catalysts,  characterizing  them  by  ICP-
AES, N2 adsorption/desorption,  EDS,  FTIR,  DSC,  SEM,  TEM  and  XRD,  and  testing  them  in  NaBH4 hydrolysis.
Herein,  it is showed  that,  to  be highly  reactive,  the  Co catalyst  has  to be reduced  by  a boron-containing
reducing  agent  such  as  NaBH4 and  ammonia  borane  NH3BH3. Furthermore,  it has  to  be  amorphous.  None
of  both  features  were  observed  in  the  case  of  the  hydrazine  N2H4-reduced  cobalt.  Hence,  it is  suggested
that  the  presence  of  boron  is  necessary  to achieve  better  reactivity  through  electronic  and  geometric

effects.

. Introduction

Sodium borohydride (sodium tetrahydroborate, NaBH4) was
rst synthesized in the 1940s and was soon showed to be a poten-
ial hydrogen carrier, capable of releasing molecular hydrogen H2
spontaneously or catalytically) by hydrolysis [1]:

aBH4 (aq or s) + (2 + �) H2O (l) → NaBO2·�H2O (aq or s) + 4 H2

(1)

t has especially attracted great attention in the present decade [2]
hen, in the early 2000s, Amendola et al.’s pioneer work introduced
aBH4 as being one of the most promising solid state hydro-
en storage materials owing to a gravimetric hydrogen density
f 10.8 wt% [3].  Since then many research groups focused their
fforts on trying to make it suitable for technological applications.
n fact, research devoted to both NaBH4 as solid state hydrogen stor-
ge material and its hydrolysis can be viewed as mainly focusing
n the development of efficient catalysts, with the optimiza-

ion of the effective gravimetric hydrogen density of the system
aBH4–H2O and the recycling of sodium metaborate by-products
aBO2·�H2O back into NaBH4 appear to be secondary topics [4].
he recycling is in fact required for NaBH4 because of the storage
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irreversibility. Indeed, hydrolysis of NaBH4 is highly exothermic
(with �H < −200 kJ mol−1); in other words, the reverse reaction
is highly endothermic, which makes recycling energy-consuming
and thus cost-ineffective [2,4–6].  Although today NaBH4 has no
more potential for automotive applications (because of too low
effective gravimetric hydrogen densities, inefficient recycling of
the by-products and expensiveness) [5], it remains attractive for
portable and niche ones [6].

Though hydrolysis of NaBH4 is spontaneous, catalysts are nec-
essary to accelerate H2 release and to achieve the highest yields.
A great number of (homogeneous and/or heterogeneous) catalysts
have been considered: acids (liquid/solid), metal complexes, metal
salts, metals, metal alloys and supported catalysts [4,7]. Metal-
based catalysts have attracted significant research attention and
among the different metals (such as Fe, Co, Ni, Cu, Ru, Rh, Pd, Ir and
Pt) Co has shown to be highly interesting in terms of both reactivity
and cost [1,4,7].  Accordingly, many studies have been conducted on
developing such Co catalysts as it can be seen from the literature
where they can be split into 2 categories. The first one, which is also
the most abundant, is application-oriented whereas the second one
has a more fundamental approach as it aims to identify the exact
nature of the active phase of Co [4,7]. The present work falls in the

latter category.

NaBH4 is a strong reducing agent (redox potential of −1.24 V vs.
SHE at pH 14 and −0.48 V at pH 0) and thus has the ability to change
(reduce) the surface of any Co-based catalysts. This has been first
reported by Schlesinger et al. [1] who observed that NaBH4 rapidly

dx.doi.org/10.1016/j.cattod.2011.02.016
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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educes Co2+ (from CoCl2) into a black solid assumed to be cobalt
oride Co2B and suggested that it was the catalytically active phase.
owever, the nature of the as-formed black solid is still unclear; the
lack solid would be (i) a cobalt boride (CoxB indicating an inter-
etallic compound) or (ii) a cobalt-boron alloy (Co–B, i.e. an alloy

f some composition).
Various cobalt borides CoxB have been suggested to form so far:

oB [8], Co2B [1],  Co3B [9] and CoxB [10]. The x value depends on
he experimental conditions of synthesis and processes involved in
ecovering, washing, and drying of the catalyst [11–13].  It is highly
nteresting to notice that XRD was often used to characterize the
o-based black powder, which showed to be amorphous with at

east one broad peak centered at around 2� = 45◦. XRD is useful
n determining the material crystallinity (i.e. its amorphous state)
ut it is not really applicable in assigning the chemical nature (e.g.

 boride). Be that as it may, the formation of CoxB was  even so
roposed.

In contrast, Jeong et al. [14], Fernandes et al. [15] and Wang
t al. [16] have reported the formation of a Co–B alloy. For example,
ang et al. [16] observed, by XPS characterizations, that the B 1s

inding energy (188.1 eV) was positively shifted of 1.1 eV in relation
o the binding energy of B0 (187.2 eV) while the binding energy
f Co0 shifted negatively by 0.5 eV. Such shifts imply an electron
ransfer from alloying B to vacant d-orbital of Co0 in the amorphous
o–B alloy, making B electron-deficient and Co electron-rich and
hus Co catalytically more active [17].

There is thus divergence concerning the nature of Co cata-
yst that activates NaBH4 hydrolysis. This is well illustrated by
he following works. Dai et al. [18] and Garron et al. [19] used
uite similar experimental conditions to obtain Co catalysts and
hey nevertheless arrived at different conclusions, which were the
ormation of Co–B and Co2B, respectively. Such divergence asks
uestions. Is CoxB or Co–B really the catalytically active phase?
ight there be a part of subjectivity when one Co compound rather

han another one is suggested (from e.g. elemental analysis and/or
RD results)? Might there be any dependence of the experimental
onditions and the nature of Co precursor [20] on the formation of
oxB and Co–B?

Answering the questions above is not at this moment obvi-
us and the present study aims to provide elements of answer in
rder to better understand the nature and the behavior of the cat-
lytically active Co phase. In this way, CoCl2 was used as catalyst
recursor and was reduced with three different reducing agents
hydrazine, sodium borohydride and ammonia borane). NaBH4 is

ostly used as reducing agent and our objective in using other
educing agents was to contribute in highlighting the nature of
he catalytically active Co phase. For example, it is showed herein
hat boron is necessary in the catalyst. The obtained Co-based cat-
lysts were characterized by ICP-AES, N2 adsorption–desorption,
SC, XRD, SEM, EDS, TEM and XPS in fresh and used forms, and were
ompared in the NaBH4 hydrolysis. The main results are reported
nd discussed.

. Experimental

.1. Materials

Sodium borohydride (NaBH4, 99%, Acros Organics) and ammo-
ia borane (NH3BH3, 98%, Aldrich) were used as received and were

andled in an argon-filled glove box. Cobalt chloride hexahydrate
CoCl2·6H2O, ≥99%, Sigma–Aldrich), sodium hydroxide (NaOH,
98%, Sigma–Aldrich), hydrazine (N2H4, 98%, Sigma–Aldrich) and

etrahydrofuran (C4H8O, THF, 99%, Sigma–Aldrich) were used as
eceived. All experiments were performed using ultra pure water
Milli-Q grade; resistivity >18 M� cm).
Fig. 1. Picture of CoH 0 on a magnetic stirrer.

2.2. Synthesis of the Co catalysts

In order to prepare the Co-based catalysts (denoted CoX 0); with
X referring to the reducing agent used; namely, H as hydrazine, B as
sodium borohydride, B′ as ammonia borane; 0 means fresh catalyst;
instead of 0, Figs. 1–3 can be used to refer to the catalyst–NaBH4
mixtures, the used catalysts and the annealed CoX 2, respectively),
cobalt chloride hexahydrate was  reduced with different reduc-
ing agents in different conditions. Each of the synthesis was  done
under Ar atmosphere using Schlenk glassware and the synthe-
sized catalysts were kept and handled in an Ar-filled glove box.
CoCl2·6H2O was also used directly to hydrolyze NaBH4 (denoted
as CoCl2 0, CoCl2 1 and CoCl2 2 for fresh), NaBH4-mixed and used
precursor.

To synthesize CoH 0, a volume of 20 mL  of N2H4 was added drop-
wise into 75 mL  of an aqueous solution of CoCl2·6H2O (0.2 M)  at
100 ◦C under reflux. The mixture was  stirred for 3 h. The resulting
brilliant grey magnetic powder was  rinsed with water until pH 7
and dried under vacuum.

CoB 0 was prepared by chemical reduction, as reported else-
where [21,22]. Typically, an aqueous solution of CoCl2·6H2O (0.2 M,
50 mL) was reduced with a NaOH-stabilized (0.1 M)  aqueous solu-
tion of 1 M NaBH4. The NaBH4 solution was  added dropwise while
the chloride solution was being kept in an ice-cooled water bath.
The mixture was then stirred for 1 h. The as-obtained black powder,
which showed to be magnetic, was washed with water until pH 7
and dried under vacuum at room conditions.

Similar experimental conditions to those of CoB 0 in terms of
concentrations were used to prepare CoB′ 0. Typically, CoB′ 0 was
synthesized by adding dropwise 50 mL  of a mixture of 1 M NH3BH3
and 0.1 M NaOH into 50 mL  of 0.2 M CoCl2·6H2O aqueous solution in
an ice-cooled bath. The mixture was  stirred for 1 h. The as-obtained
black magnetic powder was  then rinsed with water until pH 7 and
dried under vacuum at room conditions.

2.3. Preparation of the NaBH4–CoX 0 mixtures

Hydrolysis was  performed with solid NaBH4 that was premixed
to CoX 0 prior to any test. This was done according to a proce-
dure reported elsewhere [23]. It was shown that the ‘solvent-based
method’ consisting in dissolving and mixing NaBH4 and CoCl2
together in THF improves the catalyst reactivity in terms of activa-
tion time, hydrogen generation rate and total conversion compared
to the mechanical mixing of both solids in a mortar. Accordingly,

450 mg  of NaBH4 and 110 mg  CoCl2·6H2O or 50 mg  CoX 0 (10 wt%
(Co)) were transferred in a Schlenk flask sealed with a silicon sep-
tum under Ar atmosphere. Then, 50 mL  of THF was added. The
mixture was stirred for 1 h at room conditions. A needle was let
through the silicon septum in order to let any released hydrogen
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Fig. 2. SEM pictures of CoH 0 (top left), CoB 0 (top middle) and CoB′ 0 (top ri

eak out. Finally, the solvent was evaporated and the solid mixture
ried under vacuum at room temperature. The as-prepared CoX 1
amples were then recovered, milled and kept in the Ar-filled glove
ox.
.4. Preparation of CoX 2 and CoX 3

CoX 0, i.e. CoX 1, was used in the hydrolysis of NaBH4 (as
escribed in Section 2.6) and, upon the hydrolysis completion, used
oX 0 was separated from the reaction slurry. Typically, the spent

ig. 3. TEM pictures of CoH 0 (left), CoB 0 (middle) and CoB′ 0 (right); the bottom pictures
rame.
nd of CoH 2 (bottom left), CoB 2 (bottom middle) and CoB′ 2 (bottom right).

solution was  extracted, the catalyst washed with deionized water
until pH 7 and then dried under vacuum. All the process was  done
under Ar atmosphere using Schlenk glassware. In this way, CoX 2
was recovered.

From DSC experiments (see Section 2.5), the annealing temper-

ature of CoX 2 was  chosen. It was  600 ◦C. Accordingly, the CoX 2
materials (100 mg)  were annealed at 600 ◦C (heating rate 10 ◦C),
for 4 h under Ar atmosphere in a furnace. The samples were han-
dled during the whole process under Ar atmosphere, even when
transferred from the glove box to the furnace (via an Ar-filled tube,

 show a magnification (3×) of the particles surface, area indicated by a white-border
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Table 1
Chemical composition of CoX 0 and CoX 2 by ICP-AES.

Co (wt%) B (wt%) Co�B�
a

CoH 0 96.2 0b Co
CoB 0 82.8 8.1 Co1.9B
CoB′ 0 82.0 3.6 Co4.2B
CoCl2 0 – – –
CoH 2 95.6 0c Co
CoB 2 88.3 2.9 Co5.6B
CoB′ 2 88.5 3.1 Co5.2B
CoCl 2 79.3 2.3 Co B

of 20 �m.  The catalysts were also analyzed by TEM (Fig. 3). CoH 0
consisted of 40–120 nm nanoparticles that are slightly aggregated,
due to the magnetic nature of the material. The particles were cov-
ered with a layer that revealed the surface oxidation consistent
with the EDS measurements. CoB 0 showed smaller nanoparticles

Table 2
Surface chemical composition of CoX 0 and CoX 2 by EDS.

Co (wt%) B (wt%) Co�B�
a

CoH 0 12.7 0 Co
CoB 0 87.2 12.8 Co1.3B
CoB′ 0 89.7 6.8 Co2.4B
CoCl2 0 – – –
S. Cavaliere et al. / Cata

ealed in the glove box) and afterwards from the furnace to the
love box.

.5. Catalysts characterization

Elemental analyses were performed by ICP-AES at the Service
entral d’Analyses of CNRS at Vernaison, France, or at Service Analyse-
exture of CNRS IRCELYON at Lyon, France.

Gas nitrogen adsorption/desorption isotherms were measured
t 77 K by means of a Micromeritics ASAP 2020 apparatus after
utgassing overnight. Specific surface area and average pore width
ere calculated based on the Brunauer–Emmett–Teller (BET)
odel.
Structural characterization was performed by X-ray diffrac-

ion (XRD; Bruker D5005 powder diffractometer, CuK� radiation
� = 1.5406 Å). To prevent the material from oxidation and mois-
ure, a Kapton® film was systematically used; in doing so two brad
eaks appeared at 2� of about 22◦ and 26◦.

FTIR analysis was performed by diffuse reflectance Fourier
ransform infrared spectroscopy (DRIFT-IR, FTIR Nicolet 380).

The catalysts morphology was identified using a Hitachi
800 scanning electron microscope (SEM) equipped with energy-
ispersive spectroscopy analysis (EDS) and a JEOL 1200 EXII
ransmission electron microscope (TEM) operating at 120 kV
quipped with a CCD camera SIS Olympus Quemesa (11 million
ixels). The samples were suspended in ethanol before deposi-
ion onto carbon coated copper grids for TEM analyses. Due to
he relevant aggregation of the strongly magnetic CoH X sam-
les, the simple deposition method was not convenient. Instead,
ross-sectional specimens were observed. Prior to perform ultra-
hin cross-sections, the samples were embedded in an epoxy resin
nd allowed to dry at 80 ◦C for 24 h. Using a Reichert ultramicro-
ome, 70–90 nm thick microtomies were cut and deposited on 200
quare mesh copper grids.

The surface composition of the catalysts was monitored by X-
ay photoelectron spectroscopy (XPS) on an ESCALAB 250 (Thermo
lectron). The X-ray excitation was provided by a monochromatic
l K� (1486.6 eV) source. Analyzed surface was 400 �m2. A constant
nalyzer energy mode was used for the electron detection (20 eV
ass energy). The detection of the emitted photoelectrons was per-
ormed perpendicularly to the surface sample. Data quantification
as performed on the Advantage program. The background signal
as removed using the Shirley method. The surface atomic concen-

rations were determined from photoelectron peaks areas using
he atomic sensitivity factors reported by Scofield. Binding ener-
ies (BE) of all core levels were referred to the C–C bond of C1s at
84.8 eV.

In order to determine the annealing temperature to apply to
he CoX 2 catalysts to get the CoX 3 materials, differential scan-
ing calorimetry (DSC) measurements were performed with DSC1
Mettler Toledo) under the following conditions: sample mass
0 mg,  aluminum crucible of 100 �l with a pinhole, heating rate
f 10 ◦C min−1, temperature range 25–600 ◦C, and Ar atmosphere
50 mL  min−1). Afterwards, the CoX 2 materials were annealed in
reater amounts in a furnace.

.6. Hydrogen generation measurement

A typical hydrogen generation measurement was performed as
ollows. In the Ar-filled glove box, CoX 1 was introduced into the
eactor consisting of a glass tube (16 mm diameter). The reactor

as then sealed with a silicon septum. It was placed in a water bath

hermostated at 80 ◦C. The room temperature was 20 ◦C. Deionized
ater (0.5 mL,  mol  ratio H2O/NaBH4 equal to 9) was then injected

n the tube. The reactor exhaust was connected to a water-filled
nverted burette. No stirring was used, except that induced by H2
2 6.3

a Co�B� compound that might be suggested.
b <20 ppm.
c <100 ppm.

evolution. All the measurements were video-recorded. The hydro-
gen generation rate r (also denoted HGR) was  determined at 50% of
NaBH4 conversion (without taking into account any possible occur-
ring lag phase). The rate r may  be given either in L(H2) min−1 or in
L(H2) min−1 g−1 (Co). Each hydrogen generation measurement was
carried out twice.

3. Results

3.1. CoX 0

Both CoB 0 and CoB′ 0 were powdery black solids. CoH 0 con-
sisted in small brilliant grey needles (Fig. 1); this indicates that a
bulk metal was  obtained. Care was needed during handling as the
material showed strong magnetic properties.

The bulk chemical composition of the CoX 0 samples in terms of
B and Co contents was determined by elemental analysis (Table 1).
No boron was found in CoH 0 whereas significant amounts were
detected for both CoB 0 and CoB′ 0. Assuming that the catalysts had
a uniform global composition, this would indicate Co, Co1.9B and
Co4.2B as CoH 0, CoB 0 and CoB′ 0, respectively. The result related
to CoB 0 is quite similar to Schlesinger et al.’s, who  proposed the
formation of Co2B [1].  Evaluation of the surface chemical compo-
sition of CoX 0 was  obtained by EDS (Table 2). It confirmed the
absence of boron in CoH 0. For both CoB 0 and CoB′ 0, the atomic
ratio Co/B was  lower than that found by elemental analysis. Tak-
ing into account the semi-quantitative nature of EDS, this suggests
that boron was  mostly located onto the surface of the CoB 0/CoB′ 0
particles, with the inner layer of the catalysts being richer in Co
[24].

The CoX 0 morphology was visualized by SEM. Fig. 2 depicts the
surface of the fresh catalysts. The surface of CoH 0 showed stacked
big aggregates of 10–20 �m.  The surfaces of CoB 0 and CoB′ 0 were
quite similar; they showed very small particles at a magnification
CoH 2 95.6 0 Co
CoB 2 93.6 5.6 Co3.1B
CoB′ 2 93.4 5.5 Co3.1B
CoCl2 2 90.1 6.4 Co2.6B

a Co�B� compound that might be suggested.
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Fig. 4. XRD patterns of CoH 0 (hexagon: hexagonal Co ICDD 00-001-1278;?:CoO
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Table 3
XPS results: Co 2p3/2, B 1s and O 1s binding energies of CoX 0.

Element Peak BE (eV) Atomic % Likely compoundsa

CoH 0 Co 2p3/2 778.1 0.8 Co
780.6 4.3 Co(OH)2, CoO
782.6 2.0 Co3O4

786.2 2.4 Co2O3,  Co(OH)2

O 1s 529.3 3.3 CoO, Co3O4

531.3 36.7 Co(OH)2

533.2 4.3 H2O
535.8  4.0 Adsorbed H2O/OH

CoB 0 Co 2p3/2 777.7 1.4 Co
780.2 2.9 CoO, Co3O4, Co(OH)2

782.3 1.3 Co3O4,  Co(OH)2

785.7 1.6 Co2O3,  Co(OH)2

O 1s 530.5 13.7 Co2O3

531.5 16.9 Co(OH)2

533.3 4.8 B2O3,  H2O
B  1s 187.7 2.8 B

191.4 6.2 Boron oxidesb

CoB′ 0 Co 2p3/2 –c –c –c

O 1s –c –c –c

B 1s –c –c –c

a [28,29].
b −
CDD 01-074-2391 or Co3O4 ICDD 03-065-3101 or Co(OH)2 ICDD 00-030-0443),
oB 0 (square: NaOH ICDD 00-015-0895; triangle: CoO ICDD 01-075-0419; circle:
oOOH ICDD 01-073-1213; and pentagon: hexagonal Co ICDD 00-001-1277) and
oB′ 0.

f 10–60 nm but they were strongly aggregated [19,25,26].  Fur-
hermore, one can see a 2 nm-thick thin layer that covered the
anoparticles. With respect to CoB′ 0, it resembled CoB 0 even
hough the particles were a little bit bigger (100–200 nm)  and the
uter layer thicker (5–10 nm). The layers may  be ascribed to super-
cial borates [25–27] as well as to cobalt oxide [28].

The crystallinity nature of the surfaces was investigated by XRD
Fig. 4). The patterns indicate the amorphous nature of each CoX 0
ven though few small peaks were depicted in the cases of CoH 0
nd CoB 0. The XRD pattern of CoH 0 showed peaks at around 2�
2◦, 45◦ and 48◦ ascribed to hexagonal Co (ICDD 00-001-1278); a
roader peak at 2� 38◦ was also observed and probably due to the
resence of CoO (ICDD 01-074-2391), Co3O4 (ICDD 03-065-3103)
r Co(OH)2 (ICDD 00-030-0443). Regarding CoB 0, the two main
eaks at 2� 31◦ and 36◦ were ascribed to NaOH (ICDD 00-015-
895); the peaks at 2� 34◦, 39◦ and 47◦ were identified as being
oO (ICDD 01-075-0419), CoOOH (ICDD 01-073-1213) and hexag-
nal Co (ICDD 00-001-1277), respectively. The pattern of CoB′ 0
howed two broad peaks at around 2� 38◦ and 45◦, revealing its
morphous nature. Throughout the literature, such XRD pattern
ppeared to be an evidence of the formation of either cobalt boride
r a cobalt–boron alloy. For example, the reference pattern of Co2B
ICDD 00-025-0241) shows peaks at 2� 38◦ and 45◦ with rela-
ive intensities of 20 and 100%, respectively. Hexagonal Co (ICDD
0-001-1278), CoO (ICDD 01-074-2391) and Co3O4 (ICDD 03-065-
103) show peaks of high intensity at 2� 38 ± 1◦ and/or 45 ± 1◦ and
ur XRD patterns indicate that these compounds may  have formed.

The chemical state of the CoX 0 surfaces was studied by XPS.
able 3 shows the binding energy (BE) values of Co 2p3/2, B 1s
nd O 1s and proposes the likely Co compounds that might have
ormed [29,30]. The results show that the Co surface sites are mostly
n an oxidized state. Consistently with the previous characteriza-
ions, the CoH 0 surface appeared to consist of Co, cobalt oxides (e.g.
oO, Co2O3 and/or Co3O4) and cobalt hydroxide Co(OH)2 in agree-
ent with the O 1s core level spectrum. The Co 2p3/2 BE (778.1 eV)

s even very close to that of metal Co (778.0 eV). The XPS results
lso suggest that CoB 0 is composed of Co, Co oxides and Co(OH)2.
he BE 187.7 eV of B 1s is positively shifted of 0.5 eV in relation to

he BE of B (187.2 eV) while the Co 2p3/2 BE 777.7 eV is slightly
ecreased (0.3 eV) compared to the BE of Co (778 eV). Such shifts
uggest an electron density transfer from B to vacant d-orbital of
o [17], one plausible reason being strongly adsorbed B-based com-
ounds over adsorbing Co sites. Furthermore, the surface of CoB 0
Na2B4O7, Na3B3O6, BO2 : with B 1s BEs of 191.6, 191.7, and 191.8 eV,  respec-
tively.

c Not determined because of peak fit problems; the spectra showed too wide
peaks, maybe due to charge effects.

would have contained borates; the BE (191.4 eV) reported here is
quite similar to that of Na2B4O7 (191.6 eV), Na3B3O6 (191.6 eV)
and BO2

− (191.8 eV). This is consistent with Kim et al.’s work [27],
which showed that a film consisting of Na2B4O7·10H2O and boron
oxides (BxOy, B2O3) formed after the catalyst brought into contact
the borohydride anions. Concerning CoB′ 0, its analysis by XPS was
impeded by a problem while attempting to fit the peaks. The high
resolution spectra (not reported) systematically displayed wide
peaks and led to a high error in the BE of the C–C bond of C1s.
Maybe, this might be due charge effects. Despite that limitation,
the spectra were tentatively deconvoluted: the peak of Co 2p3/2
showed at least two peaks, with the first having a hypothetical BE
of 778.6 ± 0.7 eV (ascribed to Co) and the other(s) being at higher
values (ascribed to oxides and hydroxide); the peak of B 1s showed
two peaks whose BEs could not be determined; the peak of O 1s
appeared to be symmetrical and its deconvolution was  discarded.

3.2. CoX 1

The CoX 1 samples were characterized by XRD and IR to verify
the presence of crystallized NaBH4. The XRD patterns (not reported)
clearly evidenced it. This was  also confirmed by IR as the obtained
spectra (not reported) showed its fingerprint.

Fig. 5 shows the hydrogen evolution obtained for CoCl2 1, CoH 1,
CoB 1 and CoB′ 1. In terms of HGRs, the following order was found:
CoCl2 0 > CoB′ 0 > CoB 0 > CoH 0, with r equal to 268, 41, 25, and
5 mL  min−1, respectively. The highest reactivity of the chloride has
been already reported [31] and it is known that the in situ formed
Co nanoparticles (through the reduction of CoCl2) have an initial
high reactivity that decreases when they are recovered, washed and
reused (process similar to the ex situ synthesis of the Co nanopar-
ticles). The reactivity loss is generally ascribed to the nanoparticles
aggregation during both the hydrolysis and the recovery process
[19,28].

The specific surface areas (Table 4) of CoB′ 0 and CoB 0 were
2 −1
determined to be 18 and 8 m g , respectively. Though higher

reactivity is expected with higher specific surface areas, our result
is inconsistent with the difference in reactivity previously reported
(i.e. CoB′ 0 > CoB 0). This is not well understood; accordingly fur-
ther studies are in progress. Nevertheless, as showed hereafter, XPS
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Table 4
Specific surface area (SBET), adsorption average pore with (AAPW) and pore volume
(VPOR) of CoX 0 and CoX 2 catalysts.

SBET (m2 g−1) AAPW (Å) VPOR (cm3 g−1)

CoH 0 – – –
CoB 0 18 235 0.104
CoB′ 0 8 97 0.019
CoCl2 0 – – –
CoH 2 – – –

F
f

ig. 5. Hydrogen evolutions obtained for CoCl2 0, CoH 0, CoB 0 and CoB′ 0 as well
s  for CoCl2 3, CoH 3, CoB 3 and CoB′ 3.

esults would suggest more reactive Co sites (electronic effects).
lso, the specific surface area was determined for CoX 2 (recov-
red, washed until pH 7 and dried under vacuum) and it was  found
hat CoCl2 2 had a slightly higher specific surface area than that of
oB 0. The specific surface area of CoB 2 was slightly lower than
oB 0, due to an aggregation of the Co nanoparticles. Thus, the
bservations are in favor of a higher reactivity of the precursor of
oCl2 2. Surprisingly, the area of CoB′ 2 was slightly increased. The

owest reactivity of CoH 0 can be attributed to the catalyst surface
ature as XPS results suggest the presence of lowly reactive oxide
nd/or hydroxide and to its crystallinity.

.3. CoX 2

After hydrolysis, CoX 2 was all recovered under Ar atmosphere.
oH 2, CoB 2 and CoB′ 2 had the same physical aspect of CoX 0,
amely a grey metallic powder. Regarding CoCl2 0, it became mag-

etic powdery black solid (CoCl2 2). The chemical compositions by

CP-AES and the surface chemical composition by EDS were deter-
ined (Tables 1 and 2). Compared to the original materials CoB 0

nd CoB′ 0, the compositions of CoB 2 and CoB′ 2 were modified,
he boron content having decreased, suggesting a stoichiometry

ig. 6. TEM pictures of CoH 2 (left), CoB 2 (middle) and CoB′ 2 (right); the bottom pictures
rame.
CoB 2 15 371 0.141
CoB′ 2 10 194 0.050
CoCl2 2 20 267 0.132

of Co5.6B and Co5.2B, respectively. The composition of CoCl2 2 was
quite similar to that of CoB 2. The main observation is that only
traces of boron (<100 ppm) were found for CoH 2.

The SEM images of CoX 2 are given in Fig. 2. There was appar-
ently no change in the surface morphology of CoH 2, CoB 2 and
CoB′ 2 compared to CoH 0, CoB 0 and CoB′ 0. The morphology of
CoCl2 2 (not reported) was  very similar to that of both CoB 0 and
CoB′ 0. By TEM (Fig. 6), it can be observed that the morphology
of the Co-based catalysts had changed after hydrolysis. The CoH 2
showed the presence of spherical nanoparticles of various sizes
from few tens to hundreds nanometers. Their surface was  cov-
ered by an irregular layer [25,26] and, in the case of CoB 2, the
thin layer was  more irregular than that on CoB 0. For CoB′ 0, the
nanoparticles’ aggregation was  more extensive and the layer was
irregular. The contact of the CoB′ 0 nanoparticles with NaBH4 had
manifestly led to a change of its surface but the outer layer was still
present.

The CoX 2 materials were analyzed by XRD (Fig. 7). With respect
to CoH 2, peaks at around 2� 42◦, 45◦ and 48◦ were detected. They
can be ascribed to hexagonal Co (ICDD 00-001-1278). For both
CoB 2 and CoB′ 2, similarly to CoB 0 and CoB′ 0, two broad peaks
at around 2� 36◦ and 45◦ indicative of their amorphous nature are
displayed. CoCl2 2 pattern shows two  broad peaks at around 2�
36◦ and 45◦ (consistently with CoB 2 and CoB′ 2) and small sharp
peaks at around 2� 42◦, 45◦ and 48◦ ascribed to hexagonal Co (ICDD

00-001-1278).

The surface of the CoX 2 catalysts was analyzed by XPS (Table 5).
The surface of CoH 2 was  oxidized, with no Co being detected,
which may  be due to the washing process. Therefore, CoH 2 con-
sisted of Co oxides and Co(OH)2 as no boron was found. CoB 2

 show a magnification (3×)  of the particles surface, area indicated by a white-border
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Fig. 7. XRD patterns of CoCl2 2, CoH 2, CoB 2 and CoB′ 2 (magnifications o

ontained Co, Co oxides and Co(OH)2 but the content of Co
ecreased in relation to that in CoB 0. Its surface oxidation degree

ncreased. An electron transfer from B to Co is as likely as in
oB 0. Further, the surface contained borate-based compounds.
hese observations are consistent with those made for CoB 0. With
espect to CoB′ 2, it also consisted of Co oxides and Co(OH)2, with

 small content of Co. Compared to Co (BE of 778.0 eV), a neg-
tive shift of 0.8 eV is remarkable for the Co 2p2/3 BE 777.2 eV
hereas no shift is observed for the B 1s BE 187.0 eV. A BE of

77.2 eV has been attributed to metallic Co elsewhere [32]. Such
o should be more reactive owing to an increased electron-donor
bility toward electron-deficient boron in BH4

−. This might explain
hy CoB′ 0 was more reactive than CoB 0 (Fig. 5). Moreover, the
oB′ 2 surface contained borate-based compounds. With respect
o CoCl2 2, the situation was similar to that of CoB 0 or even to
oB 2. Its surface was composed of Co, Co oxides and Co(OH)2.

he B 1s BEs showed significant positive shifts in relation to B
+1.1 eV) and the shift was higher to that measured for the other
o catalysts. The presence of surface borates such as BO2

− and
2O3 suggests the occurrence of an electron transfer from B to
eighboring O [22].
 30–50◦ are given to better show the broad peaks at around 36◦ and 45◦).

3.4. CoX 3

Glavee et al. [13] have reported that annealing (at 500 ◦C for
2 h under Ar) the Co nanoparticles obtained through reduction of
CoCl2 by NaBH4 leads to the formation of the cobalt boride Co2B. A
similar procedure was used in some other studies to support that
the nature of the Co catalyst is a boride [9,12,33], the annealed
material being characterized by XRD. Such an approach was also
applied in our work.

The annealing temperature was first determined from DSC
experiments (Fig. 8), which showed the CoX 2 materials behave
differently under heating. For CoH 2, a small exothermic peak
at around 350 ◦C was  observed. CoB 2 showed an exothermic
peak at 455 ◦C (onset temperature at 445 ◦C) which enthalpy is of
7.2 kJ mol−1 (Co). Another one at around 350 ◦C seemed to occur
but it overlapped the decreasing baseline. For CoB′ 2, two exother-

mic  peaks at 340 and 460 ◦C are depicted (onset temperatures of
about 327 and 454 ◦C); the enthalpies are calculated as being 1.3
and 2.9 kJ mol−1 (Co). Three exothermic processes were observed
in the case of CoCl2 2: the first one at 350 ◦C (onset temperature at
328 ◦C), the second one at 365 ◦C (onset temperature at 358 ◦C) and
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Table  5
XPS results: Co 2p3/2, B 1s and O 1s binding energies of CoX 2.

Element Peak BE (eV) Atomic % Likely compoundsa

CoH 2 Co 2p3/2 780.5 0.5 Co(OH)2, CoO
782.5 0.4 Co3O4

785.9 0.4 Co2O3, Co(OH)2

O 1s 530.6 2.9 Co2O3

531.8 14.5 Co(OH)2

533.2 10.0 H2O
535.5  4.9 Adsorbed H2O/OH

CoB 2 Co 2p3/2 777.6 0.3 Co
779.6 2.1 Co(OH)2, Co3O4, Co2O3

781.5 1.1 Co(OH)2

785.6 0.8 Co2O3, Co(OH)2

788.7 0.1 Co2O3, Co(OH)2

O 1s 529.3 4.4 CoO, Co3O4

530.6 10.7 Co2O3

531.8 11.0 Co(OH)2

533.3 6.5 B2O3, H2O
B  1s 187.5 1.0 B

191.2 3.8 Na2B4O7, Na3B3O6

CoB′ 2 Co 2p3/2 777.2 0.6 Co
780.4 3.9 Co(OH)2, CoO
782.2 2.2 Co3O4

785.8 1.8 Co2O3, Co(OH)2

O 1s 529.9 Traces Co3O4, Co(OH)2

530.6 21.1 Co2O3

531.8 18.8 Co(OH)2

533.0 7.7 B2O3, H2O
B  1s 187.0 1.1 B

191.5 7.2 Na2B4O7, Na3B3O6, BO2
−

CoCl2 2 Co 2p3/2 777.8 0.3 Co
780.2 3.7 Co(OH)2, CoO
782.1 2.4 Co3O4

785.9 2.1 Co2O3, Co(OH)2

789.2 0.2 Co2O3, Co(OH)2

O 1s 529.1 Traces CoO, Co3O4

530.0 10.0 Co2O3

531.5 21.7 Co(OH)2

533.2 10.4 B2O3, H2O
B  1s 188.1 0.5 B

192.0 5.5 Boron oxidesb

1

t
a
p
w

0

a [28,29].
b BO, BO2

− , B2O3, Na2B4O7, Na3B3O6, Na2B4O7·10H2O with B 1s BEs of 192.0,
91.8, 192.0, 191.6, 191.7, and 192.2, respectively.

he third one at 470 ◦C (onset temperature at 448 ◦C). The enthalpies
re 3.4, 0.4 and 6.1 kJ mol−1 (Co), respectively. Accordingly, the tem-

erature 600 ◦C was chosen for the annealing of CoX 2. The CoX 3
as obtained.

By XRD (Fig. 9), hexagonal (ICDD 00-001-1278) and cubic (00-
89-4307) Co were identified for all of the samples. Both phases

Fig. 8. DSC on CoCl2 2, CoH 2, CoB 2 and CoB′ 2.
oday 170 (2011) 3– 12

can coexist at room temperature [34] and even at temperatures
above 500 ◦C [19]. Nevertheless, the hexagonal structure is favored
at low temperatures whereas the cubic one is thermodynamically
preferred above 450 ◦C [34]. Wu et al. [33] reported the formation
of cubic Co at 300 ◦C. Accordingly, the exothermic reaction start-
ing at around 330 ◦C (Fig. 8) may  be due to the crystallization of
amorphous Co into cubic Co. No other compounds were found for
both CoH 3 and CoCl2 3. The XRD patterns of CoB 3 and CoB′ 3
show peaks attributed to Co2B (ICDD 00-025-0241). This might be
ascribed to a crystallization of an amorphous Co–B surface com-
pound. Accordingly, the second exothermic peak in DSC  (Fig. 8)
might be ascribed to such crystallization [35]. Lu et al. [12] also
showed the formation of both Co and Co2B through annealing of
NaBH4-reduced CoCl2 at 500 ◦C. Interestingly, the broad peak at
2� 45◦ is still slightly visible on the patterns of CoB 3, CoB′ 3 and
CoCl2 3; the broad peak at 2� 36◦ is also visible for CoB′ 2. A part of
these catalysts remained amorphous, the calcination temperature
being too low for the complete conversion. It is noteworthy that
neat crystalline cobalt borides (CoB and Co2B) form at temperature
above 1000 ◦C [36].

For CoX 3, the H2 evolutions are given in Fig. 5. The HGR values
were determined to be: CoB 3 ∼ CoCl2 3 > CoB′ 3 > CoH 3, the rates
being 19, 17, 12 and 4 mL(H2) min−1. Annealing has a detrimental
effect on the initial reactivity of CoX 0. The negative effect varies
from one CoX 3 to the other. It is significant in the case of CoCl2 3,
confirming that the in situ formed black solid is much more reac-
tive. With respect to CoB 3 and CoB′ 3, the catalytic activity was
decreased. This may  be attributed to the partial crystallization into
hexagonal and cubic Co, and Co2B. In the presence of CoH 3, the H2
evolution is slightly decreased compared to that of CoH 3. This is
may  be due to the formation of cubic Co. Once more this demon-
strates that amorphous materials offer a distorted structure leading
to high catalytic abilities in NaBH4 hydrolysis. The fact that anneal-
ing at 600 ◦C resulted in sintering is unlikely on the basis of the
present characterization data. This might also explain the deterio-
rated catalytic activity of CoX 3; namely, the bigger the crystallites,
the lower the specific surface area, the less active the CoX 3. How-
ever, catalyst sintering is a complex process that occurs according to
a coalescence and/or Ostwald ripening mechanism, and, if it occurs
in our experimental conditions, it has to be studied through a sys-
tematic work [37], which is beyond the scope of the present paper.
More works are in progress to better understand this phenomenon.

To summarize, the processes involved in recovering, washing,
drying and/or annealing are detrimental to the catalysts reactivity,
with the Co nanoparticles surface changing.

4. Discussion

The reactivity of the Co catalysts depends on the nature of the
reducing agent and on the synthesis approach (i.e. ex situ or in situ).
For example, the ex situ NH3BH3-reduced Co-based black solid is
more active than the ex situ NaBH4-reduced one; this may  be due
to electronic effects, with the Co sites in the former catalyst being
more electron-rich than those on the latter. Another example is
that the in situ NaBH4-reduced Co-based catalyst is much more
reactive than the ex situ one. This suggests that their respective
surfaces are different, with the recovery process of the latter cata-
lyst changing it. Indeed, it was observed that the waste waters of
the 2nd to 4th washings had systematically basic pH and this might
be taken as an evidence of the borates present on the nanoparticles

surface. Furthermore, the partial oxidation of the ex situ formed Co
particles during the washing process may  also explain such a dif-
ference. It is noteworthy that this also suggests that the presence
of boron-based compounds does not prevent the Co surface from
oxidation.
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ig. 9. XRD patterns of CoCl2 3, CoH 3, CoB 3 and CoB′ 3; star for hexagonal Co (IC
o2B (ICDD 00-025-0241) (magnifications over 2� 30–50◦ are given to better show

The (thorough) washing with water of the Co catalysts, even
hough neutral pH was systematically met, does not permit to elim-
nate all of the formed borates [25,27]. Furthermore, the particles
uffer from aggregation, which is due to superficial borates that
orm borate bridges [19,25,26].  This implies that the borates are
dsorbed over the Co particles surface. For the ex situ prepared Co
atalysts, such agglomerated nanoparticles were used to hydrolyze
aBH4. It is here important to cite Kim et al.’s work [27], as they
ere the first and only authors to have reported that a film formed

ver the surface of a Ni catalyst. The film was not removed by wash-
ng and was strongly adsorbed. Subsequent analysis found that it
onsisted of Na2B4O7·10H2O, unidentified BxOy and B2O3. These
bservations are consistent with our experimental data.

The high activities of the NaBH4- and NH3BH3-reduced Co cata-
ysts can also be attributed to their amorphous state. Compared to
partly or totally) crystalline Co compounds, the amorphous equiv-

lents have a much distorted structure and thus more catalytic
ctive sites [38,39].

The N2H4-reduced Co catalyst, which may  be seen as a reference
aterial to better understand the behavior of the other catalysts, is
uch less reactive than the other ones. This is due to several rea-
0-001-1278), square for cubic Co (ICDD 01-089-4307) and circle for cobalt boride
oad peaks at around 36◦ and 45◦).

sons such as geometric effects (e.g. higher particle size), crystalline
structure and subsequent low reactivity of hexagonal Co, presence
of cobalt oxides and hydroxide known to be lowly reactive, and
absence of superficial boron/borates.

Taking into consideration all of the observations reported here,
we believe that the most important feature is the necessity of
boron (in the form of boron and/or borates) in the catalyst for its
better reactivity. This has two effects. The first one is to modify
the electron density of Co, which makes it more efficient in acti-
vating the hydrides of BH4

− (further studies are in progress to
identify the exact nature of the Co sites). Such activated hydrides
will then react more easily with protons from adsorbed water in
accordance with the bimolecular Langmuir–Hinshelwood mech-
anism [40]. The second effect is that amorphous cobalt catalysts
are formed in its presence, which leads to more catalytic active
sites than in crystalline ones. Any crystallization (N2H4-reduced Co

catalyst or annealing) leads to reactivity deterioration. It is note-
worthy that B remains on the Co catalyst surface only when it is
provided through the reducing agent; it does not bond to surface
Co sites of N2H4-reduced during hydrolysis. Besides, the present
study asks the following question: would there be Co–O–B interac-
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. Conclusion and challenges

The Co2+ cations from CoCl2 reduce when they are in contact
ith hydrazine, sodium borohydride or ammonia borane. A black

olid consisting of nanoparticles is obtained with the boron-based
educing agents whereas a grey bulk metal forms in the presence
f the boron-free compound. All of these materials can be used as
atalyst in the NaBH4 hydrolysis but they do not show the same
eactivity. The three catalysts have been the topic of the present
rticle. They were synthesized, tested in the NaBH4 hydrolysis and
haracterized by various techniques such as ICP-AES, N2 adsorp-
ion/desorption, EDS, FTIR, DSC, SEM, TEM, and XRD. The main
bjectives were to highlight the reactivity difference and to attempt
o identify the catalytically active phase of the NaBH4- or NH3BH3-
educed nanoparticles.

The NaBH4- or NH3BH3-reduced Co catalysts showed to be
ighly active toward the NaBH4 hydrolysis and this has been
scribed to several factors such as the presence of B (as element
nd/or borates) at the Co nanoparticles surface and the amorphous
ature of the catalysts. In contrast, the N2H4-reduced Co parti-
les showed to be much less reactive because of their crystalline
tructure, the presence of surface Co oxides and hydroxide, and
he absence of B. In fact, boron is necessary in the catalyst for its
etter reactivity. It has an electronic effect as it electron-enriches
o, which makes it more efficient in hydrolyzing the borohydride
nions. It also has an effect on its crystallization, which is in fact
indered; thus, it favors amorphous materials; this is important as
he amorphous state leads to higher catalytic reactivity owing to

ore distorted structure and subsequently more catalytic sites.
Throughout the literature devoted to NaBH4 hydrolysis, it is

ostly reported that the catalytically phase is either a cobalt boride
uch as Co2B or an alloy Co–B. To get Co2B in our experimental con-
itions, an annealing at 600 ◦C for 4 h was needed. Furthermore, the
haracterization data, especially those from XPS, does not support
ts formation in room conditions. Be that as it may, the present study
s a step forward in highlighting the nature of the catalytically active
o phase but there remain several challenges. For example, which

s the catalytically active Co phase? A boride CoxB, an alloy Co–B or
ny other Co compound [41]? It is obvious that the surface of the
atalysts changes and this is problematic since it reveals durability
ssues. Borates can be found on the catalyst surface. What is(are)
heir role(s)? May  they positively affect the catalyst reactivity given
hat it has often been claimed that they only act as poisons? Studies
re in progress, the objective being to provide elements to answer
he questions while addressing the characterization issues. In fact,
t seems that the greatest challenge is the in situ characterization
during synthesis as well as hydrolysis) of such Co catalysts [41].
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