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a  b  s  t  r  a  c  t

Ruthenium  (1.5  wt%  Ru)  supported  on  �-Al2O3 was  synthesized  in  the presence  of  ethylene  gly-
col  using  ruthenium  acetylacetonate  as  precursor.  The  catalyst  was  characterized  by  inductively
coupled  plasma  (ICP)  emission  spectroscopy,  X-ray  diffraction  (XRD),  scanning  electron  microscopy
(SEM),  transmission  electron  microscopy  (TEM),  energy  dispersive  X-ray  (EDX)  spectroscopy  and
X-ray  photoelectron  spectroscopy  (XPS).  It was found  that  it consisted  of  Ru0 and  RuO2 as  spher-
ical  nanoparticles,  with  an average  size  of  4.2 nm, and  aggregates  deposited  at  the surface  of  the
support.  The  catalyst  was  tested  in hydrolysis  of ammonia  borane,  NH3BH3. Experiments  with  vari-
able  amounts  of catalyst  (10–30  wt%),  concentrations  of the substrate  (1.0–0.65  M),  and  temperatures
(50–66 ◦C)  were  performed.  The  reaction  was  followed  by volumetric  (inverted  burette)  and  spectro-
scopic  (11B  and 11B{1H}  NMR)  methods.  A  kinetic  study  was  developed  (apparent  activation  energy  of

−1
uthenium supported over alumina 67  kJ  mol ;  reaction  orders  vs. the  concentration  of  NH3BH3 and  ruthenium  active  sites  of 0.4  and  1.0,
respectively).  Hydrogen  generation  rates  up to 76.4  mL(H2) min−1 or 158.5  L(H2) min−1 g−1 (for the  high-
est  catalyst  loading)  were  measured,  which  classify  our catalyst  among  the most  reactive  ones.  The  NMR
study showed  a rapid NH3BH3 hydrolysis  also  at room  temperature  with  initial  formation  of B(OH)4

−,
which  besides  would  favor  following  equilibriums  of formation  of  polyborates.  Finally,  after  deactivation

run,  t
d  her
of  the  catalyst  in  the  first 

are reported  and  discusse

. Introduction

One of the principal problems for the conversion to a viable
ydrogen fuel economy is the development of on-board hydrogen
torage materials with high gravimetric and volumetric hydrogen
ensity. Various solutions are currently under investigation such
s tanks of compressed and liquefied H2, gas-on-solid adsorbents,
etal hydrides (e.g., MgH2, LiH, and TiFeH2) and chemical com-

lexes. In this last category, metal borohydrides (e.g., LiBH4 and
aBH4) and alanates (e.g., NaAlH4) cover a central role; the high
ravimetric hydrogen density (e.g., 18.4 wt% for LiBH4) and the
cceptable stability in aqueous alkaline solutions enable envisag-
ng their utilization in on-board systems. However, the presence
f solid by-products and the high costs needed for regeneration
rocesses represent the principal obstacles for their extensive
tilization [1].
Amineboranes, which are other examples of the attractive
hemical complexes, have releasable protic (N–H) and hydridic
B–H) hydrogens. The parent ammonia borane, NH3BH3, with a
ery high hydrogen capacity (19.6 wt%), and low molecular weight

∗ Corresponding author. Tel.: +33 04 72 44 84 03; fax: +33 04 72 44 06 18.
E-mail address: umit.demirci@univ-lyon1.fr (U.B. Demirci).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.01.040
he  hydrolysis  mechanism  resulted  substantially  unmodified.  These  results
ein.

© 2011 Elsevier B.V. All rights reserved.

(30.7 g mol−1) represents a leading material for hydrogen storage
applications [2,3] although the same problems above described for
the adoption of chemical complexes in hydrolytic dehydrogenation
routes were also found for amineboranes. Furthermore, a consid-
erable disadvantage in automotive applications is the releasing
of ammonia to the fuel cells, which requires additional precau-
tions and gas clean-up. Dehydrogenation of NH3BH3 has been
extensively analyzed in the solid state by thermolysis [4,5], and
in solution by hydrolysis and methanolysis [6,7]. Recent stud-
ies have shown that metal-complexes-catalyzed dehydrogenation
of NH3BH3 and substituted amineboranes enable a considerable
extent of hydrogen release at affordable temperatures [8–10].

Ammonia borane shows a very good solubility in water [11].
In addition, it is highly stable in neutral and alkaline solutions
as observed in 11B NMR  investigation [12,13] unlike NaBH4,
which undergoes self-hydrolysis. Besides solid acids [13], such as
cation-exchange resins and zeolites, noble transition metal-based
catalysts are extensively studied in NH3BH3 hydrolysis although
their costs of utilization still represent a considerable drawback

for a broad applicability [6,14–17]; it was reported that NH3BH3 is
subjected to dissociation and hydrolysis in the presence of noble
transition metal-based catalysts with a very high kinetics of hydro-
gen release [12]. Two different solutions may  be adopted in order
to mitigate their economical impact. They consist in the utilization

dx.doi.org/10.1016/j.cattod.2011.01.040
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:umit.demirci@univ-lyon1.fr
dx.doi.org/10.1016/j.cattod.2011.01.040
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f first-row transition metal-based catalysts, which are cheaper
nd more abundant (e.g., cobalt or nickel), and the modulation of
he noble metal content maintaining the number of active sites
hrough the reduction of the particle sizes. In both cases, the cat-
lyst activates release of stored hydrogen up until 85 ◦C, which is
he operative temperature for polymer exchange membrane fuel
ells. Although many efforts were carried out in the attempt to
evelop efficient and economical accessible metal-based catalysts,
he definition of the optimal compromise between costs and recy-
lability and the control of ammonia release during hydrolysis are
till important challenges to overcome [18,19].

In the present study, supported ruthenium nanoparticles were
enerated by chemical reduction starting from an organometal-
ic precursor. Small content (1.50 wt% as theoretical value) of
uthenium was dispersed over �-Al2O3, which was chosen for
ts relatively high specific surface area and high stability in alka-
ine solutions. The catalyst was tested in hydrogen generation
y NH3BH3 hydrolysis. The H2 evolution was followed by water-
isplacement technique in combination with 11B and 11B{1H} NMR
hat are utilized also for assessing the catalyst durability. Our main
esults are reported hereafter and discussed.

. Experimental

.1. General data

Reactions and workups were carried out under dry argon
tmospheres using conventional Schlenk techniques unless noted.
thylene glycol (Aldrich, 99+%), �-Al2O3 (Evonik, AEROXIDE® Alu C,
ET = 100 m2 g−1), NH3BH3 (1, Aldrich, 97% and 90%), Ru(C4H4O2)3
2, Strem, 99%), D2O (Euriso-Top, 100%) were used as received.
ltrapure water with a specific resistance of 18.2 M�  cm was
btained by a reverse osmosis followed by ion-exchange and filtra-
ion (PureLab Ultra, ELGA, USA) and used after purging with argon.
he temperature of the solution in the reaction tube for the hydrol-
sis tests was recorded by a bayonet type-T (copper–constantan)
hermocouple with a stainless steel sheath. The temperature of bath
as controlled within ±0.1 ◦C by the thermostatic circulator.

11B and 11B{1H} NMR  spectra were recorded on Bruker 400 MHz
T spectrometers. The 11B chemical shifts are given in ıB units (parts
er million) downfield from BF3·O(C2H4)2 (ıB = 0.0 ppm in CDCl3).
MR  spectra were taken through the investigation runs although

he magnetic field homogeneity was systematically lowered by H2
ubbling off. The phase structure of the catalyst was checked by
owder X-ray diffraction (XRD) on a Bruker D5005 powder diffrac-
ometer (Cu K� radiation, � = 0.15406 nm). Transmission electron

icroscopy (TEM) analysis was performed on a Jeol 2010 LaB6
icroscope equipped with an Oxford Instrument Link ISIS energy

ispersive X-ray (EDX) spectrometer using an accelerating voltage
f 200 kV. Scanning electron microscopy (SEM) was conducted on

 Hitachi S-800 field emission gun (FEG) instrument at an accelera-
ion voltage of 15–20 kV. The samples were sputtered with gold or

 gold–palladium alloy.
Electronic and chemical states of the synthesized samples were

haracterized by X-ray photoelectron spectroscopy (XPS) on a
ratos Analytical Axis Ultra DLD spectrometer equipped with an
l K� (h� = 1486.6 eV, 150 W).  The spectrometer binding energy

Eb) scale was calibrated using the position of Al 2p (74.0 eV) core
evel. The elaborations were performed using the commercial soft-
are Vision. The textural data of the catalysts were measured by
2 adsorption at liquid N2 temperature with a Sorptomatic 1990

 Thermo Electron instrument. The sample was degassed at 150 ◦C
vernight before measurement. Elemental composition was deter-
ined by inductively coupled plasma (ICP) emission spectroscopy

t the Service Central d’Analyses du CNRS at Vernaison, France.
oday 170 (2011) 85– 92

2.2. Synthesis of the catalyst

In a two-necked round bottom flask, 2 (0.059 g, 0.000148 mol,
1.5 wt% of Ru) was  dissolved in ethylene glycol (50.0 mL). The flask
was evacuated under oil pump vacuum (2 min) without cooling
and stirred at 185 ◦C (3 h). The resulting black slurry was cooled to
100 ◦C and �-Al2O3 (0.985 g) was  added under argon flow in one
portion. After 12 h, the slurry was  cooled to room temperature. The
black precipitate was isolated by filtration, washed with ethanol
(3× 20 mL), and dried by oil pump vacuum at 60 ◦C for 12 h to give
ruthenium catalyst (Ru/�-Al2O3, 3) as a dark grey powder.

2.3. Hydrogen generation (typical procedure)

A 20 mL  test tube was loaded in a glove box with 3 (0.0092 g,
10 wt%), and a magnetic stirring bar. The tube was  sealed with a
silicon septum, submerged in a preheated water bath to the desired
reaction temperature using a thermostatic circulator, and con-
nected to a water-filled inverted burette via a cold trap at −140 ◦C
to ensure the water vapor and ammonia retainment. A second tube
was loaded in a glove box with 1 (0.0850 g, 0.00275 mol) and sealed
with a silicon septum. Distilled water (2.75 g) was  added to the tube
containing 1 with a syringe. The resulting solution was heated in
a water bath at the desired temperature for 5 min before injection
in the tube containing 3. The evolved hydrogen was collected in a
gas burette. The amount of collected hydrogen evolved was  calcu-
lated using the ideal gas law. The experiments were recorded by
a video camera connected to a computer. Data concerning hydro-
gen evolution were collected and analyzed using a Matlab program.
Hydrogen generation rates (r) were then calculated.

2.4. 11B and 11B{1H} NMR experiments

In a glove box, an NMR  tube was  charged with 3 (0.0058 g,
15 wt%). A solution of 1 (0.0327 g, 0.0011 mol) in D2O (0.7 mL,
C1 = 1.6 M)  was  prepared in a 10 mL  vial, cooled to −3 ◦C, and added
via syringe under argon flow into the NMR  tube containing 3. 11B
and 11B{1H} NMR  spectra were immediately recorded. The reac-
tion was  monitored at 25 ◦C at 20 min  intervals. The NMR  tube cap
was provided with a small hole to relieve the pressure due to the
hydrogen released during the experiment.

2.5. 11B and 11B{1H} variable temperature (VT) NMR  experiment

In a glove box, an NMR  tube was  charged with 3 (0.0034 g,
10 wt%). The tube was  cooled to −3 ◦C. A solution of 1 (0.0309 g,
0.0010 mol) in D2O (1.0 mL,  C1 = 1.0 M)  was prepared in a 10 mL
vial, cooled to −3 ◦C, and added via syringe under argon flow into
the NMR  tube containing 3. The NMR  tube was transferred to a 5 ◦C
NMR  probe after a brief shake. 11B NMR  spectra were recorded. The
reaction was  monitored at 15 ◦C intervals as the probe was  warmed
from 5 ◦C to 65 ◦C (heating rate of 3 ◦C min−1). Before data acqui-
sition, the sample was  equilibrated for 3 min  at each temperature.
The NMR  tube cap was provided with a small hole to relieve the
pressure due to the hydrogen released during the experiment.

2.6. Analysis of Ru/�-Al2O3 durability

In a glove box, an NMR  tube was  charged with 3 (0.0062 g,
20 wt%). A solution of 1 (0.0250 g, 0.000809 mol) in D2O (0.6 mL,
C1 = 1.3 M)  was  prepared in a 10 mL  vial, cooled to −3 ◦C, and added

via syringe under argon flow into the NMR  tube containing 3. The
NMR tube was cooled to −3 ◦C and transferred to a 65 ◦C NMR  probe
after a brief shake. 11B and 11B{11H} NMR  spectra were immedi-
ately recorded. The reaction was  monitored at 7.5 min  intervals.
In each of following three runs, the supernatant in the NMR  tube
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as carefully recovered after the experiment under argon flow. The
lack precipitate was washed with D2O (2×  1.0 mL)  and combined
gain with 1 as above described. The reactions were monitored at

 min  intervals. The NMR  tube cap was provided with a small hole
o relieve the pressure due to the hydrogen released during the
xperiment.

. Results and discussion

.1. Catalyst characterization

Ethylene glycol was utilized as solvent and reducing agent for
he synthesis of the catalyst [20–22].  It represents a material at
ower environmental impact in comparison with other widely used
educing agents as NaBH4, N2H4, CH2O and DMF. Furthermore,
t ensures mild temperature conditions and high solubility of 2,

hich is adopted as metallic precursor. The complete incorporation
f ruthenium evaluated by ICP (1.6 wt% vs. 1.5 wt%  as theoreti-
al value), represents a farther advantage. The specific area of 3
as determined by BET method. The utilization of ethylene gly-

ol as solvent determines a contraction (76 m2 g−1) with respect
o the experimental value of �-Al2O3 surface before synthesis
97 m2 g−1); this relevant decreasing can be likely attributed to the
artial blockage of the support porosity by ruthenium particles.

The morphology of 3 was analyzed by TEM and SEM. The first
echnique highlights the presence of spherical particles of variable
izes embedded on the outside area of the support (Fig. 1a). The
article size distribution is depicted in Fig. 2. An average particle
ize of 4.2 nm was determined. The contemporaneous formation
f large-dimension aggregates (Fig. 1b) would confirm the diffi-
ulty to ensure an effective dimensional control of the particles in
he presence of diols as reducing means [23,24].  The formation of
arge agglomerates through the back-scattered electron image is
hown in SEM analysis (Fig. 3). This observation supports the rel-
vant contraction (ca. 22%) of the surface area after synthesis of
.

The catalyst and support �-Al2O3 (ICDD 00-050-0741) show
nalogous amorphous profile in the XRD diffraction patterns as
llustrated in Fig. 4. In particular, the peaks of highest intensity of
uthenium (Ru with 2� = 44◦; ICDD 00-001-1253) and ruthenium
xide (RuO2 with 2� = 56◦; ICDD 00-002-1365) were tracked. A very
mall peak centered at around 2� = 43◦ is discernable and might be
ttributed to the ruthenium species. However, the low amount of
he metallic component did not enable a farther exploitation of the
RD pattern.

XPS and EDX were utilized in order to investigate the composi-
ion of 3. The former technique shows the presence of ruthenium
t the catalyst surface. The ruthenium 3d5/2 and 3d3/2 binding
nergies (BEs) are diagnostic to confirm the presence of metallic
uthenium (Ru0). The former BE, centered at 279.7 eV, indicates the
resence of Ru0 (Fig. 5) [25,26]. The latter one at 283.8 eV, covered
y the signal of C 1 s, is consistent with BEs values related to Ru
d3/2 [26]. Mathematical deconvolution provided the best fit of the
xperimental data assuming the presence of oxidized ruthenium.
he ruthenium 3d5/2 BE value of 281.5 eV was found and ascribed
o the oxide RuO2 [26]. In summary, our catalyst appeared to con-
ist of Ru0 and RuO2 supported over �-Al2O3. Finally, strong peaks
f ruthenium were observed by EDX analysis, which confirmed an
ffective deposition of metal particles at the surface of the support.
.2. Hydrolysis followed by 11B NMR  and 11B{1H} NMR

The stability of 1 was  monitored by 11B NMR. Ammonia borane
issolves in water (33.6 g/100 g of H2O) [2] and forms a colorless
olution (pH = 9.1) [12]. 11B NMR  spectrum of 1 in D2O exhibits a
Fig. 1. TEM micrographs of 3: (a) nanoparticles and (b) agglomerates.

quartet centered at ı = − 21.0 ppm (1JBH = 91.7 Hz) in good agree-
ment with previous reports [27,28].  The absence of modifications
after 7 d, confirms the stability of 1 in aqueous solution at neutral

pH (Fig. 6). Accordingly in the experiments detailed hereafter, the
H2 release can be attributed uniquely to the catalyst reactivity. 11B
NMR control experiment points out the inertness of the support
�-Al2O3 as shown in Fig. 7.
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Fig. 2. Particle size distribution of 3.

The hydrolytic dehydrogenation of 1 mediated by noble transi-
ion metal-based catalysts (e.g., Pt, Pd, or Ru) at standard conditions
s reported as follows (Eq. (1)):

H3BH3 (aq) + 4H2O (l) → B(OH)4
− (aq) + NH4

+ + 3H2 (g) (1)

The dehydrogenation of 1 in D2O was monitored by VT 11B NMR
Fig. 8). As the temperature was increased, the peak at −21.0 ppm
f 1 progressively disappeared. A broad singlet showed up at lower
eld starting 50 ◦C (ı = 16.9 ppm at 65 ◦C), with no other signals
eing observed. According to the equation above, the singlet is
scribed to B(OH)4

−. This suggests that NH3BH3 hydrolyzes into
(OH)4-upon its adsorption over the catalyst surface, with no inter-
ediates desorbing.
A  farther test was performed in order to enucleate the reaction

n Eq. (1).  The hydrolytic dehydrogenation of 1 in the presence of
 at room temperature was followed by 11B{1H} NMR  as shown in
ig. 9. In this case, the broad peak at 9.8 ppm is assigned to a borate-
dduct initially formed. In the attempt to account the observed 11B
MR  resonance, Chandra and Xu, report that an equilibrium pro-
ess between H3BO3, BO3

−, and other borate species would occur
12]. The signal was up-field shifted to 7.4 ppm after 2 h and, finally,
o 6.4 ppm after 2 d. The chemical shift modification may  be due
o variations of pH and NH4

+ concentration [29]. Moreover, a sec-
nd broad peak had appeared after 2 d at higher chemical shift
9.5 ppm). The signal at 6.4 ppm is assigned to B(OH)4

− whereas
he second one to a polyborate formed during the reaction; the
resence of B(OH)4

− would favor the equilibriums of formation of
olyborates in our operative conditions [29].

.3. Hydrogen evolution

The rate of hydrogen release, expressed in mL(H2) min−1, was
tudied in the presence of 3 at 65 ◦C. This temperature was chosen
ith the aim to find the best compromise among: (i) the utilization

f polymer electrolyte membrane fuel cells with operative temper-
tures lower than 85 ◦C; (ii) the time of hydrogen release (relatively
ast measurements); (iii) the control of hydrogen release (smooth
ydrogen evolution and absence of catalytic material loss within
he exhaust lines).

Different approaches were utilized to study the hydrogen
elease processes in the presence of 3. First, the effect of the con-
entration of 1 (1.0–0.65 M)  was analyzed with the catalyst amount
10 wt%) and the temperature (65 ◦C) kept unchanged (Fig. 10).
he rate of hydrogen release passes from 21.8 mL(H2) min−1 with
he initial concentration of 1 (1.0 M)  to 18.4 mL(H2) min−1 with
he final one (0.65 M).  The function ln(r) = f([NH3BH3]) was  plot-
ed (not reported) to determine the reaction order with respect to

he concentration of 1. The rate law can be expressed as in Eq. (2):

 =∝ [NH3BH3]0.4 (2)

The order 0.4 is quite consistent with that reported elsewhere
or a 3 wt% Ru/C catalyst [30], namely 0.45. Basu et al. [30,31] sug-
Fig. 3. SEM micrographs of 3 observed in secondary electrons (a) and back-scattered
images (b).

gested a Langmuir–Hinshelwood mechanism to capture such an
order, which is also likely in our present conditions. It is notewor-

thy that zero-order kinetics has been reported, for e.g., supported
Pt [6],  Pd [32] and Co [33] catalysts. In fact, a discrepancy in the
order vs.  the hydride concentration has been also reported in the
case of NaBH4; it depends on the catalyst nature as well as the
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Fig. 4. XRD pattern
xperimental conditions (mainly, hydride concentration range and
emperature) [34].

Following tests were provided modifying the quantity of the
atalyst (10–30 wt%) and leaving the concentration of 1 (1.0 M)  as

Fig. 5. Partial XPS spectrum of 3. C 1s–Ru 3d5/2 levels for 3.
Al2O3 (a) and 3 (b).

a constant (Fig. 11). The progressive increasing of the concentra-
tion of catalytically active surface sites of the ruthenium catalyst
(�Ru) enabled a considerable improvement of the rate of hydrogen

−1
release, which passed from 17.8 mL(H2) min with the initial cat-
alyst amount (10 wt%) to 76.4 mL(H2) min−1 with the final one. For
comparison purpose, one may  report that Chandra and Xu [6] found
a rate of 111 mL(H2) min−1 at 40 ◦C for 2 wt% Ru/�-Al2O3 (about
5 wt% with respect to NH3BH3) showing nanoparticles of 1.8 nm.

Fig. 6. 11B NMR spectra of 1 (solvent: D2O, C1 = 1.3 M) after 5 min  and 7 d.
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Fig. 7. 11B{1H}NMR spectra of 1 in the presence uniquely of �-Al2O3 (solvent: D2O).

Fig. 8. VT 11B NMR  spectra of the hydrolytic dehydrogenation of 1.

Fig. 9. 11B{1H} NMR  spectra of the hydrolytic dehydrogenation of 1; overall (a) and
partial after 2 d (b). The first spectrum in (a) was recorded after 5 min.
Fig. 10. Hydrogen release at different concentrations of 1, with the catalyst amount
(10  wt%) and temperature (65 ◦C) kept unchanged.

The function ln(r) = f(�Ru) was plotted (not reported) and the appar-
ent order with respect to the concentration of catalytically active
surface sites of the ruthenium catalyst was determined; it is shown
in Eq. (3):

1.0
r  ∝ [�Ru] (3)

Such a reaction order is typical of catalytic processes.
The rates of hydrogen generation (from Fig. 11)  were cal-

culated also with respect to the catalyst amount and metal

Fig. 11. Hydrogen release at different amount of 3, with the concentration of 1
(1.0 M)  and temperature (65 ◦C) kept unchanged.
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concentration of 1 during the time, are summarized in Fig. 13.  The
catalytic activity of 3 decreased after the first run. No further sig-
nificant deactivation was  observed for the remaining experiments
(runs 2–4). The spectra recorded for run 1 and run 4 were com-
ig. 12. Hydrogen release at different temperatures, with the catalyst amount
10  wt%) and concentration of 1 kept unchanged (1.0 M)  (a), and Arrhenius plot for
ehydrogenation of 1 (b).

ontent, with values of, respectively, 2.1 L(H2) min−1 g−1

nd 141.3 L(H2) min−1 g−1 for the initial experiment, and
.4 L(H2) min−1 g−1 and 158.5 L(H2) min−1 g−1 for the final one.
hese values confirm the high performance of our catalyst if
orrelated with other examples reported in the literature that
elong to the same class of catalysts: e.g., 320 L(H2) min−1 g−1 for

 wt% Pt/�-Al2O3 at 25 ◦C [6];  210 L(H2) min−1 g−1(Rh) for 1.2 wt%
h/zeolite-Y at 25 ◦C [35]; and 270 L(H2) min−1 g−1 (Ru) for 3 wt%
u/C at 55 ◦C [30].

The effect of the temperature was studied at constant values of
he concentrations of 1 (1.0 M)  and 3 (10 wt%) (Fig. 12a). The tem-
erature was varied from 50 to 66 ◦C. The Arrhenius plot is reported

n Fig. 12b. The apparent activation energy for 3 is 67 kJ mol−1.
handra and Xu reported a value of 23 kJ mol−1 in the presence of

 similar Ru/�-Al2O3 system [6].  Other analogous examples were
eported, such as 76 kJ mol−1 with 3 wt% Ru/C [30]; 56 kJ mol−1 with
ntrazeolite Co0 nanoclusters [33]; and 67 kJ mol−1 with 1.2 wt%
h/zeolite-Y [35]. The difference may  be attributed to the discrep-
ncies introduced through the experimental procedures, such as
ifferences in the utilized materials and experimental procedures.
ote that the Arrhenius plot shows a downward curvature that
ight be indicative of a change in the mechanism of hydrolysis
hough our present data (especially NMR) does not support this.
To summarize, in our experimental conditions, the catalyst 3

bey a power rate law that shows an apparent activation energy of
7 kJ mol−1, a reaction order vs. the NH3BH3 concentration of 0.4
Fig. 13. Rates of hydrolytic dehydrogenation of 1 in successive runs (Ci
1 = 1.3 M;

mcatalyst = 20 wt%).

and an order vs. the concentration of catalytically active surface
sites of the ruthenium catalyst of 1.0. This is consistent with the
Langmuir–Hinshelwood mechanism [31,32], which supposes that
both reactants, i.e. NH3BH3 and H2O adsorb over the catalytic sur-
face to be hydrolyzed upon the formation of the final by-product
B(OH)4

–. Furthermore, it suggests that the rate determining step is
adsorption.

3.4. Catalyst durability

The catalyst durability was monitored by 11B{1H} NMR  over four
successive runs. The results, in terms of variation of the relative
Fig. 14. 11B{1H} NMR  spectra for the durability tests in the presence of 3; run 1 (a)
and  run 4 (b).
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[35] M.  Zahmakiran, S. Özkar, Appl. Catal. B 89 (2009) 104.
2 G.P. Rachiero et al. / Cata

ared; the catalytic behavior of 3, in terms of resulting products,
as identical along the experimental pathway (Fig. 14). A single
roduct, i.e. B(OH)4

−, was formed and, as observed above, its peak
as slightly up-field shifted upon consumption of the substrate as

unction of solution features like the pH and borates concentration.
In our experimental conditions, the catalyst underwent deacti-

ation after the first run. A plausible reason may  be the precipitation
f borates to the catalyst surface [36]. However, no further reduc-
ion of activity was observed in the following runs. In addition, the
ydrolysis mechanisms appeared to remain unchanged since the
ctivity of 3, was identical along the successive runs. This behavior
esembles the properties of cobalt-based catalysts used in NaBH4
ydrolysis [37]. In order to rationalize the previous outcomes, it

s proposed that the catalyst underwent a substantial modification
f ruthenium species at the surface through an in situ reduction
romoted by 1. After the first run, the surface of 3 is presumably
niform and characterized by the preponderant presence of Ru0,
hich would represent the stable phase as the spectral results of

uns 2–4 confirm. Further experiments are thus required to high-
ight this but, to succeed in this, the in situ characterizations issue

ust be addressed; this is a complicated challenge [37].

. Conclusion

A highly active supported catalyst, 1.5 wt% Ru/�-Al2O3, for
ydrolytic dehydrogenation of NH3BH3 was synthesized by chem-

cal reduction using an effective polyol methodology. By ICP and
PS, it was found that the catalyst consisted of 1.6 wt% Ru0 and
uO2. By SEM and TEM, it was observed that the nanoparticles
ith an average diameter of 4.2 nm were rather aggregated and
eposited over the surface of �-Al2O3; this was confirmed by N2
dsorption/desorption and EDX measurements.

The reactivity of the catalyst was tested at various con-
entrations of NH3BH3, catalyst contents, and temperatures. It
s noteworthy that, as reported elsewhere, NH3 releases while
H3BH3 is hydrolyzing; this is one of the most significant draw-
acks the process faces. In the present study, NH3 was trapped in
he cold trap and the proportion of NH3 was below 20 ppm in the H2
tream. A specific study is in progress to assess the amount of NH3
eleased in various experimental conditions. Compared to other
iquid-phase hydrogen generation reactions [38] such as hydrolysis
f LiBH4 or NaBH4, this issue is detrimental to the implementa-
ion of NH3BH3 hydrolysis; compared to hydrogen generation from
ydrous hydrazine, which side-reaction generates NH3, hydrolysis
f NH3BH3 is of interest as long as a 100% selectivity in H2 is not
chieved in the former case. However that may  be, all of these pro-
esses are under investigation and each shows to have potential for
echnological applications.

A kinetic study was thus conducted and the power rate low to
hich Ru/�-Al2O3 obeys was determined. The apparent activation

nergy was found to be 67 kJ mol−1. The order vs.  the NH3BH3 con-
entration was 0.4 and the order vs.  the concentration of Ru active
urface sites 1.0. Such data are quite consistent with some reported
o far. Furthermore, high hydrogen generation rates were measured
n the first run, which classify our catalyst among the most reactive
nes. The catalyst suffered from deactivation after the first run but
ts reactivity was maintained for subsequent runs. On-going studies

re addressed to improve the catalyst durability and costs by com-
ination of ruthenium species with cheaper and more abundant
rst-row transition metals, such as cobalt and copper.

Mechanistic insights gained by 11B NMR  analysis offer the pos-
ibility to propose few considerations as follows: (i) the catalytic

[

[

[

oday 170 (2011) 85– 92

inertness of �-Al2O3 was confirmed in our operative conditions;
(ii) the initial product of the reaction is B(OH)4

−; no B–N adducts
or intermediates were detected during the reaction; (iii) the
presence of B(OH)4

− would favor equilibriums of formation, post-
hydrolysis, of additional borate species, assumed to be polyborates;
(iv) the catalytic behavior of Ru/�-Al2O3 is identical along the
experimental pathway despite a deactivation after a first run.
These observations combined together with those from the kinetic
study are consisted with a heterogeneous catalysis following the
Langmuir–Hinshelwood mechanism.
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