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hydrolysis process at room temperature, and their catalytic activity has been investigated.
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Well dispersed Ru nanoclusters (w1.7 nm) are stabilized and immobilized by carbon black.
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Due to the small size and the absence of ligands on the surface, the Ru catalysts exhibit
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high catalytic activity, which is partly retained after 5 reaction cycles. A kinetic study
shows that the catalytic hydrolysis of ammonia-borane is first order with respect to Ru
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catalyst concentration; the turnover frequency is 429.5 mol H2 min1 mol1 Ru. The acti-
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vation energy for the hydrolysis of ammonia-borane in the presence of Ru/C catalysts has
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been measured to be 34.81  0.12 kJ mol1, which is smaller than most of the values re-
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ported for other catalysts, including those based on Ru, for the same reaction.
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1.

Introduction

Hydrogen is regarded as a clean energy carrier due to its high
efficiency and power density, and its limited environmental
impact [1]. One of the key issues in studies on hydrogen as an
energy carrier is to develop suitable hydrogen storage materials, with the desirable properties of high hydrogen storage
capacity and controllable release rate, air stability, nonflammability, and low toxicity [2,3]. Among these, ammoniaborane (NH3BH3, AB) has been identified as an attractive
candidate, because of its high hydrogen content (19.6%), its

reserved.

stability under ordinary storage conditions, and its environmental benignancy [1,4]. The release of hydrogen from AB can
be obtained through pyrolysis in the solid state, and hydrolysis or methanolysis in solution [4e9]. The pyrolysis process
requires high temperature and power consumption [8]. In
contrast, catalytic hydrolysis or methanolysis are more
promising ways. The stoichiometric amount of hydrogen (H2/
AB ¼ 3.0) could be released from hydrolysis process under
mild conditions [9]. However, this process occurs at appreciable rate only in the presence of a suitable catalyst, therefore, catalysts are the dominant factor in this process.
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Developing efficient and economical catalysts enhancing the
hydrolysis rate under moderate conditions is crucial. So far,
numerous monometallic catalysts, such as noble metals Rh
[10e12], Pd [10,13], Ru [10,13e17] and Pt [10] and non-noble
metals Fe [18,19], Ni [17,18,20,21], Co [11,18,21] have been
evaluated. Besides monometallic catalysts, bimetallic ones,
such as core/shell structured Ni1x@Ptx [22] and Ni@Ru [23]
nanoparticles and alloyed RuNi [17], CoPt [24], RuCo and
RuCu nanoparticles [25], and trimetallic ones, such as
CoeNieP [26] and Cu@FeNi [27], were also tested for AB
hydrolysis. Ru nanoparticles have been identified as one of the
most effective ones.
To be active in the hydrolysis of AB, catalysts are required
to have small size (<10 nm), which causes an increase in the
surface area and thus the number of active sites [24]. For this
purpose, ligands are often used to control the size of catalysts
and prevent their agglomeration. For example, poly (4styrenesulfonic acid-co-maleic acid) stabilized ruthenium(0)
and palladium(0) nanoclusters [13] and laurate-stabilized
ruthenium(0) nanoclusters [14] have been investigated for
hydrogen generation from the hydrolysis of AB. In previous
work, we reported new coreeshell structured Ni@Ru [23] and
hollow Ru [28] nanoparticles supported on carbon black as
a catalytic system for the hydrolysis of AB, where oleic acid
and oleylamine act as surface ligands for the bimetallic
nanoparticles. Although high catalytic activity was observed
in all these cases, the presence of surface ligands in general
leads to the decrease of catalytic activity, since a fraction of
surface active sites are blocked [14]. Impregnation is a well
established approach for acquiring ligand-free, small metal
nanoparticles on various supports. However, their size
distribution is difficult to control. Furthermore, the sensitivity
of metal nanoparticles to air exposure also needs to be
considered, since their catalytic activity may decrease upon
oxidation when they are handled and transferred in liquid
phase [9,10].
In situ synthesis of catalyst is a method that has been
devoted a lot of attention recently [7]. Metal cations are
reduced by certain chemical to their metallic state, which
without any purification directly acts as catalysts to catalyze
chemical reactions involving the same chemical. This process
is simple and no further treatment is necessary, thus the loss
of catalyst or its oxidation during the transfer process can be
avoided. Aiming to develop high-efficiency and economical
catalysts, we decided to further explore this in situ method for
synthesizing Ru nanoclusters that have large surface area.
Herein, we report the in situ synthesis of ultra-small, ligandfree Ru nanoclusters, stabilized and supported by Ketjen
carbon black (Ru/C), through reduction of RuCl3,nH2O during
the hydrolysis process of AB. Ketjen carbon black was chosen
as a support because it has been reported as a very good
support for catalysts in the AB hydrolysis reaction
[17,20,23,28]. The basic concept of this approach is to take
advantage of the high surface area of carbon black and the
reducibility of Ru3þ by AB to obtain highly dispersed and stable
Ru nanoclusters. Our approach avoids possible drawbacks due
to the presence of ligands, problems related to uncontrolled
broad size distribution of catalyst particles, and mass loss or
metal oxidation during purification and transferring
processes. As a result, high activity catalysts were obtained. A

kinetic investigation of the reaction was also carried out by
varying the RuCl3,nH2O concentration and temperature.

2.

Experimental

2.1.

Materials

Ruthenium (III) chloride hydrate (RuCl3,nH2O, 99.98%), and AB
(NH3BH3, 90%) were purchased from SigmaeAldrich Inc.
Electroconductive carbon black Ketjenblack EC-300J was obtained from AkzoNobel Company. All chemicals were used as
obtained. Deionized water with a specific resistance of
18.2 MU was distilled by water purification system (Milli Qpure WS) and used in all operations.

2.2.

In situ synthesis of Ru/C catalysts

Ru/C catalysts were synthesized in situ by reducing the
RuCl3,nH2O using AB in aqueous solution. In a typical
synthesis, 1 mL of 8.5 mM RuCl3,nH2O solution was diluted in
7 mL of deionized water and 10 mg of carbon black were added
into this solution. Ultrasonication was required to get
a uniform dispersion. The mixture was stirred for further 12 h
at room temperature. Then AB (2 mL, 1 M in water) was added
into this mixture to start the reduction of RuCl3,nH2O and AB
catalytic hydrolysis. A water bath was used to control the
temperature of the reaction solution. The RuCl3,nH2O was
firstly reduced by AB and then used as the catalyst for
hydrolysis of AB. The Ru/C suspension was vigorously stirred
with a magnetic stirrer during all the reaction. For comparison, a Ru catalyst without support was also prepared by the
same procedure as described above.

2.3.

Characterization

Ru/C catalysts were purified from the reaction solution by
centrifugation for further characterization. The morphology
of Ru/C catalysts was characterized using a JEOL 2100F
transmission electron microscopy (TEM). The average particle
size of the Ru nanoclusters was measured from TEM micrographs. The presence of Ru on the Ru/C catalysts was
confirmed by energy dispersive X-ray spectrometry (EDX). The
X-ray diffraction (XRD) study of Ru/C catalysts was carried out
with a Philips X’pert diffractometer using Cu Ka radiation
source (l ¼ 0.15418 nm). X-ray photoelectron spectrometry
(XPS) was performed on a VG Escalab 220i-XL equipped with
an Al Ka source. Purified Ru/C catalysts and dried RuCl3/C
mixtures were used for XPS analysis. Neutron activation
analysis (NAA) at SLOWPOKE nuclear reactor (École Polytechnique de Montréal, Montréal, Canada) was conducted to
determine the elemental composition of solid samples and
solutions. As prepared RuCl3 solution, RuCl3/C solution (after
mixing RuCl3 and C for 12 h), Ru/C-1st cycle and Ru/C-5th cycle
solutions were filtered and 1 mL of the filtrates were sent to
the NAA analysis. For comparison of the element loss before
and after filtering, an unfiltered solution of RuCl3 alone was
also tested. The filtered solution of every sample (1 mL) and an
unfiltered RuCl3 solution (1 mL) were analyzed by NAA.
Fourier transform infrared spectroscopy (FTIR) of pure
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carbon black was taken from a Thermo Nicolet 6700 infrared
spectrometer with resolution of 0.5 cm1. The BrunauereEmmetteTeller (BET) method was used for evaluation
of the surface area and pore size of carbon black. N2 physisorption experiments were performed at 77 K on a 3100
surface area analyzer (Beckman Coulter).

2.4.

Catalytic hydrolysis of AB

The catalytic activity of Ru/C in the hydrolysis of AB was
determined by measuring the rate of hydrogen generation.
The volume of gas was monitored by recording the displacement of water level in an inverted and graduated water-filled
burette (Aldrich graduated burette). Through following the
progress of an individual hydrolysis reaction in volumetric
measurement at constant time interval, the rate of hydrogen
generation can be measured. The turnover frequency (TOF)
(mol H2$min1 mol1 Ru) of AB hydrolysis was estimated from
the linear portion of the volume/time plot. Sets of experiments with different concentration of Ru (0.21, 0.51, 0.85, 1.27,
1.7 mM) were performed at room temperature (25  1  C) while
the AB concentration was kept the same (200 mM) to determine the rate law of the catalytic hydrolysis of AB. Temperature was varied at 14  1  C, 25  1  C, 33  1  C and 37  1  C
while the concentration of Ru (0.85 mM) and AB (200 mM) were
kept constant to obtain the activation energy (Ea). A low
concentration of AB and Ru were used to restrict the reaction
rate in a measurable range and minimize the heat generation
affecting the hydrolysis process. For durability tests, the
reactions were repeated 5 times. The 1st cycle refers to the
reduction of Ru3þ by AB and simultaneous AB hydrolysis
reaction. For the 2nd to 5th cycles, as the previous hydrolysis
was completed, 2 mL of the transparent supernatant solution
were removed from reactor and then an equivalent volume
(2 mL) of AB (1 M) solution was added to start the next cycle.

3.

Results and discussion

3.1.
Characterization of Ru nanoclusters supported on
carbon black
The morphology and size of Ru were investigated by TEM. It is
known that carbon black tends to form chainlike aggregates as
shown in Fig. 1A [10]. Ru nanoclusters with an average diameter of w1.7 nm (Fig. S1) were uniformly dispersed on the
carbon black support. No obvious aggregation was found in the
TEM images, indicating that most of the nanoclusters are
individually adhering to carbon black in water, rather than
forming aggregates, as is the case in the absence of a stabilizing
support (in this case, the average diameter of Ru nanoclusters
which are not in aggregation is 2.8  0.7 nm; the size of Ru
nanoclusters in aggregation cannot be unambiguously identified, Fig. S2). The presence of Ru on the carbon black support
was further confirmed by EDX as shown in Fig. 1B. XRD pattern
of Ru/C catalysts is shown in Fig. 1C. The peak at 2q w24 is
associated with the carbon black while the strong diffraction
peak at 2q w44 is attributed to the (101) plane of hexagonal
close-packed phase of metallic Ru with a d-value of 2.06 Å
[28,29]. The broad Ru peak suggests that the size of particles is
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quite small at the nanoscale, which is consistent with the
particle size distribution (Fig. S1) from our TEM analysis [28,29].
XPS was used to investigate the chemical valence state of Ru
before and after reduction by AB. The Ru 3d3/2 peak around
285 eV overlaps with the C 1s peak, therefore, the Ru 3p3/2 peak
was chosen for comparison instead. After mixing RuCl3 and
carbon black for 12 h, there is no significant change of intensity
of the peak centered at 463.7 eV, which is assigned to the Ru 3p3/
2 in RuCl3 (Fig. 2). It seems that there is no special interaction
between the carbon black and Ru3þ. This is consistent with the
negligible change of Ru element concentration in the RuCl3
solution, quantified by NAA before (76.9 ppm) and after
(73.7 ppm) mixing with carbon black (Table 1). After the RuCl3
was reduced by AB, the Ru 3p3/2 peak fits well to two deconvoluted peaks at 462.2 and 465.4 eV, assigned to the Ru(0) 3p3/2
and Ru(IV) 3p3/2 [14,30] respectively. The Ru(0) 3p3/2 confirms
the formation of Ru nanoclusters with the reduction by AB. Ru
(IV) oxide present on the surface of Ru likely forms during the
sample preparation process for XPS measurements [30].
To understand the interaction between the Ru nanoclusters and C, an investigation of the carbon black surface is
necessary. The nature of the surface groups of carbon black
were verified by FTIR characterization as shown in Fig. 3. The
peak centered at 1575 cm1 is due to the vibration of CeO
groups and the weak and narrow peak located at 3736 cm1 is
due to the vibration of OeH groups, which indicates that the
carbon black has eOH groups on the surface, consistent with
the material specifications provided by the manufacturing
company. In fact, after the RuCl3 was mixed with the carbon
black for 12 h, most of the precursors were still free in solution, instead of attaching onto the surface of the support,
based on the high Ru concentration in solution (Table 1).
Although we expect Ru cations easily bind to the eOH
groups on carbon black (the pH of 10 mM RuCl3,nH2O is 2.75),
this does not seem to be the case. Based on the BET analysis,
the carbon black Ketjenblack EC-300J has micropores (<2 nm)
and a very large surface area of 800 m2 g1 (Fig. S3). Therefore,
we propose that after adding the AB, the newly formed Ru
nanoclusters are highly unstable due to their small size and
ligand-free surface. These nanoclusters are prone to aggregation to release their surface energy in the absence of any
supports or protecting molecules (or ions). In the presence of
carbon black, these Ru nanoclusters are almost totally
adsorbed on its surface because of its high surface area. Thus,
carbon black effectively stabilizes Ru nanoclusters and
prevents them from agglomerating, based on the TEM observation and NAA analysis mentioned above. Although there is
no strong chemical interaction between carbon black and Ru,
the Ru nanoclusters do not detach from the support under the
vigorous stirring in the reaction. The large number of small
pores in carbon black quite possibly confines Ru nanoclusters’
mobility and immobilizes them, dramatically decreasing Ru
concentration in the solution (<5 ppm, Table 1). The reducing
reactions were also performed with different RuCl3 concentration and different reaction temperature. It was found that
all the Ru nanoclusters on carbon black support exhibit very
small size (w1.7 nm) with even distribution (Fig. S1) regardless
of the synthesis conditions. This offers us a chance to evaluate
the catalytic activity of Ru/C catalysts at different Ru
concentration and temperature.
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Fig. 1 e (A) TEM image of the Ru nanoclusters on the carbon black support. (B) EDX and (C) XRD pattern of the Ru/C catalysts.

3.2.
Kinetic study of hydrolysis of AB catalyzed by Ru
nanoclusters on the carbon black
The in situ synthesized Ru nanoclusters on the carbon black
can directly serve as catalysts for AB hydrolysis. The volume of
hydrogen gas was measured by recording the displacement of

Fig. 2 e High resolution Ru 3p XPS spectra of filtered
solutions of RuCl3, RuCl3/C (after mixing RuCl3 with carbon
black for 12 h), and Ru/C (after reducing RuCl3 by AB). The
gray dots represent the experimental data. The black dash
and gray solid lines are fitting and background curves,
respectively. In the top spectrum, the black solid line is the
sum of two black dash fitting curves.

water level in an inverted and graduated water-filled burette.
The activity of Ru/C catalysts can be easily estimated from the
time for the complete hydrolysis of an injected amount of AB.
In our case, the molar ratio of AB to RuCl3 is higher than 100,
therefore, the volume of hydrogen generated by RuCl3 before it
is rapidly reduced to form Ru(0) can be ignored [7]. Fig. 4 shows
the plots of the volume of hydrogen generated versus time
during the catalytic hydrolysis with different initial RuCl3
concentration at 25  1  C. It was found that the H2 evolution is
very fast and nearly linear reaction time. The hydrogen
generation started without an obvious induction period and
continued until the complete hydrolysis of AB.
Considering the purity of as-received RuCl3, the actual
concentration of Ru catalysts in the reaction solution was
directly measured by NAA. Sets of experiments with different
concentration of Ru were performed at constant AB concentration (200 mM) to determine the rate law of the catalytic
hydrolysis of AB. With an increase of Ru concentration, the
reaction time decreased from 570 s ([Ru] ¼ 0.21 mM) to 65 s
([Ru] ¼ 1.7 mM) for the complete hydrogen release. The TOF of
AB hydrolysis was estimated from the linear portion of the
plot. Under our reaction conditions, the activity in terms of
TOF at 25  1  C is 429.5 mol H2 min1 mol1 Ru. This indicates
that the Ru/C catalysts are among the most active catalysts
compared with what has been reported on the performance of
various Ru-based and other catalysts for the hydrolysis of AB
at room temperature [10,13e16]. Both the high surface area of
the non-aggregated, small nanoclusters and their ligand-free
surface directly contribute to enhancing the catalytic activity
due to the presence of more available surface sites. The plot of
hydrogen generation rate versus Ru concentration in logarithmic scale is inserted in Fig. 4; it follows a linear relationship. The slope of the line is 0.93, which is close to 1, indicating
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Table 1 e NAA elemental analysis of the initial solution of
RuCl3, filtered initial solution of RuCl3, RuCl3/C mixture
and Ru/C catalysts after a different number of reaction
cycles.
Sample

Ru (ppm)

RuCl3
Filtered RuCl3
RuCl3/C
RuC 1st cycle
RuC 5th cycle

86.1
76.9
73.7
<5
<3

that the hydrolysis reaction is first order with respect to the
catalyst concentration.
Fig. 5 shows the plots of volume of hydrogen generated
versus time in the hydrolysis of 200 mM AB catalyzed by Ru/C
catalysts ([Ru] ¼ 0.85 mM) at various temperatures in the range
14e37  C to determine the activation energy. Increasing the
temperature gives a higher reaction rate. When the temperature is set at 37  C, the reaction ends in 60 s, while at the
lowest temperature (14  C) investigated herein the completion
of the hydrogen release requires 390 s. In addition, at 14  C an
induction period of less than 70 s was observed due to the slow
activation of the catalysts. The reaction rate constant k for the
hydrolysis of AB was estimated from the linear portion of the
plots in Fig. 5 at different temperatures. The corresponding
Arrhenius plot (ln k vs 1/T) is shown in the inset of Fig. 5. From
the slope of the straight line, the activation energy (Ea) for the
hydrolysis of AB was estimated. Although the Ea value of
34.81  0.12 kJ mol1 in our experiment is higher than that
(Ea ¼ 23 kJ mol1) reported for Ru/g-Al2O3 [10], it is lower than
that of most other Ru catalysts: 54  2 kJ mol1 for poly(4styrenesulfonic acid-co-maleic acid) stabilized Ru nanoclusters [13]; 47  2 kJ mol1 for laurate-stabilized Ru nanoclusters [14]; 76  0.1 kJ mol1 for carbon supported
commercial Ru [15]; 67 kJ mol1 for Ru and RuO2 supported
over g-Al2O3 [16]. This further proves that the in situ synthesized Ru/C catalysts are very promising candidates for the
hydrolysis of AB.

Fig. 3 e FTeIR of carbon black.

Fig. 4 e The volume of hydrogen versus time graph for the
Ru/C catalytic hydrolysis of AB for different Ru
concentration at 25 ± 1  C. The inset shows the plot of
hydrogen generation rate versus the concentration of Ru
(both in logarithmic scale).

3.3.
Catalyst durability study of hydrolysis of AB
catalyzed by Ru nanoclusters on the carbon black
In general, reduced catalyst reactivity upon repeated use is
a big drawback for application. Recyclability tests of Ru/C
catalysts were performed on 0.85 mM Ru concentration. It
showed that the as-prepared Ru/C catalysts still exhibited
certain catalytic activity after multiple cycles of reaction
(Fig. 6). After five cycles, the Ru/C catalysts retain 43.1% of the
initial catalytic activity. The decrease of catalytic activity
could be easily attributed to the loss of Ru from the surface of
carbon black. If the Ru nanoclusters detach from the support,
they would aggregate in solution and their catalytic activity
would decrease. To test this hypothesis, we measured the Ru
concentration in the solution after removing the carbon black
along with attached Ru by filtration. As shown in Table 1, the
concentration of Ru in the filtered solution is negligible along
the 5 cycles (3e5 ppm). The low concentration of Ru in the
solution shows that most of Ru nanoclusters are still attached
on the surface of carbon black after several cycles, instead of
dispersing into the solution. TEM imaging of Ru/C catalysts

Fig. 5 e The volume of hydrogen versus time graph for the
Ru/C catalytic hydrolysis of AB at different temperatures,
[Ru] [ 0.85 mM, [AB] [ 200 mM. The inset shows the
Arrhenius plot (ln k versus the reciprocal absolute
temperature, 1/T (KL1)).
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Appendix A. Supplementary data
Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijhydene.2012.09.026.

Fig. 6 e Graph of hydrogen versus time for the Ru/C
catalytic hydrolysis of AB from 1st to 5th cycles at 22 ± 1  C,
[Ru] [ 0.85 mM, and [AB] [ 200 mM.
(shown in Fig. S1) proves that there is no significant change in
the particles’ size or morphology after five cycles. This means
that there is no obvious aggregation of Ru nanoclusters. These
results show that the carbon black can stabilize and immobilize Ru nanoclusters at least for five cycles. Therefore, the
observed decrease in catalytic activity in consecutive cycles
should not be attributed to the detachment of Ru from the
carbon black or aggregation of Ru nanoclusters on the
support. The reason for the loss of activity in the hydrolysis of
AB may be due to the increasing concentration of reaction
product in solution. The metaborate and Cl ions from RuCl3
precursor could adsorb on Ru nanoclusters’ surface, capping
their active sites [7]. In addition, the increase in viscosity of the
solution after many runs might hinder the diffusion of AB,
impeding the collision between AB and Ru nanoclusters, thus
decreasing the catalytic activity correspondingly [7]. Further
investigations on the “re-generation” of the catalytic system
will be performed in order to maintain the high catalytic
activity of these tiny Ru nanoparticles in the long run.

4.

Conclusion

In summary, we demonstrated that ligand-free Ru nanoclusters supported by carbon black can be easily synthesized
in situ by reduction of RuCl3 concomitantly with the hydrolysis process of AB at room temperature. Ru/C catalysts having
an average size of w1.7 nm exhibit high activity
(TOF ¼ 429.5 mol H2 min1 mol1 Ru) and low activation
energy (Ea ¼ 34.81  0.12 kJ mol1). In the view of a portable
application, a high TOF could be an asset in the miniaturization of an on-board hydrogen storage system. Ru/C catalysts
also show fair stability during the recycling tests and 43.1% of
the initial activity is retained after 5 cycles.
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