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bstract

Polymer template-Ru composite (Ru/IR-120) catalyst was prepared using a simple and fast method for generating hydrogen from an aqueous
lkaline NaBH solution. The hydrogen generation rate was determined as a function of solution temperature, NaBH concentration, and NaOH
4 4

a base-stabilizer) concentration. The maximum hydrogen generation rate reached 132 ml min−1 g−1 catalyst at 298 K, using a Ru/IR-120 catalyst
hat contained only 1 wt.% Ru. The catalyst exhibits a quick response and good durability during the hydrolysis of alkaline NaBH4 solution. The
ctivation energy for the hydrogen generation reaction was determined to be 49.72 kJ mol−1.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Expanding global populations and increasing energy con-
umption are causing elevated carbon dioxide concentrations in
he atmosphere, leading to global warming and climate change.
nergy-generating devices, which do not contribute to such dif-
culties, are urgently required. As an energy-conversion device,
fuel cell directly converts the chemical energy of a supplied

as into electric energy at high efficiency and may help mitigate
ur energy and environmental problems in the future. Of various
uel cells, the proton exchange membrane fuel cell (PEMFC),
hich has a low operating temperature, high power density, high

fficiency, rapid startup, fast response and zero emission, is con-
idered the best candidate for vehicle and small-scale stationary
pplications. Since pure hydrogen serves as a fuel for PEMFC,
safe and economic method for hydrogen delivery and storage

as become one of the most important issues in the success of
arge-scale PEMFC deployment.

∗ Corresponding author. Tel.: +886 3 5914223; fax: +886 3 5820230.
E-mail address: msjeng@itri.org.tw (M.-S. Jeng).
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The feasibility of storing and delivering hydrogen by chem-
cal hydride (e.g., NaBH4, KBH4, LiH and NaH) has received
onsiderable attention recently [1,2]. The chemical hydride is
asy to transport and its hydrolysis controllably generates pure
ydrogen. Among these hydrides, NaBH4 is very attractive due
o its various advantages, including relatively high hydrogen
ontent (10.7 wt.%), stable and nonflammable alkaline solution,
ontrollable hydrolysis reaction, environmentally friendliness,
nd renewability [3]. The hydrolysis of NaBH4 generates hydro-
en gas and water-soluble sodium metaborate, NaBO2, in the
resence of a suitable catalyst according to the following reac-
ion [4].

aBH4 + 2H2O
catalyst−→ 4H2 + NaBO2 + Heat (1)

This hydrolysis reaction proceeds at various rates that depend
n the catalyst and its method of preparation. This work inves-
igates heterogeneous ruthenium (Ru)-based catalyst that was
upported on polymer templates [5,6]. The use of Ru as a

atalyst for NaBH4 hydrogen generation originated from the
ork of Brown and Brown [7], who examined a series of metal

alts and found that Ru liberated H2 most rapidly from boro-
ydride solutions. Moreover, Ru catalysts are not consumed

mailto:msjeng@itri.org.tw
dx.doi.org/10.1016/j.jpowsour.2007.11.096
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uring hydrolysis and are reusable [5]. However, the limited sur-
ace area of the heterogeneous catalysts leads to lower catalytic
ctivity. The use of metal nanoparticles with large surface area
hus provides a potential route to increase the catalytic activity
8]. The hydrogen generation from the catalytic hydrolysis of
odium borohydride using water-dispersible ruthenium(0) nan-
clusters as catalyst has been studied in literature [8,9]. Although
uthenium(0) nanoclusters catalyst can accelerate the catalytic
ctivity, nano-sized metal particles would be very difficult to
ecover and handle at industrial level. Our previous studies have
eveloped a simple and fast method for preparing CdS nanopar-
icles on a polymer template surface [10–12]. The polymer
emplate is used to chelate Cd2+, which form CdS nanoparticles
fter S2− is added. The advantage of this technique is that all free
d2+ in the solution can be removed by washing to prevent CdS
anoparticle from aggregation. The recovery and the handling
f CdS nanoparticles also become easier with the polymer tem-
late. The above method is suitable not only for preparing CdS
anoparticles but also for other nanoparticles that can be pre-
ared by reducing an appropriate metal ion polymer complex.
his work applies this method to prepare polymer template-Ru
omposite as a catalyst for the generation of hydrogen from
lkaline NaBH4 solution. Additionally, the structures and cat-
lytic activities of the Ru/IR-120 catalyst are characterized and
iscussed.

. Experimental

.1. Preparation of catalyst

Analytical reagent grade ruthenium(III) chloride hydrate
Sigma–Aldrich) and NaBH4 (Riedel-de Haën) were used
ithout further purification. The polymer templates, synthetic
mberlite IR-120 in hydrogen form (16–45 mesh size), were
urchased from Supelco Chemical Co. (Bellefonte, PA, USA).
able 1 gives the properties of Amberlite IR-120. The volume
apacity of Amberlite IR-120 was 1.89 eq l−1 based on ana-
ytical data provided by the manufacturer. Synthesis procedure
f Ru/IR-120 catalyst is summarized below. Suitable amounts
f ruthenium(III) chloride hydrate were dissolved in deion-

zed water. A weighed amount of Amberlite IR-120 cationic
xchange resin beads was added to the RuCl3 solution that
as been stirred for 1 h at the ambient temperature. After
helating with Ru3+, Amberlite IR-120 surface structure trans-

able 1
roperties of Amberlite IR-120

ype Gel strong acid cation exchange resin

ctive group –SO3H
atrix Styrene divinylbenzene copolymer

onic form as shipped H+

tandard mesh size (wet) 16–50 mesh
ean particle size (mm) 0.5
oist holding capacity 51.5%

otal exchange capacity
meq ml−1 wet resin

1.89

mol ml−1 4.50

i
T
c
g
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ormed from RZSO3
−–H+ (RZ = polymer matrix of the resin)

nto (RZSO3
−)3–Ru3+ (Ru3+/IR-120). The resins were care-

ully washed repeatedly using deionized water to remove the
oluble ions and then mixed with NaBH4 solution as a reducing
gent. Then, the resins were filtrated and washed repeatedly with
eionized water and vacuum-dried at 90 ◦C to eliminate residual
ater and hydrogen. Finally, a polymer template-Ru composite

Ru/IR-120) catalyst was obtained.
The surface morphology of the catalyst was observed using a

canning electron microscope (SEM; JEOL, JSM-6700F). The
tomic composition of the catalyst surface was elucidated from
nergy dispersive spectra (EDS) using an Oxford INCA-400
pectrometer. X-ray diffraction (XRD) was performed using a
owder diffractometer (Rigaku RX III) with Cu K� radiation.
he accelerating voltage and current were 40 kV and 20 mA,

espectively. The Ru loadings in the catalysts were analyzed by
hermogravimetric analysis (TGA; Dupont TA, Q50). Different
tmospheres were used; (1) purge gas (in weight system)—argon
ith a flow rate of 100 cm3 min−1 and (2) working gas—air with
flow rate of 90 cm3 min−1. The mass of the analyzed samples
as around 300 mg. The following temperature program was

pplied; (1) an isothermic process at 30 ◦C for 60 s, (2) dynamic
eating from 30 to 800 ◦C at a heating rate of 5 ◦C min−1,
3) dynamic cooling from 800 to 30 ◦C, at a cooling rate of
0 ◦C min−1. The specific surface area was estimated using
n BET (Brunauer Emmett and Teller) analyzer (ASAP 2010,
icromeritics Inst. Co.). Initially, the aerogels were degassed

t 300 ◦C and the N2 adsorption–desorption isotherms were
btained at 77 K. The specific surface area was then calculated
sing BET method.

.2. Generation of hydrogen

The catalytic activity of Ru/IR-120 catalyst was determined
y measuring the amount of hydrogen that was generated by the
ydrolysis of sodium borohydride. Fig. 1 shows the experimental
etup. The temperature of the water bath was maintained con-
tant with a stability of ±0.1 ◦C using a thermostatic circulator.
otal solution volume in all experiments was 15 ml. The NaBH4
olution was thermostatically maintained at a preset temperature

n the sealed flask, in which the solution was stirred vigorously.
he starting point of the reaction was defined as the time when a
ertain quantity of Ru/IR-120 catalyst was added to the flask. A
raduated glass column filled with water was connected to the

Fig. 1. Schematic of the experimental setup.
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op outlet of the flask as a gas burette. The volume of hydrogen
as evolved was measured from the water level change in the
olumn.

. Results and discussion

.1. Characterization of Ru/IR-120 catalyst

This investigation aims to develop a simple and fast method
or preparing the polymer template-Ru composite as a catalyst
or hydrogen generation from alkaline NaBH4 solution. Fig. 2

isplays photographs of the fabrication of the catalyst. Fig. 2a
hows the original Amberlite IR-120 cationic exchange resin
eads. The surface color of the original resin beads is yellowish-
rown. After the original resin beads had been chelated with

Fig. 2. Photographs of (a) IR-120; (b) Ru3+/IR-120; (c)Ru/IR-120.
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Fig. 3. EDS spectra of (a) IR-120 and (b) Ru/IR-120.

u3+, the surface color turned from yellowish-brown to black
Ru3+/IR-120), as presented in Fig. 2b. The surface color of
u3+/IR-120 became silvery white (Fig. 2c) immediately upon
ontact between the reducing agent and Ru3+/IR-120.

Fig. 3 presents the EDS of the original IR-120 resin beads
curve a) and that of the Ru/IR-120 catalyst (curves b). Curve a
eveals that C, O and S are the dominant elements detected on the
urface of IR-120. However, curve b indicates that only Ru was
dded to the surface of IR-120 after reduction. Table 2 presents
he quantitative surface chemical compositions of the Ru/IR-120
atalyst, determined by EDS. Fig. 4 depicts the low-magnified
DS mapping and SEM images of the Ru/IR-120 catalyst. The
rea enclosed by the dotted lines in the SEM image corresponds
o the area of the EDS mapping images. The result clearly reveals
hat Ru is uniformly distributed on Ru/IR-120 surface.

Fig. 5 presents SEM micrographs of IR-120, Ru3+/IR-120
nd Ru/IR-120. The low-magnified (50×) SEM images demon-
trate that the particle sizes of Ru3+/IR-120 (Fig. 5c) and
u/IR-120 (Fig. 5e) were very close to those of IR-120 (Fig. 5a),

mplying that the active layer (Ru) represented a small propor-
ion of all particles. Fig. 5b and d indicates that the IR-120
nd Ru3+/IR-120 surfaces are smooth under the highly magni-
ed SEM images (50,000×). However, after reduction reaction,
u nanoparticles aggregate on the Ru/IR-120 surface (Fig. 5f).

he BET surface area of the Amberlite IR-120 resin is only
.52 m2 g−1 because Amberlite IR-120 resin is gel-type and
onporous. After reduction reaction produces Ru/IR-120, the
ET surface area moderately increases to 18.07 m2 g−1. The

able 2
urface weight and atomic percentage of the elements present in polymer tem-
late (Amberlite IR-120 resin) and catalyst (Ru/IR-120) by EDS

lements Amberlite IR-120 resin Ru/IR-120

wt.% at.% wt.% at.%

53.17 65.30 10.35 32.73
28.49 26.26 15.05 35.71
18.34 8.44 4.38 5.18

u 0 0 70.22 26.38
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(iii) Curve b in Fig. 7 shows TGA results of Ru/IR-120 catalyst
Fig. 4. SEM and EDS mapping of Ru/IR-120 catalyst and th

urface area of Ru/IR-120 does not increase substantially due
o Ru nanoparticles aggregation on the Ru/IR-120 surface. An
ffective method to disperse Ru nanoparticles on IR-120 sur-
ace is under development, and will be published later along
ith the structure and characteristics of the Ru/IR-120 catalyst
nder various reduction conditions.

Fig. 6a–c displays the XRD patterns of IR-120, Ru3+/IR-120
nd Ru/IR-120, respectively. The pure Ru pattern was taken from
he Joint Committee on Powder Diffraction Standards (JCPDS)
iffraction files. The main diffraction peaks appear at 2θ = 38.4◦,
2.2◦, 44◦, 58.3◦, 69.4◦ and 78.4◦. The peak at 2θ = 44◦ is most
ntense. Fig. 6a and b demonstrates that IR-120 and Ru3+/IR-120
ave amorphous structure. However, Ru/IR-120 yields a weak

iffraction peak at 2θ = 44◦, revealing that the Ru loadings in
u/IR-120 may be small. Therefore, TGA measurements were
ade to quantify the amount of Ru in the Ru/IR-120 catalyst.
ig. 7 plots the TGA curves of both IR-120 and Ru/IR-120. A
ental distributions of C, O, S and Ru. Scale bar is 200 �m.

areful investigation of the curves yields the following observa-
ions.

(i) The profile of Ru/IR-120 differs greatly from that of IR-120,
because of the Ru presence in Ru/IR-120.

(ii) Curve a in Fig. 7 shows TGA oxidative pyrolysis results of
IR-120 resin. The resin decomposition from 30 to 800 ◦C
proceeds in three stages—first by water evaporation, sec-
ond by active group decomposition, and finally by polymer
matrix combustion. These findings agree with the previous
results obtained under oxidizing conditions [13].
under oxidative pyrolysis. Loading IR-120 resin with Ru
increases its degradation temperature. The delay in degra-
dation may be attributed to the stable nature of inorganic
Ru, which stabilizes the resin during heating.
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Fig. 5. Scanning electron micrographs of (1) IR-120: (a) 50×; (b) 50,000×, (2) Ru3+/IR-120: (c) 50×; (d) 50,000× and (3) Ru/IR-120: (e) 50×; (f) 50,000×.

Fig. 6. X-ray powder diffraction patterns (a) IR-120; (b) Ru3+/IR-120; (c)
Ru/IR-120. Fig. 7. TGA curves of (a) IR-120 and (b) Ru/IR-120.
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H2 rates decreased from 132 to 32 ml min−1 g−1. Amendola
et al. [6] reported that, for a Ru catalyst, the hydrogen from
NaBH4 + NaOH solution decreased as the NaBH4 concentra-
ig. 8. Hydrogen generation rate measured from 5 wt.% NaBH4 + 1 wt.% NaOH
olution at 25 ◦C using 200 mg of Ru/IR-120 catalyst and 200 mg of IR-120 resin.

iv) According to the TGA curves, the Ru/IR-120 catalyst yields
a 1% final residue, while the original IR-120 resin yields
0%. The residual percentage of the Ru/IR-120 confirms the
presence of Ru.

.2. Catalytic activities

The Ru/IR-120 catalyst was evaluated in terms of milliliters
f H2 generated per second-gram catalyst, as follows.

.2.1. Comparison of catalysis efficacy between IR-120
esin and Ru/IR-120

The Amberlite IR-120 resin is a strong acidic cation exchange
esin. Sodium borohydride hydrolysis can be accelerated not
nly by catalysts but also by acid [8]. In order to understand
he catalysis of IR-120 resin for the generation of H2 from
lkaline NaBH4 solution, a comparison of catalysis efficacy
etween IR-120 resin and Ru/IR-120 was conducted. The reac-
ions were carried out under the following conditions: 5 wt.%
aBH4 + 1 wt.% NaOH solution at 25 ◦C. As Fig. 8 reveals, the

ffect of IR-120 resin on hydrogen generation was considerably
maller than that of Ru/IR-120. The catalysis effect of IR-120
esin for hydrogen generation from alkaline NaBH4 solution is
herefore neglected in this study.

.2.2. Effect of NaOH concentration on H2 generation
The effect of NaOH concentration on the H2 generation rate

as studied using 10 wt.% NaBH4 + x wt.% NaOH solutions,
here x = 1, 5, 10, and 15, at 298 K using 200 mg of Ru/IR-
20 catalyst, by measuring the cumulative volumes of hydrogen.
ig. 9 plots the results. As the NaOH concentration increases
rom 1 to 15%, the initial H2 generation rate decreases from
20 to a minimum of 31 ml min−1 g−1 catalyst. These findings
re consistent with the previous results of Amendola et al. [6].

owever, the results differ from those of Hua et al. [14] and

eong et al. [15], who reported that the use of an NaBH4 solution
ith high NaOH concentration generates hydrogen at a higher

ate than using an Ni or Co-B catalyst. These results indicate that
F
c

ig. 9. Volume of hydrogen generated as a function of time in different NaOH
oncentrations (25 ◦C, 10 wt.% NaBH4 solution, 200 mg Ru/IR-120 catalyst).

he effect of NaOH concentration on NaBH4 hydrolysis depends
reatly on the catalysts. The effect associated with the Ru/IR-
20 catalyst differs markedly from that associated with Ni and
o-B catalysts.

.2.3. Effect of NaBH4 concentration on H2 generation
ates

The effect of NaBH4 concentrations on the H2 generation
ate from x wt.% NaBH4 + 1 wt.% NaOH solutions, where x = 1,
, 10, 15, 25, was examined at 298 K using 200 mg of Ru/IR-
20 catalyst by measuring the cumulative volumes of hydrogen.
ig. 10 plots the results. As the weight percentage of NaBH4

ncreases, the initial H2 generation rate increases, reaching a
aximum in the range of 1–5% NaBH4. Note that the weight

ercentage of NaBH4 that produces this maximum also depends
n the weight percentage of NaOH. As the NaBH4 concen-
ration in the solution increased from 5 to 25 wt.%, the initial
ig. 10. Volume of hydrogen generated as a function of time in different NaBH4

oncentrations (25 ◦C, 1 wt.% NaOH solution, 200 mg Ru/IR-120 catalyst).
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Table 3
Comparisons of H2 generation performance between various catalysts

Catalyst Initial temperature for
H2 generation (◦C)

NaBH4 concentration
(wt.%)

Average H2 generation rate
(ml min−1 g−1)

Reference

5 wt.% Ru on IRA-400 32.5 7.5 601 [6]
5 wt.% Ru on IRA-400 40 7.5 1098 [6]
9 wt.% Co on �-Al2O3 30 5 220a [3]
1 wt.% Ru on IR-120 5 5 23 This paper
1 wt.% Ru on IR-120 15 5 48 This paper
1 wt.% Ru on IR-120 25 5 132 This paper
1 wt.% Ru on IR-120 35 5 194 This paper
1 392 This paper
1 585 This paper
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wt.% Ru on IR-120 45 5
wt.% Ru on IR-120 55 5

a Maximum H2 generation rate.

ion increased. They attributed these results to increased solution
iscosity.

.2.4. Effect of solution temperature on H2 generation rates
Fig. 11 plots H2 generation rates of 5 wt.% NaBH4 + 1 wt.%

aOH (and 94 wt.% water solutions) at various temperatures in
he 5–55 ◦C range. As expected, the H2 generation rate increases
s the temperature increases. The comparisons of H2 generation
erformances of Ru/IR-120 catalyst with those of other cata-
ysts are listed in Table 3. The H2 generations rate of Ru/IR-120
atalyst is smaller than IRA-400-supported Ru or �-Al2O3-
upported Co. However, the Ru loading in the catalysts used
n this paper is only 1 wt.%.

Additionally, Fig. 11 demonstrates that the hydrogen volumes
ncrease almost linearly with reaction time, suggesting that the
eaction rate is constant during a hydrolysis reaction such that
he reaction can be regarded as zero-order. The reaction rate
quation of the zero-order Ru/IR-120 catalyst reaction can be
ritten as [3],(−E

)

= k0 exp

RT
(2)

where r is the reaction rate (mol min−1 g−1), k0 is the reac-
ion constant (mol min−1 g−1), E is the activation energy of the

ig. 11. Volume of hydrogen generated as a function of time in different solu-
ion temperatures (5 wt.% NaBH4 + 1 wt.% NaOH solution, 200 mg Ru/IR-120
atalyst).
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ig. 12. ln r vs. 1/T plot obtained from the data shown in Fig. 11 for the hydrogen
eneration reaction using a Ru/IR-120 catalyst.

eaction, R is the gas constant, and T is the reaction tempera-
ure. The slope of ln r versus 1/T therefore equals to E/R. Fig. 12
lots the curve of ln r against 1/T for the Ru/IR-120 hydrogen
eneration reaction. The activation energy is 49.72 kJ mol−1, as
alculated from the slope of the fitted straight line in Fig. 12.
his activation energy is lower than the value, 56 kJ mol−1,

eported by Amendola et al. [6], who used an IRA 400-supported
u catalyst in more concentrated NaBH4 (7.5 wt.%) with the

ame NaOH concentration (1 wt.%). The activation energies
f NaBH4 hydrolysis reaction augmented by other metal cat-
lysts, as presented by Kaufman and Sen (Co, 75 kJ mol−1; Ni,
1 kJ mol−1; Raney Ni, 63 kJ mol−1) [16], are also higher than
he activation energy reported in this study.

. Conclusion

A simple and fast method for fabricating a polymer template-
u composite as a catalyst, Ru/IR-120, was developed for
ydrolyzing sodium borohydride from its alkaline solution. This
ethod is suitable for the preparation of not only polymer

emplate-Ru composite but also other polymer template-metal

omposites, such as Co, Ni, Fe and Cu. A Ru loading as low
s 1 wt.% in the Ru/IR-120 was achieved using this technique.

hen a Ru/IR-120 catalyst that contains 1 wt.% Ru was used, a
aximum hydrogen generation rate of 132 ml min−1 g−1 from
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wt.% NaBH4 + 1 wt.% NaOH solution at 25 ◦C was obtained.
here is still room for improvement for the dispersion of
u nanoparticles on IR-120 surface, which would markedly

mprove the hydrogen generation rate further. Moreover, as
he solution temperature increases, the hydrogen generation
ate increases. The activation energy of the NaBH4 hydroly-
is reaction using the Ru/IR-120 catalyst was determined to
e 49.72 kJ mol−1, lower than the activation energies of other
atalysts reported in the literature.
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