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Abstract

Hydrogen generation by the hydrolysis of aqueous sodium borohydride (NaBHitions is studied using IRA-400 anion resin dispersed
Pt, Ru catalysts and lithium cobalt oxide (LiC§Qupported Pt, Ru and PtRu catalysts. The performance of the Li€giported catalysts
is better than that of ion-exchange resin dispersed catalysts. There is a marked concentration dependence on the performanceof the LiCoO
supported catalysts and the hydrogen generation rate decreases if the borohydride concentration is increased beyond 10 wt.%. The efficiency
of PtRu-LiCoQ is almost double that of either Ru-LiCg@r Pt-LiCoQ, for NaBH, concentrations up to 10 wt.%.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction produce hydrogen. Based on this, various catalysts of Pt, Ru,
Ni, Co, etc. have been developed for hydrogen production
Proton-exchange membrane fuel cells (PEMFCs) are onfrom borohydride solutiong8—10].
the verge of commercialization and are expected to replace The application of Pt-alloy catalysts for the hydrolysis of
the internal-combustion engine in transportation applications NaBH, has not been reported, despite the possibility that the
as in residential power producti¢h,2]. For efficient opera-  adsorption characteristics and the resulting catalytic activity
tion, however, the PEMFC requires hydrogen in a pure form. of such catalysts may be better than the source metals. This
Though hydrogen is produced mainly from the reformation has prompted the study presented here of PtRu as a hydrol-
of hydrocarbon feedstocks, the efficiency of the fuel cell is ysis catalyst for hydrogen generation from aqueous NaBH
affected due to the presence of carbon monoxide that poisonssolutions, as well as the influence of the support materials
the fuel-cell catalyst. Moreover, low cost, safe hydrogen stor- on catalysis. IRA-400 anion-exchange resin dispersed Pt, Ru
age technologies have yet to be developed. catalysts as well as lithium cobalt (1) oxide supported Pt, Ru
In view of the above, on-site hydrogen production from and PtRu catalysts have been prepared and tested for boro-
chemical hydrides is attractive, since the hydrogen will be hydride hydrolysis.
pure and without any fuel-cell poisof-5]. Among the hy-
drides, sodium borohydride (NaRMis desirable due to its
high hydrogen content of 10.57 wt.% and the excellent sta-
bility of its alkaline solutiong6]. Schlesinger et a[7] have
reported that alkaline borohydride solutions undergo hydrol-

ysis in the presence of various transition-metal catalysts to . , .
2.1.1. Preparation of IRA-400 anion-exchange resin

dispersed ruthenium and platinum catalysts
* Corresponding author. Tel.: +82 42 860 3572; fax: +82 42 860 3309. A ruthenium, catalyst dispersed on IRA-400 anion-
E-mail addressthyang@kier.re.kr (T.-H. Yang). exchange resin beads was prepared by ion excH8hgehe

2. Experimental

2.1. Catalyst preparation
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Ru precursor, Ru@l99.91 wt.%, Alfa-Aesar), was dissolved 3. Results and discussion
in deionized water and acidified with HCI. The acidified so-
lution was added to a weighed amount of IRA-400 (Aldrich The rate of hydrogen generation for various catalysts with
Chemicals) anionic resin beads. The resulting slurry was al- 5wt.% NaBH; (5wt.% NaOH) solution is given ifrig. 1
lowed to stand at ambient temperature for 24 h with occa- The efficiency of catalysts is determined by the volume of
sional stirring. The impregnated resin was then reduced with hydrogen generated in a given time by the equivalent quan-
5wt.% NaBH, solution. The slurry was filtered and the resin tities of the active catalyst metals. The hydrogen-generation
beads were thendried at90. The Ru contentwas calculated rate on LiCoQ supported catalysts is higher than that on
by elemental analysis (ICP) and found to be 6.78 wt.%. The ion-exchange resin dispersed catalysts. The higher efficiency
platinum, dispersed catalyst was prepared by the same pro-of the LiCoG supported catalysts is considered to be due
cedure using BHPtClk (99.90wt.%, Alfa-Aesar) as the pre- to the adsorption of water on the surface of the oxide sup-
cursor. The Pt content was calculated by elemental analysisport. This is because the™Hfrom BH;~ discharges elec-
(ICP) and found to be 5.50 wt.%. The catalyst beads were thentrons through the catalyst which reduces ffom water to
sieved using 5p.m sieve, packed in a 30m Titanium mesh generate hydrogefi0]. Hence, availability of water in the
container and used for the hydrogen-generation experimentsproximity of catalyst sites will facilitate the hydrolysis. The
hydrogen-generation rate with PtRu-LiCp@ almost dou-
ble of that with Pt-LiCoQ and Ru-LiCoQ catalysts. The

2.1.2. Preparation of lithium cobalt oxide (LiCoD superior performance of the PtRu-LiCg®@atalyst may be

supported Pt, Ru and PtRu catalysts due to the favourable adsorption characteristics of the alloy
RuCk and HPtCk were used as precursors for catalyst catalyst coupled with the synergic effect of the oxide support.

preparation. The required amount of LiCp@ldrich Chem- In the presence of catalysts, NaBWill react with water

icals) was suspended in deionized water and agitated with ato produce hydrogen according to the following reaction:
magnetic stirrer. The precursors were dissolved in a sufficient
quantity of deionized water and added to the LiGeDspen- ~ NaBH4 (37.80) + 2H,0 (36) — 4H (8) + NaBO; (65.8).

sionina drop-wise manner. Then, the suspension was stirredT . .
: : he relative denS|ty of the 5wt.% NaBH5 wt.% NaOH)
80C 5 0,
for 30 min., heated to and reduced with 5wt.% NaBH solution was determined to be 1. 9 3T nty-five cU-

solution. The catalyst was filtered using a G4 sintered disc >, . . X : :
and dried at 80C under vacuum. The catalysts were prepared bic centimetre of this solution will have 1.30 g Nagkthich
can generate 0.27 g of hydrogen. When converted to volume,

with 10 wt.% metal loading. The atomic percentages of Pt, ) .
Ru in the PtRu catalyst were calculated from ICP analysis the generate(_j hydrogen will be equivalent to 3-333"’_’?@5_
and found to be 48.57 and 51.43 at.%, respectively. The CquIat'Ve V°'“'f“e .Of hydrogen generated .W'th time
For the hydrogen-generation experiments, a weighed for various cata!ysts is given iRig. 2 With PtRu-LiCoQ
amount of the catalyst (0.123 meq of active metal for Pt- ﬁ; dtgﬁygggr\?vlﬁﬁ;ﬁ ;gtr?ql%s'[i/\?rllr;rzztsalilt :Zﬁegaﬁgﬁﬁgrggsan d
LiCoOg, Ru-LiCoO,, and 0.084 for PtRu-LiC Sy . : Y )
IC00,, Ru-LICO®,, an megq tor u-LiCoQwas 45 min with Ru-LiCoQ and Pt-LiCoQ, respectively. The

mixed with an equivalent quantity of deionized water. A : .
30Wt.% PTFE suspension was added to obtain a PTFE Con_.c:umulat|ve hydrogen production rate of Pt-IRA-400 catalyst

tent equivalent to 20 wt.% of the catalyst. The contents were IS sh_ghtly lesser than that obtained with Pt-_L|C@(and
sonicated at room temperature for 30 min to achieve a homo-RU-LIC0C; catalysts. For the Ru-IRA-400 resin supported
geneous slurry. The slurry was then coated over a nickel mesh
(4cmx 2cm) and dried at 105C to determine the catalyst
loading. Then, it was heat treated at 32Dfor 30 min and
used for the hydrogen generation-experiments.
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—&— PtRu-LiCo0, 125mg(PtRu 10wt%)
—— Ru-LiCoO,125mg(Ru 10wt%)

—A— Pt-LiCo0, 239mg(Pt 10wt%)

—w— Pt on IRA-400 435mg(Pt 5.50wt%)
—— Ru on IRA-400 185mg(Ru 6.78wt%)
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2.2. Hydrogen generation

150
In atypical hydrogen generation experiment, 25 oifithe

NaBH;, solution was placed in a thermostatted tubular glass
vessel. The catalyst template was tied to a stainless-steel rod
and immersed into the solution through a rubber septum. A
thermocouple was also inserted through the septum to mea-
sure the temperature. The hydrogen flow was measured using 0 . | . ! . ! . :
amass flow meter. The output from the mass flow meter was 0 10 20 3 40
connected to a Mobile recorder (MV100, Yokogawa Electric Time/min

quporanpn) for data_stor_age. The temperature of the hydrol- Fig. 1. Hydrogen generation with different catalysts in 5wt.% NaBH
ysis solution was maintained at 26. (5Wt.% NaOH) solution.
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Fig. 2. Cumulative hydrogen generation rate with different catalysts in 5wt.% NaBwt.% NaOH solution.

catalyst, only about 50wt.% of the NaBHjot hydrolyzed seen that the hydrogen generation profile is more or less same
in 45 min. on both the catalysts. The hydrogen generation rate with Pt-

Ifthe above performances can be sustained in concentratedRA-400 is higher than that with Ru-IRA-400, even though
NaBH;, solutions, the LiCo@supported catalysts, especially the catalyst metal equivalents are same. The hydrogen gen-
PtRu-LiCoQ, will be an excellent candidate to generate large eration rate increases when the borohydride concentration
quanties of hydrogen at the maximum rate from a very small is raised from 5 to 10wt.%. The slower rate of hydrogen
volume of concentrated NaB¢solution. In order to ascertain  generation with 5wt.% NaBlisolution may be due to mass-
this, hydrogen generation experiments were performed with transport limitations inside the resin beads. The hydrogen
various concentrations of NaBHolutions. The results are  generation rate is slightly reduced when the NaB&ncen-
discussed in the following sections. tration is increased above 10wt.%. This may be due to an

The hydrogen generation rate for Pt-IRA-400 and Ru- increase in the pH of the concentrated solutions with a re-
IRA-400 resin catalysts with various NaBldoncentrations  sulting increase in their stability. The above catalysts can,
are plotted irFig. 3. The respective figures of the cumulative however, be used to produce hydrogen at a steady rate from
volume of hydrogen generated are giverig. 4. It can be 10 to 20 wt.% NaBH solutions.
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Fig. 3. Effect of borohydride concentration on hydrogen generation with Pt-IRA-400 and Ru-IRA-400 resin catalysts, Pt-IRA-400: 435 mg (Pt; 5.5 wt.%)
Ru-IRA-400: 185 mg (Ru 6.78 wt.%).
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Fig. 4. Effect of borohydride concentration on cumulative volume of hydrogen generated with Pt-IRA-400 and Ru-IRA-400 resin catalysts, Pt4B5AwD0
(Pt 5.5wt.%); Ru-IRA-400: 185 mg (Ru 6.78 wt.%).

The effect of NaBH concentration on the hydrogen marked concentration dependence that is also quite different
generation rate with Ru-LiCofand Pt-LiCoQ catalysts from that observed on the ion-exchange resin dispersed
is presented irFig. 5. The respective cumulative hydrogen catalysts.
volumes are given irFig. 6. As noted earlier, for the The hydrogen generation profile is similar on both the
same molar quantity of the active catalysts, the hydrogen catalysts for the 5wt.% NaBHsolution. Even though the
generation rate with the LiCoBupported catalysts is higher temperature is maintained at a constant value, the rate of
than that with the IRA-400 anion resin dispersed catalysts. hydrogen generation continuously increases with time. A
Moreover, the hydrogen generation rate with Ru-LiGoO similar observation has been made by other workers for
is higher than that with Pt-LiCo& which is opposite to  oxide supported catalysit0]. The exact cause for the above
that observed with the IRA-400 resin dispersed catalysts. phenomenon is not clear at the moment. This may be due
These results show that the influence of LiGoSupport to the generation of additional catalyst sites by the reduction
material on the catalytic enhancement is more pronouncedof surface oxides, or to the effect of changing solution
on Ru than Pt. Both Ru-LiCof) Pt-LiCoO, show a composition on the rate of hydrolysis.
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Fig. 5. Effect of borohydride concentration on hydrogen generation with Ru-Li@o@ Pt-LiCoQ catalysts, Ru-LiCo@ 125 mg (Ru 10 wt.%); Pt-LiCo&
239 mg (Pt 10.0 wt.%).
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Fig. 6. Effect of borohydride concentration on the cumulative volume of hydrogen generated with Ru,laBd®t-LiCoQ catalysts, Ru-LiCo@ 125mg
(Ru 10 wt.%); Pt-LiCo@: 239 mg (Pt 10.0 wt.%).

With 10wt.% NaBH, solution, the hydrogen generation is less dramatic with Pt-LiCo®at higher concentrations,
profile is different on both types of catalyst. For the Ru- i.e., itis more or less same for both 15 and 20 wt.% NaBH
LiCoO, catalyst, the hydrogen generation rate is greater thansolutions. It can be noted, however, that Ru-LiGowill
that with 5wt.% NaBH solution. The maximum rate of hy-  be an efficient catalyst for borohydride concentrations up to
drogen production cannot, however, be sustained for a longerl5 wt.%.
time and the rate gradually decreases with time. This may be  The hydrogen generation profile and the respective volume
due to the decrease in the concentration of the Nagdu- of cumulative hydrogen generated with the PtRu-LiGoéx-
tion. With Pt-LiCoQ catalyst, the hydrogen generation rate alystis given inFigs. 7 and 8respectively. The profile is the
is lower than that for the 5wt.% NaBtbolution. Whenthe  same as that obtained with either Ru-LiCo@ Pt-LiCoG
NaBH, concentration is increased beyond 10 wt.%, the hy- catalysts. A remarkable observation is that the hydrogen
drogen generation rate is decreased on both types of catalystgeneration rate with 5 and 10 wt.% NaBbblutions is more
but the effect is more pronounced on Ru-LiCo®@he effect than double that obtained with Ru-LiCeONevertheless, the
of NaBH, concentration on the rate of hydrogen production hydrogen generation rate is drastically reduced with increase
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Fig. 7. Effect of borohydride concentration on hydrogen generation with 125 mg PtRu-LiGx@alyst (PtRu 10 wt.%).
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Fig. 8. Effect of borohydride concentration on cumulative volume of hydrogen generated with 125 mg PtRy-taGai@st (PtRu 10 wt.%).

in NaBH,4 concentration and the rate with 20 wt.% NaBH There is a marked NaBHconcentration dependence on
solution is less than that obtained with either Ru-LiGoO the performance of LiCo®supported catalysts. The perfor-
or Pt-LiCoQ catalysts for the same NaBHoncentration. mance of PtRu-LiCo@is double that of Ru-LiCo@ The

These results demonstrate that PtRu-LiGd® an excel- superior performance of this catalyst may be due to the fa-
lent catalyst for hydrogen generation from dilute NaBH vorable adsorption characteristics of the alloy coupled with
solutions. catalytic enhancement due to the LiGoSupport.

The above studies establish the marked influence of the LiCoO; supported catalysts, especially PtRu-LiGoére
LiCoO, support on the catalytic efficiency of Pt, Ru and potentially be an excellent candidates for the development of
PtRu catalysts. The LiCogsupport can enhance the perfor- commercial catalysts for hydrogen generation from NaBH
mance of the catalysts by its own catalytic active sites, due to solutions of up to 15 wt.% concentration. In particular, it may
Bransted acidic surface functional groups and metal-supportprove to be an ideal catalyst for stationary applications where
interaction[11,12] The number of Bensted acidic surface  handling of a large volume of NaBbolutions may not be
functional groups will be reduced, however, at higher con- a constraint.
centrations of NaBll due to the increased alkalinity of the Further studies of PtRu catalysts with various support ma-
solution. If the catalytic enhancement by the LiGoSup- terials are in progress to develop catalysts with superior per-
port is mainly due to the surface acidic functional groups, formance.
the performance of the catalysts will decrease with increase
in concentration of NaBil The performance of the cata-
lysts was indeed drastically reduced with increase in con- Acknowledgement
centration of NaBH. Hence, the observations reveal that

LiCoO; enhances the performance of the catalysts mainly  The work has been supported by grants from the industrial
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