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bstract

NaBH4, a safe and high energy density source of H2 for fuel cells, requires a catalyst for reliable hydrogen production. In this paper we show that
t and Pd atoms, apparently dispersed elementally, on functionalized surfaces of carbon nanotubes (CNT) leads to the highest value for the figure
f merit ( 300 L min−1 g−1

metal [NaBH4]−1) reported so far in the literature. This result was achieved with a 150 �m thick CNT paper. Thinner paper

roduces even higher rates of hydrogen generation. The catalyst is robust, continuing to operate without degradation in performance for more than
0 cycles. The kinetic data are analyzed by a combination of first order and zero order reactions. The analysis provides a framework for predicting
he performance of the catalyst for fuel cell applications.

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

Hydride salts such as NaBH4 or LiBH4 constitute safe and
ractical hydrogen reservoirs for PEM fuel cells. The hydrides
re non-toxic, non-inflammable, produce pure hydrogen, and, as
hown in Fig. 1, carry a superior weight and volumetric capac-
ty for hydrogen delivery [1]. For these reasons, these hydrides
re likely to be the prime candidates as the fuel for cells [2,3]
esigned for a few watts of electrochemically derived power.
owever, much larger systems, delivering several kilowatt, are

onsidered feasible with the assumption that the cost of produc-
ion of NaBH4 will fall with increasing demand [4,5]. While
irect-borohydride fuel cells, where the hydride is used directly
s the anodic fuel are being developed, the two step, serial con-
guration where the hydrogen production and its conversion

o electric power occurs sequentially appears more feasible for
ommercial use at the present time [6]. This article is concerned
ith the hydrogen generation efficiency, control and reliability
or the latter design. The figure of merit for such a system is
he rate of hydrogen production per gram of the metal catalyst,
er molar concentration of NaBH4 ( L min−1 g−1

met [NaBH4]−1; a
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ate of 1 L min−1 at 0.7 V is equivalent to 0.1 kW. Control implies
eing able to predict the conversion rate from system parame-
ers such as feed rate, power load and temperature. Reliability
efers to long-term performance of the catalyst without degra-
ation. These issues remain largely open, primarily because the
asic understanding of the kinetics of hydrogen generation from
aBH4 is incomplete.
Catalysts are essential for controlled rate of hydrogen produc-

ion. On its own NaBH4 reacts exothermally with water [7,8],
ut the reaction rate diminshes with time as the production of
aBO2 makes the solution alkaline. Controlled production of
ydrogen is obtained by buffering the solution at a high pH and
hen using a catalyst. Nanocrystalline Pt and Ru, supported on
arious oxide substrates [9–11] have been the most extensively
tudied. Occasionally free floating clusters of the catalysts, such
s Ru [12] and cobalt-boride [13] have also been reported but
nsupported catalysts are unlikely to be practical.

The experimental parameters in the study of hydrogen gen-
ration are: the yield (expressed as a fraction of the theoretically
xpected conversion of NaBH4 into hydrogen), the evolution
f hydrogen with time as a function of the molar concentration

f the aqueous NaBH4 solution, the amount of catalyst used
n the reaction, and temperature. The conversion rate is usually
xpressed in terms of liters of hydrogen generated per minute,
er gram of the catalyst. Analytical studies of the kinetics of

mailto:rishi.raj@colorado.edu
dx.doi.org/10.1016/j.jpowsour.2006.12.043


316 R. Peña-Alonso et al. / Journal of Power Sources 165 (2007) 315–323

F
o
T

c
o
s
i
m
b
s
t
d
t
i
p
[
r
t
c
m

c
s
m
a
d
f
c
t
a
c
d
o
o

F
c
t

Fig. 3. A plot of the figure of merit for the catalyst as a function of the cluster
size of the metal atoms. The trend line is predicted by Eq. (1). The present work
is expected to reach the target given by the trend line with thinner specimens of
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ig. 1. The gravimetric and volumetric energy density in NaBH4 as compared to
ther sources of hydrogen. (Data from: Brenstoffzellen-Fahrzeuge von GM/Opel
echnik und Markteinfuehrung, Dr. G. Arnold, January 22–23, 2003).

onversion are limited [10,11]. One study considers Pt nan-
clusters dispersed on LiCoO2 substrate [10]; the other to a
uspension of Ru nanoclusters [11]. Both report zero order kinet-
cs, that is, the rate of hydrogen production is independent of the

olar concentration of NaBH4. These results, however, must
e considered as being preliminary since the reactions were not
tudied over a wide range of NaBH4 concentrations. Therefore,
he study of the activity of various catalysts remains somewhat
isconnected, making it difficult to draw clear conclusions about
he choice of the best catalyst for predictable and reliable service
n a fuel cell. At the present time the key observations are: the
roduction rate of hydrogen ranges from 0.2 to 2.8 L min−1 g−1

met
14], the kinetics of the reaction is zero order (although a careful
eading often shows the hydrogen production rate to depend on
he molar concentration of sodium borohydride), and that the
hemistry of the catalyst, and its support, influence its perfor-
ance.
The catalysis of NaBH4 occurs at the surface of the metal

lusters [15]. Therefore the reaction rate increases with a higher
urface to volume ratio of the metal clusters [8,16–20]. The “geo-
etric catalytic efficiency” of the metal cluster can be expressed

s the ratio of the atoms residing on the surface of the cluster
ivided by the total number of atoms in the cluster. We call this
raction, ns; it will be inversely proportional to the radius of
urvature, r, of the cluster, since it is dimensionally related to
he surface to volume ratio of a spherical shape. Additionally,
s shown schematically in Fig. 2, ns will also be related to the
ontact angle, θ, formed by the cluster with the substrate. We

raw upon the derivations for the surface area and the volume
f voids of a lenticular shape at grain boundaries in solids, to
btain an explicit expression for the surface to volume ratio for

ig. 2. The influence of contact angle on the surface to volume ratio of the
luster. Elemental, or picoscale dispersion of the metal atoms can be obtained if
he contact angle approaches zero.
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he carbon nanotube paper. (1) Kojima et al. [9], (2) Wu et al. [20], (3) Waco
ure Chemical Industries Ltd., (from Kojima et al. [9]), and (4) Kishida Chem.
o., Ltd. (from Kojima et al. [9]).

he cluster. The volume of the cluster of a spherical segment, as
hown in Fig. 2, is given by r3(π/3)(2 − 3cos θ + cos3 θ) while
ts surface area is given by r22π (1 − cos θ) [21]. Therefore, the
urface to volume ratio of the cluster is given by H(θ)/r, where:

(θ) = 6(1 − cos θ)

2 − 3 cos θ + cos3 θ
(1)

The number of atoms in the volume of the cluster is equal
o the volume divided by the effective volume per atom of the

etal, which is written as Ω. Similarly, the number of atoms on
he surface is equal to the surface area divided by Ω2/3. Therefore
he ratio, ns, is also proportional to Ω1/3. Combining this result
ith the r dependence of the surface to volume ratio leads to the

ollowing equation:

s = Ω1/3

r
H(θ) (2)

The influence of θ on ns can be immediately seen from
he schematic in Fig. 2. This dependence is given explicitly
y the function H(θ), for example for θ = 90◦, 60◦, 30◦, 15◦,
nd 5◦, H(θ) = 3.0, 4.8, 15.6, 132 and 526, respectively, that
s, the surface to volume ratio increases rapidly with a reduc-
ion in the contact angle. In the limiting case when θ → 0,
oth r and H(θ) → ∞, and the ratio ns → 1, its highest possible
alue.

According to Eq. (2) the catalytic performance should scale
nversely as the cluster radius. A comprehensive review of the

iterature leads to the plot shown in Fig. 3, which gives the hydro-
en generation rate from NaBH4 as a function of cluster size.
his log–log plot shows the trend line predicted by Eq. (2) with
slope of minus one. The scatter in the data is significant, but
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definite trend towards a higher figure of merit (expressed as
min−1 g−1

met[NaBH4]−1) with the decrease of the cluster size
s evident.

In this article we present results from experiments with a three
ier catalyst constructed from carbon nanotubes, covered with a

onolayer of a silicon carbonitride material, which is further
oated with a subatomic layer of mixed Pt and Pd atoms. The
inetics of hydrogen generation from alkaline NaBH4 is shown
o be predominantly first order. The performance of the catalyst
emains robust and reproducible after multiple cycles.

. Experimental method

.1. Catalyst preparation

The catalyst architecture was as follows. First a carbon nan-
tube paper was coated with a monolayer of silicon carbonitride
ompound by a polymer process, as described in [22]. The
arbon nanotubes (CNT) were purchased from Carbon Nan-
technologies Inc., Houston, TX. The same Ref. [22] gives data
n the supercapacitance measurements of carbon nanotubes,
ith and without the silicon carbonitride coating. The measure-
ent of high supercapacitance is evidence that the SiCN coating

s electronically conducting. Indeed the supercapacitance of the
arbon nanotubes appeared to be somewhat enhanced by the
eposition of silicon carbonitride. Experiments on self-standing
tructures of silicon carbonitride have been shown to be elec-
ronically conducting, as well [23].

A submonolayer coating of mixed Pt and Pd atoms was chem-
cally deposited on the functionalized carbon nanotube paper
ith bis-allyl pentane solutions according to the method reported
y O’Brien et al. [24]. Bis-allyl Pt or Pd species are expected
o become anchored to reactive support sites [25] facilitating

molecular dispersion. The molecular species are then con-
erted to metal atoms by H2 reduction. High dispersion of Pd/Pt
atalysts prepared in this way has been demonstrated in [26].

To deposit the metal, small pieces of the CNT paper
ere immersed in the pentane solutions under N2 at room

emperature. The metal concentrations in the solution were
t/Pd = 0.06/0.14 g L−1. After 1 h, the solution was completely
emoved and the samples were maintained under H2 flow for
h. The samples, now ready for catalytic study, were stored

n air. Elemental analysis of Pd and Pt content was obtained
y Inductively Coupled Plasma ICP-OES Ciros (Spectro, Ger-
any) at λPt = 214.423 nm and λPd = 340.458 nm. Fragments of

he catalyst were dissolved in known volumes of concentrated
Cl/HNO3 3/1 (v/v) and analyzed by ICP-OES. This analy-

is gave values of 0.42 wt.% Pt and 0.98 wt.% Pd. The relative
tomic percentages of Si, Pt and Pd atoms at and near the sur-
ace as measured by the energy dispersive X-ray method in a
canning electron microscope (EDS-SEM), gave Pt/Si ratio of
.10 and Pd/Si ratio of 0.30.

The clustering of Pt and Pd into nanocrystals was investi-

ated by X-ray diffraction. The X-ray diffraction spectra showed
ompletely amorphous structure, implying that Pt/Pd were not
lustered into nanocrystals. This result strongly suggests that
t/Pd were elementally distributed on the surface of the carbon

a
d
t
e
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anotubes, especially since previous studies have shown that Pt
lusters into nanocrystals, which give rise to Bragg peaks in X-
ay diffraction, on “clean” carbon nanotubes [27–32] It should
e kept in mind that there are no direct methods for imaging
lemental Pt and Pd on the catalyst surface. Quantitative spec-
roscopic methods such as XPS, using standards as calibration,
ould provide this information. But such experiments are outside
he scope of this paper.

In the present study, the Si atoms in the silicon carbonitride
ayer, used to functionalize the carbon nanotubes, are suspected
o have played a role in achieving an atomic dispersion of the

etal atoms. It is known that Pt and Si react to form silicides,
uggesting strong bonding between Si and Pt atoms. This strong
onding will impede surface diffusion of the metal atoms that is
eeded for the growth of clusters.

The specific surface area of the catalyst was measured by
2-physisorption with a Micromeritics ASAP 2010 Instrument.
amples were degassed below 0.3 Pa at room temperature for
everal hours before the measurement. The measurements were
arried out at the boiling point of liquid nitrogen (∼77 K). The
ET equation [33] was used to determine the specific surface
rea; the BJH method [34] was applied to the adsorption data for
etermining pore size distributions. The specific surface area of
he CNT paper, without the metal deposition, was in the range
etween 400 and 620 m2 g−1. With Pt/Pd the specific surface
rea dropped to 250–350 m2 g−1 (a reason for this drop in surface
rea is discussed below). Assuming Pt and Pd to be atomically
ispersed it is possible to estimate the fraction of the monolayer
f Pt/Pd on the surface of the catalyst. Considering a surface
rea of 300 m2 g−1 and taking the atomic radii of Pt and Pd to
e 135 and 140 pm, respectively, gives an estimate of 0.0034 of
monolayer of Pt and Pd atoms on the surface, that is, one out of
ery 300 possible sites on the surface was occupied by a metal
tom.

The nitrogen adsorption data as a function of pressure (at liq-
id nitrogen temperature) are given in the upper graph in Fig. 4.
he pore size data derived from this graph are shown in the

ower plot. The principal difference between the surface areas,
ith and without the metal coating, lies in the volume occupied

t low pressures where the pore size is in the range of 1–2 nm.
eeping in mind that the nanotube paper was constructed from

ingle wall carbon nanotubes, we propose that the nearly two-
old drop in the surface area is related to the blocking of the
pen ends of the carbon nanotubes by the Pt/Pd coating pro-
ess. The blocking means that the inside of the carbon nanotube
urfaces cannot be accessed by the nitrogen molecules, which
ould lead to a drop in the measured surface area by a factor of

bout two. The radius of the carbon nanotubes is in the 1–2 nm
ange, which coincides with the range of pore size that accounts
or the difference in the surface area of the coated and uncoated
arbon nanotubes. We cannot say whether the capping of the end
aces of the carbon nanotubes was caused by the Pt/Pd atoms or
y the organic bis-allyl (Pt, Pd) oligmers. The latter explanation

ppears more likely since the organics should bind tightly to the
efect sites in the carbon structure present at the end faces of
he nanotubes, and, therefore, may have resisted reduction into
lemental Pt/Pd by hydrogen.
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ig. 4. Nitrogen adsorption/desorption isotherms and pore size distribution
ccording to the BJH method for uncoated and metal coated substrates of carbon
anotubes functionalized with silicon carbonitride.

.2. Measurements of hydrogen generation

The volume of hydrogen produced was measured as a func-
ion of time, using a gas burette connected to the reaction
ask. Both the reactor and the burette were thermostated by
water circulating apparatus. The experiments were carried

ut at ambient pressure in Boulder, CO, which lies in the
ange 760 ± 8 mm × 0.854. The sodium borohydride solution
as stirred with a magnetic spin bar at 800 rpm to promote

nterface-controlled reaction between the solution and the cata-
yst. All experiments were carried out with an amount of NaBH4
olution that would have a theoretical yield of 18 ml of hydro-
en at NTP. Four solution concentrations of NaBH4, 0.03, 0.02,
.015 and 0.01 M, were prepared. The solutions were buffered
t pH 13 with KCl/NaOH. Fresh solutions were prepared imme-
iately before every hydrogen generation experiment. In all
xperiments the theoretically predicted conversion of NaBH4
nto hydrogen was achieved. The experiments with the four

◦
olar concentrations were carried out at 29 C. Additionally,
xperiments were done at 40, 50, and 59 ◦C at 0.03 M in order
o determine the activation energy for the catalytic reaction. All
xperiments were done with the same catalyst, which had a total

F
s

ig. 5. Hydrogen production as a function of time for four molar concentrations
f NaBH4 at 29 ◦C and pH 13.

eight of 4.1–4.7 mg. The performance of this catalyst remained
nchanged even after the same catalyst had been used in 20
xperimental runs.

The two sets of results are shown in Figs. 5 and 6. The first
ives the hydrogen generation profile for the sets of experiments
t 29 ◦C carried out at four molar concentrations of NaBH4; the
econd shows the data obtained for the 0.03 M NaBH4 solution
t four temperatures. The inset in Fig. 5 shows the procedure for
etermining the initial rate of hydrogen generation. The average
lopes of hydrogen generated versus time for the first 20 min of
he data were used to obtain a value for these initial rates. The
ata in Fig. 5 show that hydrogen generation depends on the
olar concentration of sodium borohydride, typical of a non-
ig. 6. Hydrogen production at four different temperatures with a 0.03 M NaBH4

olution.
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ig. 7. The proposed mechanism for the catalytic production of H2 from an
queous solution of NaBH4.

. Analysis

The data are analyzed in terms of the mechanism illustrated in
ig. 7. It involves two essential kinetic steps. In the first step the
H4

− ions in the solution are chemisorbed to the metal atoms.
he forward rate of the process is described by the kinetic rate
onstant k1, and the backward rate, which is the desorption rate
f the ions back into the solution, by k−1. The rate constants are
efined by equations such as the one given below for the forward
eaction:

d[MBH4
−]

dt

]
forward

= k1[BH4
−][M] (3)

here [MBH4
−] is equal to metal sites that are occupied, [M]

s the molar concentration of metal sites that remain unoccu-
ied, and [BH4

−] is the molar concentration of the ions in the
olution. Note that the reaction rate is proportional to the first
ower of [M], because the primary reaction occurs between the
noccupied metal sites and BH4

− ions. The signficance of the
econd metal atom which aids the kinetic pathway, as illustrated
n Fig. 7, is expressed via the rate constant k1. However, k1 will
ecome sensitive to [M] only if the metal atom concentration is
o lean that the catalytic reaction becomes limited by the prob-
bility of finding a vacant metal site adjacent to the M–BH4

−
ite, which in most instances is unlikely since the concentration
f metal atoms on the catalyst surface will usually be high.

In the second step the negative charge on the BH4
− ion is

ransferred with one hydrogen atom, via the CNT-PDC struc-
ure to the adjacent metal atom [35]. The electronic conductivity
f the CNT/PDC support is important in such electron transfer
22]. It is possible that the different electron chemical poten-
ial of the Pt and Pd atoms facilitates this process. This feature

ay improve the catalytic performance since the MI–MII–BH3
onfiguration is suitable for OH− substitution at the B atom.
n organometallic metal-alkyl complexes the reconstruction of
OBH3

− anion is invoked as an alternative to BH3 dissociation,
ith the assumption that BH4

− and (HO)nBH4−n
− are equally

eactive at the catalytic site.
Next, the charged hydrogen atom reacts with a water

olecule to produce H2 and an OH− which reacts with
oron to produce the BH3(OH)− ion [36]. The cycle of
harge transfer continues as BH3(OH)− → BH2(OH)2

− →

H(OH)3

− → B(OH)4
−, releasing molecular hydrogen at each

tep. Finally the B(OH)4
− reacts with Na+ to produce NaBO2.

he rate constant for this second cycle, that is the conversion
f the metal borohydride complex, MBH4

−, into hydrogen and

S

er Sources 165 (2007) 315–323 319

(OH)4
−, is written as k2. The entire reaction can now be sum-

arized in the following way:

+ BH4
− k1
�
k−1

MBH4
−4H2O−→

k2
M + 4H2 ↑ +B(OH)4

− (4)

he reaction in Eq. (4) is analyzed in Appendix I and leads to
he following result:

1

v
= 1

k′
1

[NaBH4][M]0
+ 1

k2

1

[M]0
(5)

here [M]0 is the molar concentration of the maximum num-
er of metal sites available in the solution for the reaction, and
NaBH4] is the molar concentration of the sodium borohydride
emaining in the solution at any time. The derivation of Eq. (5)
ssumes that sodium borohydride is fully ionized in the aque-
us solution. In Eq. (5), v is the rate of consumption of sodium
orohydride:

= −d[NaBH4]

dt
(6)

n Eq. (5), k′, which represents the phenomenological first order
ate constant, is given by:

′ = k1k2

k2 + k−1
(7)

The result in Eq. (7) shows that the first order rate constant, k′,
s a complex quantity depending on three rate constants, k1, k−1,
nd k2. The equation has two limits: if k2 	 k−1, then k ′→ k1,
ut if k2 
 k−1, then k ′→ k1k2/k−1.

Experiments that measure hydrogen generation are usually
arried out with parameters that are related to, but are not explic-
tly the same as those in Eq. (5). In a typical experiment, the
ydrogen generated is measured in L min−1 from a solution of a
rescribed molar concentration of NaBH4, with a certain amount
f the metal catalyst, usually reported in grams. Therefore, we
efine a new set of parameters that can be more easily related to
xperiments:

[NaBH4] molar concentration of NaBH4 in the solution (in
ol L−1); nH2 moles of hydrogen generated from the solution of

odium borohydride; MWmet average molecular weight of the
etal species; V volume of the solution (in L); gmet total metal

ontent in grams in the solution; K1 experimental first order rate
onstant in units of mol H2 min−1g−1

met[NaBH4]−1; K2 experi-
ental zero order rate constant in units of mol H2 min−1g−1

met.
Since one mole of NaBH4 produces four moles of H2 we have

hat:

dnH2

dt
= −4V

d[NaBH4]

dt
(8)

lso,

M]0 = gmet

MWmetV
(9)
ubstituting Eqs. (8) and (9) into Eqs. (5) and (6) we obtain:

1

(dnH2/dt)
= 1

K1

1

[NaBH4]gmet
+ 1

K2

1

gmet
(10)
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ig. 8. A kinetic plot of H2 release data from Fig. 4 according to the prediction
rom Eq. (10).

here,

1 = 4k′

MWmet
and K2 = 4k2

MWmet
(11)

he comparison of the experimental data with Eq. (10), will
ield the phenomenological first order and zero order rate con-
tants, K1 and K2. The process is to plot the inverse of the initial
ydrogen generation rate against the inverse of the initial value
f [NaBH4]. The results should fit a straight line. The slope of
he line yields a value for K1, while the intercept of the line for
he limit (1/[NaBH4]) → 0 gives K2. (The referees have pointed
ut that a recent paper published on-line [37] discusses com-
ined zero and first order kinetics in a Ru-on-carbon catalyst.
owever, while they distinguish between zero and first order in

erms of temperature, in the present work the molar concentra-
ion of sodium borohydride forms the basis for distinguishing
etween these two mechanisms).

The above plot for the present data is given in Fig. 8. A good
traight line fit, as predicted by Eq. (10) is obtained. The intercept
nd the slope of the line lead to the following values for the
ate constants: K1 = 12.9 mol H2 min−1 g−1

met[NaBH4]−1, and

2 = 0.7 mol H2 min−1g−1
met.

The graph in Fig. 8 provides an insight into the relative con-
ribution of first order and zero order reactions in hydrogen
eneration. For example, at the point denoted by X along the
orizontal axis the fraction of hydrogen generated by the first
rder reaction is given by the ratio AB/AC. The remaining frac-
ion, given by BC/AC is the contribution from the zero order
eaction. This relationship changes with concentration. At con-
entration X0.5, for example, the two types of reactions make
n equal contribution. If X < X0.5 then the zero order reaction
s dominant, and the first order is more important if X>X0.5.
n the present experiments the first order reaction played the
ominant role, since the concentrations were in the X > X0.5
egime.

With the above analysis it is possible to estimate the acti-
ation energy for the hydrogen generation process, by writing

he rate constant ∝ exp(−Q/RT). A simple Arrehenius plot of
he results, where the logarithm of the rate, millilitres of H2 (at
TP) generated in 20 min, is plotted against inverse temperature,

s given in Fig. 9. The point at 29 ◦C is obtained by consider-

[

w
o

ig. 9. Arrhenius plot for the determination of the activation energy for the rate
onstant.

ng only the first order component of the reaction rate from the
lot in Fig. 8. A good linear fit, with an activation energy of
9 kJ mol−1 is obtained. This activation energy is presumed to
pply to the first order rate constant. In comparison Amendola et
l. [38] in their experiments at high NaBH4 and low NaOH con-
entration, obtained 56 kJ mol−1. Hua et al. [39] who measured
ydrogen generation with a NixB catalyst obtained an activation
nergy of 38 kJ mol−1. The lower value for the activation energy
n the present experiments reflects the specificity of the Pt/Pd-Si
atalytic sites.

. Discussion

The work in this article addresses the three issues that are
mportant for a successful application of NaBH4 as the source
f hydrogen for fuel cells: the scientific understanding of the
eaction kinetics of hydrogen generation, the picoscale chemical
esign of the catalyst, and the reliability of the catalyst.

The figure of merit (FOM) for the performance of a cata-
yst is usually expressed as the rate of hydrogen production per
nit weight of the precious metal, per molar concentration of
he solution. If the metal atoms are clustered together then the
fficiency is reduced because only the atoms residing on the
urface of the cluster contribute to the reaction. Therefore, the
OM depends both on the cluster size and on the contact angle
ormed with the supporting substrate. Eqs. (1) and (2) provide
mechanism for quantitatively including this effect in the fig-
re of merit. For example if the total concentration of the metal
toms in the catalyst is given by [M]0 then the effective metal
oncentration, that is actually involved in the catalytic process,
ill be given by:

1/3
M]eff
0 = [M]0ns = [M]0Ω H(θ)

r
(12)

here ns is the fraction of the atoms in the cluster that are present
n the surface of the cluster. Note that ns becomes smaller for
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ig. 10. A scanning electron micrograph of the CNT paper used as the substrate
n the present study.

arger particle size and higher contact angles. The upper bound
alue, when ns = 1 applies only when the metal atoms are dis-
ributed as a monolayer or a submonolayer on the surface of the
atalyst, as shown on the right in Fig. 2.

The values for FOM from the literature are compared with the
resent work in Fig. 3. The carbon nanotube paper that formed
he basis of the architecture of the present catalyst was 150 �m
hick. The typical intertube spacing between the nanotube bun-
les in the paper, as shown in Fig. 10, was approximately 20 nm.
he release of hydrogen from the catalyst is a multistep process.

n addition to catalysis, the hydrogen molecules must coalesce
nto bubbles. The bubbles must then release into the solution.
he release of the bubble from the catalyst is a step that is often
verlooked. The bubble forms a contact angle with the catalyst
urface, which means that it is pinned to the surface requiring a
ritical buoyancy force before it breaks free. In our experiments
he fine CNT mesh places a hindrance to bubble-escape; indeed
nder a microscope we could not see any bubbles emanating
rom the interior of the carbon nanotube paper. The implication

f this observation is that a thinner paper would increase hydro-
en generation on a per gram metal basis. Early experiments with
0 �m paper, instead of the 150 �m paper, have shown about a
hree-fold increase in rate of hydrogen generation. Our goal is

p
o
i
k

er Sources 165 (2007) 315–323 321

o create a catalyst of a thin CNT paper, just a few micrometers
hick, which is expected to produce a 10 to 50 fold increase in the
ydrogen production rate from the present level. Interestingly,
uch a development would meet the target that is predicted from
he trend line in Fig. 3.

The catalyst described in this article has a unique architec-
ure. The CNT surfaces are coated with a monolayer of a silicon
arbonitride ceramic deposited by a liquid polymer-precursor
rocess. This coating enhances the electrical and electrochem-
cal functional properties of CNT [22]. Studies of Pt deposited
irectly on to “clean” CNTs has shown that it forms clusters.
ith the silicon carbonitride interlayer the Pt and Pd atoms

emain elementally dispersed. It would seem that the Pt–Si bond
lays a key role in this monolayer dispersion. The combination of
t/Pd catalyst used in the present experiments is also significant.
n early experiments, specimens from Pt (only), Pd (only) and
he Pt/Pd alloy were prepared. The Pt/Pd combination performed

uch better than the Pt or the Pd on its own.
The understanding of the kinetics of hydrogen generation is

mportant for prediction of its performance in a fuel cell. The
esult given in Eq. (5) provides a way of assessing the rela-
ive importance of the first order and second order kinetics (the
lower one is rate controlling). The data from the present work
hows that first order plays a dominant role. The results in the lit-
rature are unclear on this issue. It is generally stated that metals
n oxides show a zero order kinetics, but a careful examination of
he data often shows that first order kinetics is also a contributing
actor, as discussed in a recent paper [37]. The methodol-
gy presented here can help to clarify the relative contribution
rom zero and first order kinetics in hydrogen generation
xperiments.

. Conclusions

A new catalyst for generating hydrogen from buffered solu-
ions of sodium borohydride has been presented. This high
urface area catalyst is made from carbon nanotube paper. The
aper is first functionalized with a monolayer of a polymer
erived silicon carbonitride ceramic. An elemental dispersion
f Pt and Pd, amounting to 0.0034 of a monolayer, is chemi-
ally deposited on the functionalized surface of the CNT paper.
his catalyst is capable of generating hydrogen at the rate
f 300 min−1g−1

metal[NaBH4]−1, which is in the range of the
ighest value reported so far in the literature. The catalyst is
obust, showing negligible degradation even after more than
wenty experimental cycles. The CNT paper can be cut and
asily handled as needed in fuel cell applications. The perfor-
ance of the current architecture is limited by the trapping

f hydrogen bubbles in the nanotube mesh within the interior
f the paper. A thin CNT structure is being developed, which
s expected to produce a ten to one to fifty fold increase in
erformance.

The application of a catalyst in a fuel cell requires predictable

erformance. For this purpose it is necessary to have knowledge
f the nature of the reaction kinetics. A methodology for analyz-
ng kinetic data to distinguish between first order and zero order
inetics is presented. In the present work hydrogen generation
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as predominantly controlled by the first order rate constant,
ith a minor contribution from zero order kinetics.
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ppendix A

.1. Derivation of Eq. (5)

The reaction described by Eq. (4) leads to the following two
quations, one for the rate of consumption of the borohydride
on, and the other for the rate of change of the concentration of the
etal borohydride complex. Under quasi-steady state conditions

he concentration of the borohydride complex can be assumed
o be constant, and therefore, the second equation is equated to
ero. Thus, we have that:

= −d[BH4
−]

dt
= k2[MBH4

−] (A1)

nd,

d[MBH4
−]

dt
= 0

= k1[BH4
−][M] − k−1[MBH4

−] − k2[MBH4
−] (A2)

ow, the unoccupied metal sites are related to the maximum
umber of sites and the concentration of the metal borohyride
omplex by:

M] = [M]0 − [MBH4
−] (A3)

ubstituting [M] from (A3) into (A2) gives the following result
or [MBH4

−]:

MBH4
−1] = k1[BH4

−][M]0

k2 + k−1 + k1[BH4
−]

(A4)

hen, substituting (A4) into the right hand side of (A1) and
ecognizing that [BH4

−] = [NaBH4] gives the final result quoted
n Eq. (5).

The constants and the values used for various calculations in
he text were as follows: (i) Millilitres of H2 generated in the
xperiments were converted into to NTP millilitres (at 273 K
nd 101 Pa pressure) by assuming the atmospheric pressure in
oulder, Colorado to be 0.85 × 101 Pa. (ii) As 1 mol of NaBH4
roduces 4 mol of H2, the conversion factor for [NaBH4] into L
f H2 (NTP) was VH2 = 4(MNaBH4VsolutionRT )/P using T (tem-

erature) and P (pressure) as the corresponding values for NTP
onditions. (iii) The 1 L of H2 (NTP) generated in 1 min is equiv-
lent to 100 W of electrical power at 0.7 V. (iv) The experiments
ere done with 4.7 mg of catalyst which contained 0.42 wt.%

[
[

[

er Sources 165 (2007) 315–323

f Pt and 0.98 wt.% of Pd. The atomic weight of Pt and Pd are
95 and 106 g mol−1. Thus, the catalyst used in the experiments
ontained 5 × 10−7 mol of metal atoms.
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