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a b s t r a c t

A multilayer catalyst consisting of a electrophoretically deposited thin film of carbon nanotubes (CNTs)
on a substrate of carbon fibers, followed by a coating of polymer-derived silicon carbonitride (SiCN),
which is then decorated with a monolayer of transition metals is shown to perform at the upperbound
of the phenomemological prediction from an earlier work [1]. A figure-of-merit for first order kinetics
is equal to 4600 L min−1 [NaBH4]−1 gmet

−1, which is nearly 30 times the value reported in literature, is
achieved. This high FOM is attributed to the CNT-thin film, as opposed to the thick CNT-paper used in
previous work, thus needing merely 0.15 wt% quantities of precious metals for effective catalysis. This
new architecture corroborates the concepts that: (i) the catalytic activity derives mainly from the surface
unctionalized carbon nanotube

ernary catalyst
lectrophoretic deposition
ydrogen generation
ilicon carbonitride

of the CNT substrate, and (ii) the silicon carbonitride interlayer is instrumental in dispersing the transition
metals into a monolayer. The hydrogen generation rate (HGR) for zero order kinetics, which is obtained
when [NaBH4] > 0.03 M, is measured to be 75 L min−1 gmet

−1, which is among the higher values reported
in the literature. The present multilayer catalysts are able to perform without fading for many cycles,
presumably because the bondings in the substrate are predominantly covalent. This feature adds further

ayer c
uniqueness to this multil

. Introduction

This work belongs to a series of papers that demonstrate the
iability of a novel architecture of a catalyst for generating hydro-
en from an alkaline aqueous solution of sodium borohydride. The
asic premise of this design, described in Ref. [1,2], is that a thin
oating of polymer-derived silicon carbonitride applied to carbon
anotubes permits the dispersion of transition metals as a mono-

ayer on the surface of the catalyst, the argument being that the
trong bonding between these metals and silicon, as known from
he high energy of formation of silicides, would enhance wetting
nd greatly retard surface diffusion, thereby preventing the growth
f nanoclusters of the metals. In the limit the metals can be expected
o form a monolayer, or a picoscale catalyst, as illustrated in Fig. 1,
o that all metal atoms may participate in the catalytic process. Two

dditional criteria for high catalytic activity were proposed. First,
hat the substrate should have a high surface area, and second, that
t should be electronically conductive [1]. In the first instance a
NT-paper, several tens of micrometers thick, appeared not only to

∗ Corresponding author at: Department of Mechanical Engineering, University of
olorado, Boulder, CO 80309-0427, USA. Tel.: +1 303 735 2651; fax: +1 303 492
498.
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atalyst.
© 2010 Elsevier B.V. All rights reserved.

fulfill these requirements but it also provided physical strength to
the catalyst for handling and working.

A parametric description of the performance of a catalyst is
related to the order of the reaction kinetics. In first order kinetics,
the hydrogen generation rate is proportional to the molar con-
centration of NaBH4 in the solution, which when normalized with
respect to the weight of the precious metal, leads to the following
measure of performance, which we have called the figure-of-merit,
or FOM, having the units: L min−1 [NaBH4]−1 gmet

−1, where gmet is
the weight of the precious metal in g.

At high concentrations of NaBH4, the kinetics usually transitions
from first order to zero order. In this case the hydrogen generation
rate is independent of [NaBH4]. The hydrogen generation rate, or
HGR, now has units of L min−1 gmet

−1. While HGR is usually more
important in applications, the first order rate constant, and espe-
cially the transition from first order to zero order with the change
in concentration is important for a scientific understanding of the
catalytic mechanism, and for reliable and predictable operation of
the catalyst.

The HGR can be converted into power generation in fuel cells by

assuming a value of the cell voltage. If the cell voltage is 0.7 V then
hydrogen generation rate of 1 L min−1 is equivalent to the produc-
tion of 100 W of energy. Therefore, if the HGR is 100 L min−1 gmet

−1

it would mean that 10 kW of energy would require 1 g of precious
metal.

dx.doi.org/10.1016/j.jpowsour.2010.07.070
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lung.hu@colorado.edu
mailto:lunghao.hu@gmail.com
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ig. 1. The influence of contact angle on the surface to volume ratio of the cluster.
lemental or picoscale dispersion of the metal atoms can be obtained if the contact
ngle approaches zero; from Ref. [1].

In Ref. [1], where CNT-paper was used as the substrate,
n FOM of 150–300 L min−1 [NaBH4]−1 gmet

−1, and HGR of
5 L min−1 gmet

−1 was obtained. By employing a thin film of CNTs,
eposited on a carbon-fiber substrate we show that values of
600 L min−1 [NaBH4]−1 gmet

−1, and 75 L min−1 gmet
−1, for FOM

nd HGR have been obtained. The transition from first order to zero
rder occurred at approximately [NaBH4] > 0.03 M.

The measurement of the FOM from Ref. [1] is compared with
he data from literature in Fig. 2. In this log–log plot the FOM is
lotted against the size of the metal cluster, ranging from atom
ize, or 100 pm up to 100,000 pm, that is from 0.1 nm to 100 nm, so
hat the lower limit corresponds to a monolayer. Since the surface
f volume of clusters is inversely proportional to their size, a trend
ine with a slope of unity was drawn through the data available in
he literature. It is not surprising that the data do not fall directly
n this trend line since the surface to volume ratio would depend
ot only on the cluster size but also on the contact angle made
y the cluster with the substrate (Fig. 1). Additionally the metal
hemistry would also affect the catalytic efficiency. Nevertheless
he line shown in Fig. 2 does give a phenomenological trend to
he data. The result obtained in Ref. [1] is shown in this figure by
ssuming that the metals formed a monolayer, that is for a size of

00 pm. The FOM obtained in [1], using a ∼150 �m thick CNT-paper
s the substrate was 175–300 L min−1 gmet

−1 [NaBH4]−1, as marked
n Fig. 2. This value fell one to two orders of magnitude below the
alue expected from the trend line for a monolayer catalyst. In this
rst paper a binary catalyst made from Pd/Pt was employed. The

ig. 2. A plot of the figure-of-merit for the catalyst as a function of the cluster size of
he metal atoms showing the evolution of the CNT/SiCN/Metal based catalyst from
ef. [1], to [3], to the present work.
Fig. 3. The four-layer catalyst architecture.

unique result of the present work is that the phenomenologically
predicted upperbound in Ref. [1] is indeed achieved as marked in
Fig. 2.

We hypothesized that the shortfall relative to the predicted per-
formance in the 150 �m CNT-paper catalyst arose from the trapping
of hydrogen bubbles generated within the paper by the mesh-like
network of the carbon nanotubes. Thus all the metal atoms were
not being effectively used for catalysis, thereby lowering the over-
all figure-of-merit. The next phase of this work focused on working
with thinner CNT-paper. Results obtained with 25 �m thick paper
[3], with a ternary Pt/Pd/Ru catalyst gave a figure-of-merit value
of 900 L min−1 gmet

−1 [NaBH4]−1, six times the value from [1] but
still short of the phenomenologically predicted upper bound. The
25 �m paper was the thinnest possible, free-standing catalyst that
could be physically made and handled.

Further evolution of this architecture is presented in this arti-
cle. Here the CNT was deposited as a thin film on a carbon-fiber
substrate (CF) by electrophoresis. The carbon nanotubes were
dispersed in a strongly oxidizing solution which is known to
grow oxygen bonds on the edges of the nanotubes [4–8], making
them polar, and therefore amenable to electrophoretic deposi-
tion (after electrophoretic deposition the sample is heated to
1100 ◦C which decomposes the –C O bonds back into sp2 car-
bon). The remaining procedure for preparing the catalyst was
similar to that reported in Ref. [3], which includes coating of a
polymer-derived silicon carbonitride (SiCN) followed by deposition
of atoms of precious metals. In this way, the catalyst is designed
to have a four-layer architecture as illustrated in Fig. 3: it con-
sists of a carbon-fiber substrate, coated with a thin films of CNTs,
which are coated with (a monolayer) of SiCN, followed by a sub-
monolayer of metal atoms. This new catalyst gave a FOM equal
to 4600 L min−1 gmet

−1 [NaBH4]−1, lying close to the upperbound
value predicted by the trend line in Fig. 2.

The following sections describe the experimental procedure for
preparing this multilayer architecture [1,3]. We ascribe the high
value of FOM simply to the thin film nature of the CNT, which per-
mits free evolution of hydrogen (as opposed to trapping of bubbles
within the CNT-paper), rather than to a fundamentally different
mechanism than described in [1,3]. The reader is referred to these
papers for a discussion of the proposed catalytic mechanism.

2. Preparation of catalysts

2.1. Electrophoretic deposition of carbon nanotubes on

carbon-fiber substrate

Single-walled CNT were acquired as “Purified HIPCO® Single-
Wall Carbon NanoTubes”, from Unidym CA, USA. The procedure
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ig. 4. SEM micrographs of CNT-thin film deposited on carbon-fiber substrate. On t
orm of bundles. Note that the CNTs project outwards from the surface of the carbo

escribed in [9–15] was used for dispersing and electrophoretic
eposition of the tubes. The as-received tubes were dispersed in
mixture of concentrated nitric and sulphuric acids in a ratio of

:3. Thirty milligrams of the single-wall CNTs were added to 4 mL
cid mixture. The mixture was refluxed for 1 h at 130 ◦C. One mL of
his solution was extracted, to which 1 M solution of NaOH was
dded until the pH reached a slightly basic value. At this point
he solution the solution became clear, with a yellowish tinge. The
djustment of the pH towards basic causes the migration of the
NTs towards the positive electrode upon application of a DC field
it has been shown that replacing NaOH with by salts causes depo-
ition towards the negative electrode [15]). Electrodeposition was
arried out with two, 4 cm2 carbon-fiber electrodes (Toray carbon-
ber paper), immersed into the nanotube solution, held 5 mm apart.
DC voltage (10 V) was applied for 5 min to achieve deposition of

he CNTs. Scanning electron microscope micrographs of the CNT
oating are shown in Fig. 4. They show (apparently) single carbon
anotubes as well as bundles of nanotubes growing approximately
ormal to the substrate. The thickness of the film lies in the 100 nm
o 1 �m range.

.2. Coating with silicon carbonitride

At this point the catalyst was ready for depositing a coating of
ilicon carbonitride, and then with Pt/Pd/Ru metal catalyst, a proce-
ure similar to that described in [3]. Briefly, the carbon-fiber paper
oated with CNT-thin film, CF/CNT was, at first, functionalized by
ip-coating into a commercial polymer-derived ceramic solution,
eraset from Kion, Germany, diluted with acetone to 10 wt% and
hen pyrolyzed at 1100 ◦C for 3 h under flowing Ar [16]. In the final
tep, the metals were deposited on the SiCN surface in the following
ay.

.3. Metal elements

First, ionic solutions of the metals were prepared with 100 mL
f 40 mM chloroplatinic acid hexahydrate solution (H2PtCl6·6H2O,

BCR), 100 mL of 40 mM acidic PdCl2 solution (40 mL of 1 M
Cl and 60 mL of deionized water), and 100 mL of 20 mM of
uCl3·xH2O solution. Pt metal ions were protected by poly (N-
inyl-2-pyrrolidone, PVP, Mw = 40,000) by refluxing 1 mL of Pt ionic
olution in 60 mL of alcohol (methanol or 1-propanol mixed with
t the CNTs appear to be deposited as single tubes, while on the right they are in the
rs, as shown schematically in Fig. 3.

water) at 110 ◦C for 3 h. During refluxing the color of the solu-
tion changed from pale yellow to dark brown [17]. Pd and Ru
solutions were also prepared by first protecting with poly (N-
vinyl-2-pyrrolidone, PVP, Mw = 40,000) and mixing with diluted
alcohol, but the metal solution was made by reducing the metal
salts with by sodium borohydride [18–21], since refluxing temper-
atures to create the metal solutions were much higher than for
Pt. The metals were deposited from these three metal solutions
by electrolytic transport. A pair of CF/SiCN/CNT substrates samples
were immersed into each metal suspension and kept at a fixed gap
distance, 5 mm. A 20 V DC voltage was applied between these two
electrodes for 10 min for each metal suspension [17]. The resulting
CF/CNT/SiCN/(Pt/Pd/Ru) catalyst was ready for hydrogen genera-
tion experiments. The same catalyst could be used several times for
the experiments, with reproducible results, without any evidence
of degradation in performance.

3. Measurements

3.1. Measurement of metal content

Elemental analysis of the metal content was carried out with
Inductively Coupled Plasma ICP-OES Ciros Spectro instrument.
Selected wavelengths for metals were set at 214.423 nm (Pt),
340.458 nm (Pd) and 240.272 nm (Ru). Fragments of the catalyst
samples were weighed and the metals were extracted by dissolving
in “aqua regia” (HCl/HNO3, 3/1, v/v) solutions, which were analyzed
by ICP. The % metal weight (as a fraction of the total weight of the
catalyst, including the carbon-fiber support) was determined to be
as follows: 0.055 wt% of Pt, 0.06 wt% of Pd and 0.03 wt% of Ru. It
was not possible to measure the weight fraction of the CNT-thin
film deposited on the carbon–fiber substrate since the before and
after weight of the substrate upon electrophoretic deposition of the
CNT-thin film was indistinguishable. It is estimated that the weight
of the CNT film was less than 1 mg for a total weight of ∼40 mg of
the substrate.
3.2. Measurement of hydrogen generation

The volume of hydrogen generated was measured as a function
of time, using a gas burette connected to the reaction flask. The
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left); the initial rates of hydrogen generation (right).
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The graph in Fig. 6 suggests that at low molar concentration
(e.g. 0.005 M [NaBH4]) the hydrogen generation should follow first
order kinetics. It is immediately shown that neglecting the zero
order term in Eq. (1), integrating and recognizing that the rate of
hydrogen generation is equal to the rate of consumption of [NaBH4],

Table 1
A comparison of zero and first order rate constants from current experiments and
Ref. [1].
Fig. 5. The time dependent yield of hydrogen (

eaction was thermostated at fixed temperature 29–30 ◦C with a
ater bath. The sodium borohydride solution was stirred with a
agnetic bar at 900 rpm to promote reaction between the solution

nd the catalyst. All experiments were carried out with an amount
f sodium borohydride solution that would have a theoretical yield
f 24 mL of hydrogen at NTP conditions. Four concentrations of
odium borohydride, 0.03 M, 0.02 M, 0.01 M and 0.005 M, respec-
ively, were prepared. The solution was buffered with 1 M NaOH
olution to pH 13. The total weight of catalyzed SiCN/CNT/CF sam-
le was 40–42 mg.

. Results and discussion

.1. Kinetics

We follow here the procedure described in [1] for determin-
ng the zero order and the first order rate constants for hydrogen
eneration. The composite behavior is described by the following
quation [1]:

1
(dnH2 /dt)

= 1
K1

1
[NaBH4]gmet

+ 1
K2

1
gmet

(1)

ere dnH2 /dt is the rate of production of moles of hydrogen,
xpressed here in units of mol min−1, [NaBH4] is the molar con-
entration of sodium borohydride at which the rate is measured,
met is the weight of the metal elements present in the catalyst, K1
s the first order rate constant, since it defines the proportionality
etween generation rate and molar concentration, and K2 is the
ero order rate since it gives the generation rate that remains inde-
endent of the molar concentration of sodium borohydride. Note
hat at high molar concentrations the first term on the right hand
ide becomes small compared to the second term, that is, the zero
rder rate constant dominates at high molar concentration.

The procedure for determining K1 and K2 is to plot the inverse
f generation rate against the inverse of the molar concentration.
hen, if Eq. (1) holds, the data would fit a straight line, the slope of
hich will yield K1 and the intercept on y-axis will be equal to K2.

he rates are measured at the start of the experiment since these
nitial rates correspond to the initial molar concentrations that are
nown. Experiments were carried out at four different values of
he initial concentration: from 0.03 M, 0.02 M, 0.01 M and 0.005 M
odium borohydride.

The plots in Fig. 5 give the time dependent yield of hydro-

en. Note that in all cases the theoretically expected hydrogen
s obtained, though the time constant, as expected from Eq. (1),
epends on the molar concentration of NaBH4. The inset in Fig. 5
hown in full scale on the right gives the initial rates of hydrogen
eneration. These initial rates are combined with the initial values
Fig. 6. A plot of initial values of the hydrogen generation rate (right hand plot in
Fig. 5) according to Eq. (1). The slope of the fit to the data gives the first order rate
constant, while the intercept on the y-axis provides the value for the zero order rate
constant.

of [NaBH4]; their inverse values are plotted against one another in
Fig. 6, as guided by Eq. (1) (note that the slopes in Fig. 5 are in units
of L min−1: these have been converted to mol H2 min−1 for Fig. 5 by
dividing by 22.4 L mol−1). The data in Fig. 6 give a reasonable linear
fit. The intercept on the y-axis gives the zero order rate constant
while the slope of the line gives the first order rate constant. These
values are compared to the earlier data obtained with CNT-paper
[1] in Table 1.

4.2. Figure-of-merit (FOM)
Ref. [1] Present work

First order rate constant
(mol H2 min−1 gmet

−1 [NaBH4]−1)
8–13 203

Zero order rate constant
(mol H2 min−1 gmet

−1)
0.7 3.3
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ig. 7. The fit of the data for hydrogen evolution vs. time to (Eq. (2)), at the lowest
oncentration, where first order kinetics is expected to dominate. The fit confirms
rst order behavior.

ives an exponentially decreasing rate of hydrogen generation as
iven by the following result:

= H0(1 − et/�) (2)

here H is the time dependent volume of hydrogen generated in
he experiment, H0 is the theoretical limit, and � is the first order
ate constant. The fit for Eq. (2) to the data for the 0.005 M [NaBH4]
xperiment is shown in Fig. 7. This best fit of data and Eq. (2) is
btained for the time constant, � = 20 min.

Note that K1 in Eq. (1) is also equal to the figure-of-merit in units
f mol min−1 [NaBH4]−1 gmet

−1. Its value converted into L min−1

ives FOM = 4600 L min−1 [NaBH4]−1 gmet
−1.

.3. Hydrogen generation rate (HGR)

The HGR is a critical engineering parameter to evaluate the cat-
lytic efficiency. It is equal to the rate of hydrogen generation per
nit weight of precious metals. It is self evident from Eq. (1) that
ith appropriate units it is the same as the zero order rate constant,

2. Table 2 gives a comparison of HGR for the present work, and the

ata from literature. The order of catalytic reaction and the catalytic
fficiency (FOM or HRG) are often complex, requiring a correlation
o the concentration of NaBH4, metal content, cluster size of the

etal [31,32], the composition of the metal alloys [32–41], and the
nteraction between the metals, ligands and substrates [35,41]. In

able 2
he comparison of HGR with different catalysts. Some data from this table are cited from

Catalyst chemistry Ref. Temperature (◦C)

0.15 wt% Pt/Pd/Ru/thin SiCN-CNT film Present work 29
1.13 wt% Pt/Pd/Ru/25 �m SiCN/CNT/CF [3] 29
1.07 wt% Pt/Pd/Ru 75 �m SiCN/CNT/CF [3] 29
1.4 wt% PtPd/CNT [1] 29
16.6 wt% Ru60Co20Fe20/carbon fiber [22] 20
13.3 wt% Ru75Co25/CF [22] 20
1 wt% RuPt/TiO2 [23] 20
10 wt% PtRu/Co3O4 [24] 25
2 wt% Ru/C [25] 20
20 wt% Pt/C [26] 20
10 wt% Ru/LiCoO2 [27] 25
15 wt% Pt/LiCoO2 [28] 20
10 wt% Pt/Ru/LiCoO2 [24] 25
3 wt% Ru/graphite [30] 30
rces 196 (2011) 741–746 745

general the first or zero order is dominated by the concentration
of the reactant and the catalyst content. The data from literature
given in Table 2, therefore gives a general idea for the HGR, rather
than measurements of the precise values for the zero order rate
constant; generally speaking high loadings of the precious metals
and high concentrations of NaBH4 favor the zero order reaction.

The listings in Table 2 show that the present work lies among
the top five measurements of HGR. However, certain aspects of the
present work are unique. For example, the loading of the catalyst
with precious metals is merely 0.15 wt%, far less than in the other
high performance catalysts.

The present catalyst is highly stable and durable, performing
without fading after several cycles and testing. This durability is
ascribed to the highly covalent nature of the bonding in the present
catalyst. Non-stoichiometry often leads to chemical changes: e.g.
lithium cobalt oxide-based catalysts are likely to be vulnerable to
changes in stoichiometry with use, since lithium is mobile at ambi-
ent temperature; non-s.

It is also noteworthy that a transition from first order to zero
order behavior has been obtained at relatively low molar concen-
trations, [NaBH4] > 0.03 M. At higher concentrations the generation
rate is expected to be independent of concentration. Low concen-
trations can side step issues related to precipitation of salts at high
concentrations, and corrosion, thereby offering the possibility of
simpler and reliable designs of systems to deliver hydrogen to fuel
cells.

4.4. Multilayer architecture of the catalyst and mechanism

The most important design features of this catalyst are:

(i) Using a thin film of CNTs, deposited on a carbon-fiber sub-
strate: in the case of CNT-paper employed in [1,3] the interior
of the paper may have trapped hydrogen bubbles thereby low-
ering the overall catalytic efficiency.

(ii) The SiCN interlayer between the CNTs and the metal atoms
on the surface is needed to disperse the metal atoms into a
monolayer thereby increasing the catalytic activity of the metal
content to its highest possible level. In earlier work polymer-
derived SiCN was shown to form a continuous layer on CNTs
[16]. This layer is expected to form strong bonds with the pre-
cious metals, as in silicides, which retards surface diffusion, and
improves wetting by lowering the contact angle. This mecha-
nism is deemed to be essential to creating a monolayer of the

metal atoms on the surface of the catalyst.

(iii) The CNT/SiCN layer is electronically conducting [16]. The elec-
tronic conductivity provides a pathway for electron transfer
from BH4

− ion: the negative charge on BH4
− ion is transferred

to one hydrogen atom, which is reduced by water molecules

[29].

HGR (L(H2) min−1 gmet
−1) Power generation (kW gmet

−1 (at 0.7 V))

75 7.5
21 2.1
15 1.5
15 1.5
42 4.2
37 3.7
10 1
85 8.5
35 3.5

115 11.5
428 42.8
367 36.7

53 5.3
32 3.2
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in NaBH4 hydrolysis. A detailed model for this mechanism is
presented in Ref. [1].

. Conclusions

The multilayer catalyst constructed from carbon fiber, CNT-
hin film, polymer-derived silicon carbonitride layer, and finally, a
ernary monolayer of precious metals, has reliable and durable per-
ormance for generating hydrogen from alkaline, aqueous solutions
f sodium borohydride. A clear transition from first order reaction
o zero order reaction is demonstrated when the molar concen-
ration of sodium borohydride is increased. The transition to zero
rder occurs at relative low concentrations of >0.03 M. Since prac-
ical systems must be constructed with zero order kinetics (so that
he generation rate is independent of the molar concentration),
his transition at low molar concentrations can be instrumen-
al in designing systems that avoid precipitation of salts and
orrosion.

The first order rate constant, K1, which is called as the
gure-of-merit (FOM), has been determined to have a value of
600 L min−1 gmet

−1 [NaBH4]−1, nearly 30 times greater than the
alues reported in the literature. The zero order rate constant, K2,
hich is also known as the hydrogen generation rate (HGR) has

een determined to be 75 L min−1 gmet
−1. This value is among the

op five or six numbers reported in the literature (see Table 2).
he catalysts with higher values, however, have far higher load-
ng of precious metals than the present catalyst (more than 10 wt%
s. 0.1 wt%). Additionally the present catalyst is highly reliable
nd durable, performing reproducibly for many cycles without
ading, presumably because the substrate is constructed from
ovalently bonded Si, C and N. The reliability of the catalysts
eported in the literature is not known; these catalysts employ
on-stoichiometric oxides such as lithium cobalt oxides that can
hange their composition by diffusion of lithium at ambient
emperature.

The four-layer architecture of the present catalyst has the fol-
owing design features: a thin film of CNTs, a silicon carbonitride
nterlayer to disperse the metal atoms into a monolayer, and elec-
ronic conductivity, which is needed for the underlying mechanism
hat has been put forth to explain the catalytic activity [1].
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