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In the present work, a Pd catalyst supported on multiwalled carbon nanotubes (MWCNTSs) is successfully
synthesized and its property as the anode material for borohydride oxidation is investigated. Compared
with other carbon-supported Pd catalysts, the Pd/MWCNT catalyst exhibits improved polarization prop-
erties due to its smaller Pd particles dispersing homogeneously on carbon nanotubes. The hydrogen
evolution behavior on the Pd/activated carbon sample is found to be very sensitive to the concentrations
of NaOH and NaBHy, in the solution. On the other hand, borohydride oxidation on Pd/carbon black and
Pd/MWCNT displays reaction mechanisms near the 4e stoichiometry. It is thus supposed that the primary
direct borohydride oxidation on Pd may be a 4e reaction. The simultaneous electro-oxidation of adsorbed
hydrogen occurs conditionally, depending on its relative activity with the direct oxidation of BH,~.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Great changes in global environment due to the devastating use
of fossil fuels have urged worldwide efforts in developing clean and
efficient renewable energy systems. Fuel cells are promising solu-
tions to environmental issues due to their high energy conversion
efficiency and zero-emission by use of hydrogen for power gener-
ation. However, their commercialization is now greatly impeded
by prohibitive costs and the lack of a hydrogen infrastructure. The
direct fuel cells are thus being developed to circumvent the prob-
lem of hydrogen storage and supply. The direct borohydride fuel cell
(DBFC) is advantageous over hydrocarbon-based direct fuel cells
due to its higher energy and power densities, less toxicity and good
performance [1-4].

In recent years, efforts have been devoted to develop anode
and cathode catalysts [5-10], modify electrode and cell structure
[11-13] and improve stack properties of DBFC[14,15]. Consequently,
the performances of DBFCs have been significantly enhanced. It was
reported recently that a power density as high as 1.5 W cm~2 was
achieved at 65°C in a NaBH4-H,0, fuel cell [15], suggesting that
the DBFC is very promising as the direct fuel cell. On the other
hand, some fundamental problems remain unsettled, especially
with respect to hydrogen evolution accompanying with the electro-
chemical reactions and its relation with the reaction mechanism of
borohydride oxidation. In our previous studies, we found that dif-
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ferent anode materials showed varied reaction stoichiometries as
follows [6]:

BH;~ +xOH™ = BO; ™ +(x—2)H;0 + (4—x/2)H; +xe (1)

For example, a 4e reaction was observed on Ni electrodes, while
those on Pd or Pt electrodes were found to be more complicated.
The relation of hydrogen evolution vs. current on a Pd catalyst was
highly dependent on the concentration of borohydride, for which
the mechanismiis still unclear. To achieve a better control of catalyst
property, itis necessary to find out all influencing factors and under-
stand the underlying mechanisms. Thus in this work, we prepared a
Pd catalyst supported on multiwalled carbon nanotubes (MWCNTS)
and compared its property with other two Pd catalysts supported
on different carbon materials in order to study the effects of Pd
nanostructure on its performance for borohydride oxidation. The
different properties shown by these Pd catalysts helped us to elu-
cidate the reaction mechanism and acquire a better understanding
of borohydride electro-oxidation.

2. Experimental details

Three Pd catalysts were studied in this work: Pd 10 wt% sup-
ported on activated carbon (Wako Chemicals, Japan), Pd 10 wt% on
Vulcan XC-72 (E-TEK, USA) and Pd 10 wt% on multiwalled carbon
nanotubes (home made). The Pd 10 wt%/MWCNT catalyst was pre-
pared as follows: the as-received carbon nanotube powder was first
treated by boiling in concentrated HNO5 for 3 h to remove possible
impurities, and then washed by deionized water until pH became
higher than 6, and finally dried in a vacuum oven at 353 K. The
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Pd deposition on MWCNT was initiated by dispersing 250 mg pre-
treated carbon nanotube power in 150 ml deionized water under
ultrasonic agitation, followed by adding pre-dissolved sodium cit-
rate and PdCl, with a mole ratio of 8:1 into the mixture. The
solution was then reduced by adding diluted NaBH4 solution in
a slow rate. After 3 h for a sufficient reduction, the Pd-deposited
powder was then separated from the solution and washed by deion-
ized water at least three times and dried in the vacuum oven at
353K

The electrodes were prepared by first mixing 40 mg Pd/C powder
with a certain amount of diluted Teflon emulsion to form a paste,
then spreading the mixture on a nickel foam of 1cm? (from ABC
Materials Ltd, Shanghai), and then sandwiching it using a stainless
steel net and finally pressing the electrode to the form.

The electrochemical tests were carried out at ambient tempera-
ture in a three-electrode system consisting of three compartments
for the working, counter and reference electrode respectively. The
compartment for the working electrode was separated from the
other two by Nafion N117 membrane. The distance between the
working electrode and the counter electrode was 4.5cm and the
same for the distance between the working electrode and reference
electrode. The working electrode compartment was also sealed to
measure hydrogen evolution during electrochemical tests. An AB;-
type metal hydride electrode was used as the counter electrode and
a Hg/HgO electrode as the reference electrode. Polarization proper-
ties of the electrodes were measured on a Kikusui PFX2011 battery
testing system.

X-ray diffraction (XRD) and high-resolution transmission elec-
tron microscopy (HRTEM) analyses were performed to characterize
the nanostructures of the carbon-supported Pd catalysts. The XRD
analyses were carried out on PANalytical X'Pert PRO with Cu Ko
radiation and the HRTEM analyses were on CM200UT of Philips.
Co., Netherlands.

3. Results

3.1. Nanostructure characterization of the carbon-supported Pd
catalysts

In this study, three carbon-supported Pd catalysts were
employed to investigate the effects of catalyst nanostructure on
its performance for borohydride oxidation. They were Pd 10 wt%
on activated carbon (Pd/AC), Pd 10 wt% on carbon black Vulcan
XC-72 (Pd/CB) and Pd 10 wt% on multiwalled carbon nanotubes
(Pd/MWCNT). Fig. 1 shows the XRD patterns of three catalysts, along
with that of the bare MWCNT for comparison. It could be observed
that the Pd/AC sample demonstrates apparent Pd peaks of (111),
(200),(220),and (31 1), suggesting that the catalyst nanoparticles
were well crystallized. In contrast, the Pd/CB sample only reveals
a very weak and indiscernible peak centered at 40° (20), implying
a nanocrystalline or disordered structure of particles. By compar-
ing the XRD pattern of PA/MWCNT with that of the bare MWCNT
sample, we could observe a broader peak around 40° (20) that over-
laps with a small and sharp peak from MWCNT, indicating that the
nanoparticles in PdA/MWCNT were amorphous.

Fig. 2 shows the HRTEM observations on three Pd catalysts. The
photos illustrate that Pd particles in the Pd/AC sample are smaller
than 5 nm but most of them coalesce and aggregate together, result-
ing in inhomogeneous distribution on the carbon support. On the
other hand, Pd particles in Pd/CB are of 2-3 nm and disperse dis-
cretely and homogenously on the carbon substrate. Also from Fig. 2,
it can be well observed that Pd particles in PdA/MWCNT are the
smallest among three samples. These particles with a size of about
2 nm are scattered uniformly on carbon nanotubes.

Combining the analysis results of XRD and HETEM, we can sum-
marize that the Pd/AC sample had larger crystalline Pd particles
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Fig. 1. XRD patterns of the carbon-supported Pd catalysts and the multiwalled car-
bon nanotube sample.

with less uniform distribution, while Pd/CB and Pd/MWCNT had
smaller and discretely scattered amorphous Pd particles. More-
over, due to its unique structure, MWCNTs were supposed to
possess the largest specific surface area among three carbon mate-
rials. Therefore, MWCNT-supported Pd catalyst constituted an ideal
nanostructure for electrochemical catalysis.

3.2. Polarization properties of the carbon-supported Pd catalysts

The open-circuit potentials of three electrodes are listed in
Table 1. Compared with Pd/AC showing a potential of —0.89V vs.
SHE, Pd/CB and Pd/MWCNT demonstrated more negative potentials
of —0.93V and —0.98V vs. SHE respectively in a 0.5M NaBH4-6 M
NaOH solution. Fig. 3(a) and (b) shows the polarization properties
of three Pd electrodes in different solutions. It can be seen that the
Pd/MWCNT electrode reveals the smallest overpotential, followed
by the Pd/CB electrode. On the other hand, the Pd/AC electrode has
the largest polarization among the three. This result is well consis-
tent with the observed nanostructures of the catalysts. The carbon
nanotubes with diameters of around 5 nm owned the largest sur-
face area among three carbon materials. Its crystalline structure
and metallic nature also made it a better electric conductor than
the other two amorphous carbon materials [16]. In addition, Pd
particles in Pd/MWCNT appeared to be the smallest. All these jus-
tify for the best polarization property of PdA/MWCNT. In contrast,
the largest size and the least uniform dispersion of Pd particles in
the Pd/AC sample yielded the largest overpotential. Therefore with
more negative open-circuit potential and decreased overpotential,
Pd/MWCNT is considered as a better catalyst for borohydride oxi-
dation.

Table 1
Open-circuit potentials (OCP) demonstrated by three carbon-supported Pd catalysts
in a 0.5M NaBH4-6 M NaOH solution at 288 K.

Electrodes OCP (V vs. SHE)
Pd 10 wt% on activated carbon (Pd/AC) -0.89
Pd 10 wt% on carbon black (Pd/CB) -0.93
Pd 10 wt% on multiwalled carbon nanotubes (Pd/MWCNT) —0.98
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Fig. 2. HRTEM images showing the nanostructures of three carbon-supported Pd catalysts. (a) Pd/activated carbon; (b) Pd/carbon black; (c) Pd/MWCNT.

3.3. Hydrogen evolution

In our previous study [6], borohydride oxidation on the carbon-
supported Pd catalyst (Pd 10 wt% on activated carbon) displayed a
variable reaction mechanism. The fuel efficiency strongly depended
on the borohydride concentration. It could reach 75% at low boro-
hydride concentrations, but decreased with increasing borohydride
concentration when the NaOH concentration was fixed at 6 M. In
this study, both the concentrations of NaOH and NaBH, were var-
ied to examine their effects on reaction mechanisms. As shown in
Fig. 4(a) and (b), the relation of hydrogen evolution with current for
the Pd/AC electrode is significantly influenced by both the concen-
trations of NaOH and NaBH4. When the borohydride concentration
was fixed at 1 M, increasing the NaOH concentration resulted in the
decrease of hydrogen evolution. On the other hand, when the NaOH
concentration was fixed at 6 M, increasing the NaBH,4 concentration
led to the increase of hydrogen evolution. If Fig. 4(a) and (b) are
combined into Fig. 4(c), it could be perceived that the slope drawn
in the plot for NaBH4:NaOH=1M:3 M is almost the same as that
for NaBH4:NaOH =2 M:6 M. Similarly, NaBH4:NaOH=1M:4 M and
1.5M:6 M demonstrate analogous relation. These results strongly

suggest that the concentration ratio of NaBH4:NaOH might be the
controlling factor in deciding reaction mechanism. Fig. 4(c) clearly
shows that the higher the ratio of OH~/BH4~, the less the hydro-
gen is evolved. This result confirms that there was a competition
between the electrochemical reaction and the hydrogen evolution
reaction. A high ratio of OH~/BH,4~ reduced the fraction of hydrogen
evolution.

Although the apparent coulombic number on Pd/AC showed
strong OH~/BH4~ dependence, the number of OH~/BH;~ mole ratio
was not exactly equal to the observed coulombic number. For exam-
ple, a 4e relation was achieved when OH~/BH4~ was 2, or a 6e
relation was achieved when OH~/BH~ was 5. One possible reason
for the shift is that the surface concentrations of reaction species
might be different from the bulk ones.

On the other hand, when Pd/CB and Pd/MWCNT were used,
hydrogen evolution was found to be less influenced by the con-
centrations of NaOH or NaBH,4 in the solution. As shown in Fig. 5(a)
and (b), when NaOH or NaBH4 concentration was largely varied,
the slope of hydrogen evolution vs. current was changed very
little and became approaching to the 4e reaction stoichiometry
(OH~/BH4~ =1:1 usually induced exceptions).
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Fig.3. Comparison of the polarization properties for three carbon-supported Pd cat-
alyst (Pd 4 mgcm—2) at 288 K: (a) in 0.5 M NaBH4-6 M NaOH; (b) in 1.0 M NaBH4~1M
NaOH.

Three Pd catalysts demonstrated different hydrogen evolution
behaviors, indicating that the electro-oxidation of borohydride
was significantly influenced by the nanostructures of the Pd cat-
alysts. It is expected that elucidation of the hidden mechanism of
this phenomenon could help us to grasp the catalytic mechanism
of Pd and get a deeper understanding of borohydride electro-
oxidation. A detailed discussion on these issues is made in the next
section.

4. Discussion

Combining all the results obtained in our previous studies [6]
and in this research, we suppose that on the Pd electrodes the
primary electrochemical reaction starting from BH4~ (including
derivatives such as BH3OH~) might be a 4e reaction as follows:

BH,~ +40H™ = BO,~ +2H,0 + 4H,q +4e 2)

This deduction is mainly based on the observations on Pd/CB and
Pd/MWCNT electrodes which demonstrated mostly the 4e or near
4e relations. Fig. 5 also implies that this reaction is less dependent
on OH~/BH4 " in the solution.

H,q from the above reaction (or from the chemical hydrolysis
reaction) might be further oxidized through following reaction:

H,i+OH = H,0 + e (3)
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Fig. 4. Relation of hydrogen evolution rate vs. current influenced by the concentra-
tions of NaOH and NaBHjy in the solution for the Pd/AC electrode at 288 K. (a) Change
with the NaOH concentration; (b) change with the NaBH4 concentration; (c) change
with the ratio of NaBH4:NaOH.

Or two H,q combine to form hydrogen gas and evolve out:
Had + Had =H; (4)

The concurrence of reactions (2) and (3) is presumably deter-
mined by their relative activities. Fig. 6 illustrates two possible cases
concerning the relative activities of two oxidation species. In the
case (a), the polarization curve of the H,4 oxidation situates slightly
above that of the direct BH;4~ oxidation, the concurrence of two
reactions is possible as the combination of igy (current contributed
from direct electrochemical oxidation of BH4~ or derivatives) and
iy (current contributed from electrochemical oxidation of adsorbed
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Fig. 5. Hydrogen evolution vs. current for the Pd/CB and Pd/MWCNT electrode at
288K. (a) Pd/carbon black; (b) Pd/MWCNT.
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Fig. 6. (a and b) Schematic illustrations of two cases with respect to the relative
activities of the direct BH4~ oxidation and the adsorbed atomic hydrogen on a Pd
electrode.

hydrogen) would lead to a reduced overpotential compared with
a single current I from BH4~ (the interaction between igy and iy
is omitted for simplicity). In the case (b), two polarization curves
are apart from each other, the BH4~ oxidation shows much smaller
overpotentials than that of H,q4, resulting in a low probability of
the H,4 oxidation. Based on this postulation, we can explain that
at lower BH4~ concentrations, larger polarizations of BH4~ oxida-
tion make the simultaneous oxidation of H,4 possible. As a result,
the apparent fuel efficiency is increased. With increasing the BH4~
concentration, the relative activities of two species would change
due to the enhancement of the BH,~ side. Consequently, reaction
(2) becomes dominating on the electrode.

Furthermore, as both reactions (2) and (3) require OH-, the
OH~ concentration is another important factor in deciding reac-
tion pathways. A high OH~ concentration is apparently necessary
for H,4 oxidation because otherwise the combination of Hyq will
be more facile. As a result, the ratio of OH~ to BH, ™ in the solution
largely decides the probability of reaction (3) and therefore the fuel
efficiency.

Besides the concentrations of NaOH or NaBHy in the solution,
the relative activities of reactions (2) and (3) also depend on the
electrode catalyst. When the catalyst nanostructure was improved
such as from Pd/AC to Pd/CB and Pd/MWCNT, it appears that reac-
tion (2) became much more active than reaction (3), as in the case
(b) of Fig. 6. As a result, the direct borohydride oxidation became
prevailing on the electrode. The shifts of open-circuit potentials to
more negative side for the Pd/CB and PA/MWCNT electrodes provide
evidences for the BH;~ domination, as the open-circuit potential is
the mixing potential of reactions (2) and (3) (the calculated the-
oretical potential of reaction (2) is —1.654V vs. SHE and that of
reaction (3) is —0.828 V vs. SHE). In addition, as can be seen from
Fig. 7, the polarization properties of Pd/CB and Pd/MWCNT elec-
trodes at NaBH4:NaOH=0.5M:6 M were greatly enhanced, even
better than those of Pd/AC at higher NaBH,4 concentrations. Itis sup-
posed that the probability of H,4 oxidation was largely reduced due
to the prevailing BH;~ oxidation on these electrodes. In this case,
the observed coulombic numbers which were a little larger than
4e suggest only small contributions from oxidation of adsorbed
hydrogen.

If the mechanism proposed above is justified, i.e. the current is
the sum of igy from reaction (2) and iy from reaction (3), and then
the total current could be written as:

I=iBH+iH
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Fig. 7. Electrode polarizations influenced by the concentrations in solution and the
catalyst material (288 K).
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igy is accompanied with hydrogen generation and iy consumes
hydrogen. Thus if there is no chemically generated hydrogen, the
net hydrogen gas generation rate should be:

22400 x 60, . .
Vu = 7X(IBH —1iyg) (mlmin 1, F:
2F

From the observed relation of Vy with I, igy and iy can be calculated
as:

Faraday constant)

oL, 2P L1 2Py
B“‘E( 22400><60)’ ”_i( 22400><60>

Fig. 8 shows the relation of iy/igy with the observed apparent
columbic number. For example, if the observed relation for Vy with
I'is a 4.5e relation, the iy/igy is 1/8. The 8e relation corresponds to
iyfipy=1.

From the above deduction, it could be understood that the
varied hydrogen evolution behaviors observed on the Pd elec-
trodes originated from the competition between two oxidation
species. As a result, all the factors influencing their relative activ-
ities affected the observed apparent fuel efficiency. It seems that
the key point for obtaining high fuel efficiency on Pd electrodes
is how to facilitate the simultaneous oxidization of the adsorbed
hydrogen atom. The above results and discussion clearly show that
the manipulation of nanostructure for Pd catalyst is very impor-
tant. Apart from their varied particle size and dispersion, structural
differences with these Pd catalysts may partially account for the
changed catalytic performances. It is supposed that the particles
with well-crystallized structure in Pd/AC gave anisotropy surfaces
possibly showing different catalytic activities towards BH4~ and
H.q oxidation, allowing for the variable reaction pathways. In
contrast, disordered particles in Pd/CB and Pd/MWCNT presented
isotropy surfaces and thus demonstrated the relatively simple
mechanism.

5. Conclusions

Three carbon-supported Pd electrodes with different kinds of
carbon materials and nanostructures were used for electrochemi-
cal oxidation of borohydride. The electrodes using Pd supported on
multiwalled carbon nanotubes demonstrated improved polariza-
tion properties due to smaller size and better dispersion of catalyst
particles. The relation of hydrogen evolution vs. current on the
Pd/activated carbon sample was found to be dependent on the con-
centrations of NaOH and NaBH4. Hydrogen evolution was depressed
and fuel efficiency was increased by increasing the NaOH concen-
tration and decreasing NaBH,4 concentration. Moreover, it seems
that the concentration ratio of OH~/BH4~ was the real determining
factor for fuel efficiency. On the other hand, borohydride oxida-
tion on Pd/carbon black and Pd/MWCNT displayed near 4e reaction
mechanisms. It is thus supposed that the primary electrochemi-
cal oxidation of BH4~ on the Pd catalysts might be a 4e reaction.
The secondary electrochemical oxidation of adsorbed hydrogen is
possible but restricted by its relative activity with the direct oxida-
tion of BH4 . The catalyst nanostructure and concentration ratio of
NaOH and NaBH4 were found to be important factors influencing
the relative activities of two species.
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