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ABSTRACT

Hydrogen fuel cells (HFCs) are increasinly looked at as
an important and promising source of clean energy with the
potential to replace internal combustion engines in
automobiles. However, current HFC use is limited by
carbon monoxide poisoning of the anode catalyst.
Therefore, the present project investigages membranes of
metal nanoparticles decorated on sp’-hybridized carbon
surfaces that can be placed outside a fuel cell to capture CO
before it enters the cell and poisons the anode catalyst.
Density functional theory studies were performed with
several metals on a small sp>-hybridized carbon surface. It
was found that CO adsorbs most strongly to platinum,
followed closely by nickel. These results were investigated
electrochemically for platinum and nickel nanoparticles
decorated on several carbon substrates. It was found that
CO adsorbs more strongly to Pt than Ni in all systems.
However, the strength of CO adsorption to Pt is affected by
the type of carbon substrate.
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1 INTRODUCTION

Hydrogen fuel cells (HFCs) are electrochemical cells
that generate energy from the oxidation of hydrogen at the
anode and reduction of oxygen at the cathode to produce
H,0. They have been given a lot of attention recently due to
the growing need for high efficiency energy conversion
technologies. HFCs are especially important because they
have the potential to replace internal combustion engines in
automobiles [1].

At present, hydrogen gas is produced by reforming
hydrocarbons, which produces CO and CO, as by-products.
Carbon dioxide has little effect on the fuel cell. However,
when CO enters the cell, it adsorbs irreversibly to the
platinum anode catalyst, preventing H, binding and oxida-
tion. Many CO-tolerant catalysts have been investigated
with notable success. However, the ideal solution is still to
remove CO from the H, feed gas before it enters the cell[2].

The present work focuses on the development of an sp*-
hybridized carbon membrane decorated with metal
nanoparticles. It will be placed external to the fuel cell to

capture CO before it enters the cell. The membranes would
be removed and regenerated by removing CO as needed.
The presence of such a membrane would greatly increase
cell efficiency, in addition to reducing production costs if
produced with non-precious metals.

Density functional theory (DFT) studies examined
sections of sp’-hybridized carbon decorated with different
transition metals. Undoped carbon surfaces were investi-
gated, as well as those containing boron, oxygen or nitrogen
substitutional dopants. The durability of the metal particles
on the carbon surfaces and the strength of CO and H,
binding were calculated. An ideal surface should have
strong metal/C binding, as well as strong binding to CO and
weak interaction to H; [3,4].

DFT was used because it is a powerful modeling tool. It
is especially useful for large systems because it computes
quantum information using electron density instead of
Schrédinger’s wave equation; this drastically decreases
computation time [5]. In addition, DFT has proven effective
for modeling similar systems [6].

Theoretical studies found that platinum and nickel are
the most promising metals for CO-capture membranes.
Therefore, Pt/C and Ni/C systems were investigated electro-
chemically in aqueous solution to confirm theoretical
results and determine the effect of the carbon substrate on
the metal’s catalytic properties.

CO stripping voltammetry was used as a tool to observe
trends in CO binding to Pt and Ni on various carbons. This
was used as a first approximation to confirm the trends
obtained by DFT calculations. Additionally, the electro-
chemical experiments provide information on the behaviour
of CO in a fuel cell with a carbon-supported catalyst.

Electrochemical measurements are often used for
analysis of CO adsorption on transition metals, especially
Pt, because CO is an ideal model compound due to being
the smallest C; molecule that can be oxidized in low
temperature fuel cells. In addition, other C; molecules, such
as methanol and formic acid, produce CO as an
intermediate during oxidation [7].

2 THEORETICAL STUDIES

All simulations were performed using density function
theory (DFT) with the B3LYP functional and the
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LANL2MB basis set using Gaussian 03 software package
[8] on a Mac OS X Leopard 10.6.2 system. This combina-
tion of functional and basis set has been previously shown
to produce accurate results for comparable systems [6].

The graphene surface was constructed of fourteen
graphene rings with terminal hydrogen atoms. For doped
surfaces, one dopant (boron, nitrogen, oxygen) atom
replaced one carbon atom in the centre of the graphene
surface. Each doped graphene system was geometrically
optimized before one metal atom was placed above the
surface and the entire system re-optimized (fig. 1). The
systems were analyzed separately with CO and H, gas. The
binding energy of the metal to the graphene surface was
then measured in the absence and presence of feed gas
molecules (equations E1 and E2 respectively). Finally, the
binding energy of each feed gas component to the
metal/graphene system was calculated by equation E3.

BE e ph = FEetal ph *Egrrxn *Emetal (El)
BE,.cia ph = FEetal ph SiEgrr] — Eetal s (E2)

BE tal- ph s:E tal. 2

p

w5 — Enetal-grapi (E3)

DFT studies analyzed the durability of the metal
particles on a graphene layer (defined here as metal-
graphene binding energy) for each system. It was found that
platinum has a stronger interaction with graphene than
nickel. In both systems the addition of dopants increases
metal-graphene binding; oxygen has the largest effect. CO
and H, binding on both systems was also calculated. It was
found that CO has the strongest binding to carbon-
supported platinum followed closely by nickel (BEp.co =
350.79 kJ, BEni.co 324.80 kJ). Of these metals, nickel has
a notably weaker interaction with H, (BEp.y, = 144.61 kI,
BEnin, = 54.40 kJ). Addition of boron, nitrogen or oxygen
dopants to the carbon surface decreases CO binding by up
to 17% for Pt and 28% for Ni. Addition of dopants also
causes H, binding to become negligible on all systems.

3 EXPERIMENTAL

3.1 Materials and reagents

Chloroplatinic acid solution (8 wt% in H,O) (262587),
graphite (1-2 um diameter, synthetic) (282863), Nafion
perfluorinated ion-exchange resin (10 wt% in H,0)
(527106) and single-walled carbon nanotubes (carbon
>90 %, >70% carbon as SWCNT, 0.7-1.3 nm diameter)
(704113) were purchased from Sigma-Aldrich. Nickel
chloride hexahydrate (12372) was purchased from Alfa
Aesar. Carbon nanocoils were synthesized by Dr. Lazaro
and co-workers at the Instituto de Carboquimica in Spain
[9]. Ultra-pure water obtained from a Millipore MilliQ
system was used for all reactions. All other solvents and
reagents were standard laboratory grade.

3.2 Metal/carbon synthesis

3.2.1 Platium decoration. The desired carbon substrate
(80 mg) was added to water at a concentration of 1 g/L. It
was then dispersed by sonication, followed by stirring for 1
hour each. The dispersion was then placed back into the
sonicator. While in the sonicator, chloroplatinic acid (525
uL) dissolved in 35 mL water (clear, bright yellow
solution) was added at the rate of 1 mL every 5 min. The
physical appearance of the carbon substrate (black powder)
did not change, but the yellow colour of the H,PtClg
solution disappeared upon addition to the carbon substrate.
After addition of the H,PtClys solution was complete, the
Pt"/C dispersion was sonicated for an additional 20
minutes. The pH was adjusted to 5 with 0.1 M NaOH
solution. The dispersion is then stirred overnight.

The following day, a solution of NaBH, (20 mL, 1 g/L)
was added to the Pt"/C dispersion at a rate of 1 mL every 3
min in a sonicator maintained at 5-6 °C. Following the
addition of the NaBH, solution, the pt’/C dispersion was
left in the sonicator for an additional hour. The dispersion
was then stirred overnight. The next day, the Pt/C
dispersion was vacuum filtered; the black precipitate was
collected and dried in an oven at 60-70 °C overnight [10].

3.2.2 Nickel decoration. The desired carbon substrate
(40 mg), nickel chloride hexahydrate (24 mg, light green
powder) and ethylene glycol (40 mL) were placed in a
Schlenk flask under nitrogen. This produced a dispersion of
black precipiate in a clear, colourless solution. The mixture
was stirred for 4 hours to allow the nickel (II) to interact
with the carbon substrate. After 4 hours, the solution was
degassed by bubbling N, through the solution for 10 min.
The flask was then opened back to nitrogen and hydrazine
hydrate (95 pL) was added to the solution, followed by
sodium hydroxide (0.4 mL of 1M solution). The reaction
was then stirred in an oil bath heated at 65-70 °C for one
hour. After this time, the reaction was stopped and the black
precipitate isolated by vacuum filtering. The sample was
then washed with H,O followed by ethanol and dried in a
Schlenk tube (ca. 10 mbar) overnight [11].

9

Figure 1 — Simulated 14-ring graphene surface containing
a nickel atom (blue=nickel, grey=carbon, white=hydrogen).

3.3 Electrochemical measurements

Electrochemical experiments were performed using a
MicroAutolab potentiostat connected to a three-electrode

NSTI-Nanotech 2011, www.nsti.org, ISBN 978-1-4398-7142-3 Vol. 1, 2011 735



cell containing a platinum counter eletrode and an Ag/AgCl
reference electrode contained within a Luggin capillary.
The working electrode was prepared by allowing a metal/C
ink (20 pL) to dry on a glassy carbon surface. The ink was
prepared by dispersing the metal/C sample (3 mg) with
Nafion (15 pL) in water (500 pL). The cell was filled with
sulphuric acid solution (0.5 M), which was deareated by
argon gas for ca. 30 min.

The electrochemically active catalytic areca was
measured from CO-stripping voltammograms by integra-
tion of the CO,q4 oxidation region, assuming a charge of 420
uC/em? for a monolayer coverage of linearly adsorbed CO.
Carbon monoxide was adsorbed on the platinum surface by
bubbling CO through the solution for 10 min at -0.166 V.
The solution was then purged with argon for ca. 20 min to
remove excess CO from the solution before the CO-
stripping voltammogram was acquired.

Figure 2 — Platinum-decorated carbon nanocoils (left) and
single-walled carbon nanotubes (right). The insert shows a
platinum aggregate beside undecorated CNCs. Scale bar is
the same for both full sized images; it represents 100 nm.

3.4 Characterization

Transmission electron microscopy (TEM) images were
acquired on a JEOL JEM 1200 EX Mk 2 microscope with a
standard tungsten filament operated at 120KV with
magnifications up to 1 million. Images were recorded with
a MegaView III digital camera using Soft Imaging Systems
GmbH analySIS 3.0 image analysis software.

TEM samples were prepared by adding a small amount
of sample to pure ethanol in a small vial. The sample was
then sonicated for ca. 5 min to separate any aggregates. It
was then dropped onto a pre-carbon coated copper TEM
grid and allowed to air dry.

X-ray diffraction (XRD) patterns were obtained using a
Bruker AXS DS advance diffractometer with CuK(a)
radiation and a 6—6 configuration.

BET measurements were performed on a Quantachrome
Autosorb-1 using Autosorb Data Acquisition Software
Micropore (version 2.10) to acquire nitrogen isotherms
containing 39 data points.

4 RESULTS AND DISCUSSION

Platinum and nickel were deposited on single-walled
carbon nanotubes (SWCNT), carbon nanocoils (CNC) and
graphite powder. These carbon substrates were chosen
because they are composed primarily of sp*-hybridized
carbon, but each substrate has a unique structure with a
high surface area. SWCNTs and CNCs are nanomaterials,
while graphite is several orders of magnitude larger (in the
micron scale). It is expected that metal-decorated
nanostructured carbon materials will show better catalytic
properties.

4.1 Carbon substrate

TEM images show that metal nanoparticles adhere
evenly to SWCNTs (fig. 2 right). In contrast, on CNCs (fig.
2 left), some metal nanoparticles adhere to the carbon
substrate while others form metal aggregates. Analysis of
XRD spectra show the area of the metal nanoparticles to be
28 nm* on CNCs and 25 nm’ on SWCNTs. This is
consistent with the nanoparticle areas calculated from
analysis of TEM images.

Adsorption-desorption isotherms (not shown) show
typical Hy hysteresis for SWCNTs, which suggests the
presence of slit-shaped micropores. This does not change
when Pt is added to the system. In contrast, the hysteresis in
CNC systems extends through the full range of measured
pressures. This suggests the presence of intercalated gas
molecules. Therefore, the N, molecules likely become
trapped within the nanocoil structure. As a result, they do
not desorb even at very low pressures. This effect is
observed both in the presence and absence of Pt [12,13].

BHJ desorption plots indicate the presence of micro and
mesopores in SWCNTs with diameters ranging from 15 to
50 A. Carbon nanocoils show only mesopores with a
diameter of approximately 40 A. The amount of micropores
increases for both systems when Pt nanoparticles are added.

4.2 CO-stripping

CO-stripping voltammograms of platinum-decorated
SWCNTs, CNCs and graphite (fig. 3, Table 1) show strong
binding of CO to platinum nanoparticles in all systems.
However, there are many differences observed between the
two voltammograms. First, CO desorption occurs at a more
positive potential (AE = 0.07V) for platinum on SWCNTs
than the other carbon substrates. This suggests that CO
binds more strongly to Pt in this system. Second, the
Pt/CNC system shows two CO desorption peaks while
voltammograms for the other systems show ony one. This
suggests a distribution of Pt-CO binding energies that likely
results from the presence of low coordinated Pt. Since XRD
analysis suggests that the platinum nanoparticles are very
similar in both SWCNT and CNC systems, this difference
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is likely a result of the carbon substrate. The discrepancy
could originate because SWCNTs are more finely
organized structures than CNCs.

In CO-stripping voltammograms for nickel systems (not
shown), the CO-desorption peak (Table 1) occurs at a more
negative potential (AE = 0.14-0.24V). This suggests that
CO is removed from Ni much more easily than Pt. This is
in agreement with DFT calculations [3]. Electrochemical
results also suggest that Ni-CO binding is less affected by
the type of carbon substrate than Pt-CO binding.

Table 1: CO desorption peak potential onset and apex for
CO-stripping voltammograms of Pt-decorated SWCNTs,
CNCs and graphtie and Ni-decorated SWCNTs and CNCs

Peak onset (V Peak apex (V

Metal Substrate Vs. Ag/AgC(l) Vs. Agf)Ag((Jl)
SWCNT 0.37 0.55
Pt CNC 0.38 0.48
Graphite 0.35 0.48
Ni SWCNT 0.24 0.34
CNC 0.23 0.31

5 CONCLUSION

Metal-decorated sp’-hybridized carbon substrates have
great potential use as CO-capture membranes in hydrogen
fuel cells. Electrochemical measurements in aqueous
solution show that CO binds more strongly to Pt-decorated
carbon substrates than Ni-decorated substrates. The
effectiveness of metal nanoparticles to bind CO depends on
the morphology of the carbon substrate, especially in Pt
systems. Single-walled carbon nanotubes produce the
strongest CO adsorption to metal nanoparticles. Therefore,
they are ideal for CO-capture membranes. Conversely,
SWCNTs should not be used as the carbon support for
metal catalysts in hydrogen fuel cells because they will be
easily poisoned by any CO remaining in the feed gas.
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Figure 3 — CO-stripping voltammograms of Pt-decorated
SWCNTs, CNCs and graphite in deaerated 0.5 M H,SO4
with v =20mVs ™.
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