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a b s t r a c t

Aligned carbon nanotubes (CNTs) with Pt uniformly deposited on them are being considered in fabricating
the catalyst layer of polymer electrolyte membrane (PEM) fuel cell electrodes. When coated with a proton
conducting polymer (e.g., Nafion) on the Pt/CNTs, each Pt/CNT acts as a nanoelectrode and a collection
of such nanoelectrodes constitutes the proposed nanostructured electrodes. Computer modeling was
performed for the cathode side, in which both multicomponent and Knudsen diffusion were taken into
account. The effect of the nanoelectrode lengths was also studied with catalyst layer thicknesses of 2, 4,
arbon nanotubes
uel cells
atalyst layer
latinum loading
imulation

6, and 10 �m. It was observed that shorter lengths produce better electrode performance due to lower
diffusion barriers and better catalyst utilization. The effect of spacing between the nanoelectrodes was
studied. Simulation results showed the need to have sufficiently large gas pores, i.e., large spacing, for good
oxygen transport. However, this is at the cost of obtaining large electrode currents due to reduction of the
number of nanoelectrodes per unit geometrical area of the nanostructured electrode. An optimization of
the nanostructured electrodes was obtained when the spacing was at about 400 nm that produced the
best limiting current density.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cells are being con-
idered as a viable option for power generation and storage. As the
ossil fuel crisis becomes more critical, it has become imperative to
evelop techniques to optimize alternative sources of power gen-
ration, so that they would become a cost-effective option for the
1st century. For PEM fuel cells, the cost of the platinum (Pt) cat-
lyst has always hindered their commercialization. PEM fuel cells
ith Pt loading of 4 mg cm−2 was used till recently; even nowadays

t loading of 0.4 mg cm−2 is common and efforts towards further
educing this loading are underway [1].

One way to improve electrode performance is to increase the uti-
ization of the Pt catalyst. There have been suggestions to develop
rdered electrode structures, e.g., nanothreads of carbon black (CB)
2] or ordered whiskers [3]. An approximately 20% increase in cell
oltage was reported when nanothreads made of CB was employed

or electrode fabrication [2]. While CB has been the conventional
atalyst support, methods for synthesizing Pt nanoparticles on car-
on nanotubes (CNTs) have been successfully demonstrated [4–6].
ost recently, it has been shown that CNTs are much more resistant
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o electrochemical oxidation than CB in PEM fuel cells [6], making
NTs one of the candidates for catalyst support. Aligned CNTs have
een explored for the fabrication of PEM fuel cell catalyst layers
ith straight pores [7–11]. The inherent advantages of straight pore

atalyst layers as compared to the tortuous CB catalyst layers are
hat they would enhance the transport of oxygen and improve the
riple phase boundaries, postulated to result in better catalyst uti-
ization, reduced precious metal loading, and thus higher fuel cell
erformance.

This work studies a prototype of nanostructured electrodes
ade from aligned CNTs with Pt uniformly deposited on them.
hen coated with a proton conducting polymer film (e.g., Nafion)

n the Pt/CNTs, each Pt/CNT–Nafion composite acts as a nano-
lectrode and a collection of such nanoelectrodes constitutes the
roposed nanostructured electrodes. Du et al. [12,13] and Hisaka
nd Daiguji [14] have recently modeled “orderly structured elec-
rodes” that have straight pores. In their studies, however, Knudsen
iffusion was not considered even though the electrode structures
hey used have pores with sizes comparable to molecular mean
ree path. Those studies only considered single oxygen component

ransport without taking into account of the multicomponent gas
iffusion for oxygen supply from air. Furthermore, those studies
nly considered radial diffusion of oxygen through the Nafion film
nd did not consider the axial gradient of the oxygen concentrations
nduced by the gas pore diffusion.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xingy@mst.edu
dx.doi.org/10.1016/j.jpowsour.2008.07.062
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Nomenclature

c concentration (mol m−3)
D diffusivity (m2 s−1)
E0 open circuit potential (V)
F Faraday’s constant (96,487 C mol−1)
i current density (A m−2)
i0 exchange current density (A m−2)
K Henry’s constant (Pa m3 mol−1)
L length along z-axis (m)
M molecular weight (kg mol−1)
N flux (mol m−2 s−1)
P pressure (Pa)
r radial distance (m)
R universal gas constant (8.314 J mol−1 K−1)
T temperature (K)
x mole fraction
z axial distance (m)

Greek letters
˛ electron transfer coefficient
ε porosity
� overpotential (V)
˚ potential (V)

Subscripts
0 initial value
C critical
g gas phase
i, j index
K Knudsen diffusion
mem membrane
N2 nitrogen
O2 oxygen
p pore
ref reference
solid solid phase
T total
w water vapor

Superscripts
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eff effective
sat saturation value

In this paper we show that all of the above considerations must
e taken into account in modeling the nanostructured electrodes
ince they have significant effect on the physicochemical proper-
ies of the nanostructured electrodes. Meanwhile, we show that
ptimization of the electrodes is needed in order to exploit the
dvantages of such nanostructured electrodes to achieve the best
erformance of PEM fuel cells.

. Mathematical models and simulation

.1. Structures of the catalyst layer

The proposed nanostructured electrode based on aligned CNTs
s schematically shown in Fig. 1(a). Oxygen in air enters the straight

ores between the nanoelectrodes and diffuses to the bottom PEM
ide (Fig. 1(b)) limited by multicomponent gas phase and Knudsen
iffusion [15] in the pores. At each axial location, oxygen will diffuse
hrough the Nafion film to the reaction sites of Pt on the surface of
he CNT.

o
s
b

∇
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Although it may not be necessary that the CNTs be arranged
n any particular fashion, for simulation purposes, only a square
rid arrangement of the nanoelectrodes is considered in the present
ork, i.e., the nanoelectrodes occupy each and every corners of a
attern of square meshes (see Fig. 2(a)). The porosity of such nanos-
ructured electrodes can be easily calculated because the porosity
f the catalyst layer depends only on the total number of nanoelec-
rodes per unit geometrical area of the electrode. The porosity (ε)
ased on the square grid arrangement is therefore:

= 1 − total area occupied by nanoelectrodes
total geometrical area of entire electrode

(1)

he square grid arrangement allows using symmetry in the sim-
lation. By considering only one half of the nanoelectrode and
oupling it with the gas pores, a reduced geometry for modeling
as obtained (see Fig. 2(b)).

.2. Basic assumptions

Steady-state and ideal gas behavior were assumed. The Pt cata-
yst was assumed to be uniformly distributed over the entire CNT
urface, allowing application of reaction boundary conditions at
very point on the surface. Water transport was neglected under
teady state. Ionic resistances were not considered by assuming
hat the Nafion film is fully saturated with water. Furthermore, an
sothermal process was assumed.

.3. Gas phase transport

Gas transport is via a gas diffusion layer (GDL; carbon paper or
loth) and the straight pores formed between the nanoelectrodes.
or steady state, the gas diffusion in the GDL was not considered
nd a constant composition of the gas mixture was assumed at the
nterface of the GDL and the nanoelectrodes. Air was the inlet gas

ixture at the cathode side and was saturated with water vapor. In
he gas pores, multicomponent diffusion of oxygen, water vapor
nd nitrogen was modeled using the Stefan–Maxwell equations
16–19]. Knudsen diffusion was taken into account in building a
eneric equation for the gas phase transport [15–17]:

xi = − Ni

cTDK,i
+

∑
j /= 1

xiNj − xjNi

cTDeff
ij

(2)

.4. Nafion phase transport

In the membrane, only oxygen transport was considered. Diffu-
ion was modeled using a simple Fickian diffusion equation. The
olution of the Stefan–Maxwell equation gives the distribution of
ass fractions of oxygen along the length of each nanoelectrode.

hey were then converted to mole fractions. The dissolved O2 con-
entration at the interface of the Nafion film and the gas pore was
efined by the Henry’s law [18,19]:

O2 = (1 − xN2 − xsat
w )

PO2

KO2

(3)

.5. Boundary conditions

Referring to Fig. 2, the boundary conditions for solving the set

f transport equations are as follows. For the gas phase: at r = rA, a
ymmetry condition is assumed, giving the no-flux condition at the
oundary, i.e.

Ng = 0 (4)
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ig. 1. Proposed nanostructured catalyst layer for PEM fuel cells showing incorporati
b).

t r = rB, the mass fraction of oxygen was solved to give the pro-
le of oxygen mass fraction along the length of the nanoelectrode.
his mass fraction was then converted to a mole fraction to cal-
ulate the dissolved oxygen concentration at the film–gas pore
nterface. At z = 0, the total gas phase flux is set to zero (Eq. (4)). At
= L, the inlet mass fractions were specified for oxygen and water
apor. The mass fraction for nitrogen was calculated by subtracting
he sum of the mass fractions of the other two components from
nity.

For the Nafion film phase, at r = rB, the dissolved oxygen con-
entration was calculated by Henry’s law using Eq. (3). At r = rC, the
ux of dissolved oxygen was calculated from the reaction boundary
ondition:

i

NO2 =

4F
(5)

his relation comes from Faraday’s law [20], i.e., the rate of reaction
ue to the flow of electrical current is directly proportional to the
mount of electricity passed. Using stoichiometry, the reaction rate

B

i

Fig. 2. Square grid arrangement of nanoelectrodes (a) and reduced geom
ligned CNTs in the catalyst layer (a) and the Nafion film coated CNT as nanoelectrode

an be expressed in terms of oxygen consumption. At the two ends
here z = 0 and z = L, the total dissolved oxygen flux is set equal to

ero and an insulation boundary condition is used:

· NO2 = 0 (6)

.6. Oxygen reduction reaction (ORR)

The ORR is characterized by a sluggish kinetics and has an
xchange current density six orders of magnitude lower than the
ydrogen oxidation reaction at the anode [21]. While the polariza-
ion curve exhibits two different Tafel slopes, the reaction order
ith respect to the oxygen partial pressure is one in both poten-

ial regions [22]. The rate expression can be written in terms of the

utler–Volmer equation for the cathode kinetics [20]:

= −i0

(
cO2

cO2 ref

)
exp

(
−˛�F

RT

)
(7)

etry of a nanoelectrode (b) for modeling and simulation purposes.
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Table 1
Parameters used in simulation

Parameter Value Units (SI)

Faraday’s constant 96,487 C mol−1

Universal gas constant 8.314 J mol−1 K−1

Pressure 506,625 Pa
Temperature 353 K
Inlet mass fraction of O2 0.1447
Inlet mass fraction of H2O 0.3789
Diffusivity of O2 through H2O Eq. (8) m2 s−1

Diffusivity of O2 through N2 Eq. (8) m2 s−1

Diffusivity of H2O through N2 Eq. (8) m2 s
ORR exchange current density 10−5 A m−2

Diffusivity of O2 through Nafion Eq. (11) m2 s−1

Henry’s constant for O2 Eq. (12) Pa m3 mol−1

R −3

K
K
K

e
T
i
e
a
b
p
K
f
b
t
n
f
o
d
F
m
T
r
t
s
film–gas interface. The low oxygen concentrations, coupled with
the slow diffusion of dissolved oxygen through the Nafion film,
resulted in very low oxygen concentrations at the reaction sites,
leading to underutilization of the Pt catalyst present at the bottom
portion of the nanoelectrodes.
S.M. Rao, Y. Xing / Journal of Po

.7. Parameters for simulation

The binary diffusivities for the Stefan–Maxwell equations were
alculated using the Slattery–Bird correlation [23]:

ij =
a(T/

√
TCiTCj)

b
(PCiPCj)

1/3(TCiTCj)
5/12((1/Mi) + (1/Mj))

1/2

P
(8)

he diffusion coefficients were corrected for porosity and tortuos-
ty using the Bruggman correlation. However, since in the proposed

odel the pore network is completely straight along the axial direc-
ion and uniformly distributed, the effective diffusion coefficient
s

eff
ij = Dijε (9)

his effective diffusivity was used in the calculation of the symmet-
ic diffusivities.

Knudsen diffusion coefficient varies directly with the mean pore
adius (rp) as [15]:

K,i = 2
3

(
8RT

�Mi

)1/2
rp (10)

he Knudsen diffusion coefficient was combined with the symmet-
ic diffusivities, giving the effective diffusivity for a component in
he gas mixture.

The diffusivity of dissolved O2 in the Nafion film was estimated
rom the following equation [18]:

O2 = 3.1 × 10−3 exp
(

−2768
T

)
(11)

sing the oxygen solubility measured at different temperatures by
gumi et al. [24], the Henry’s law constant was calculated from

18]:

n KO2 = −666
T

+ 14.1 (12)

.8. Simulation

The proposed model structure was simulated using a commer-
ial CFD package, COMSOL Multiphysics, which utilizes the finite
lement method to solve differential equations over a given geom-
try. Since the geometry being simulated was rather simple, default
esh parameters were used with a non-linear solver. The changing

arameter was the overpotential defined as

= ˚solid − ˚mem − E0 (13)

here E0 is the thermodynamic open circuit voltage, and the com-
only reported value of 1.23 V was used for the simulation. The

arameters used in our simulations are tabulated in Table 1.

. Results and discussion

.1. Effect of spacing between the nanoelectrodes

To investigate the effect of oxygen mass transport on the per-
ormance of the proposed nanostructured electrodes, simulations
ere carried out for different spacing between the nanoelectrodes.

o isolate mass transport effects, the kinetic term in Eq. (7) was kept
onstant by assuming that the overpotential is constant along the

ength of the CNT nanoelectrode. Mass transport of oxygen to a reac-
ion site on the Pt/CNT surface involves diffusion in the gas pores
nd subsequent dissolution and diffusion through the Nafion film.
n our simulation, the Nafion film thickness is assumed uniform
nd constant (1 �m) on each of the nanoelectrodes.

F
l
o

eference O2 concentration 2.637 mol m
nudsen diffusivity for O2 Eq. (10) m2 s−1

nudsen diffusivity for H2O Eq. (10) m2 s−1

nudsen diffusivity for N2 Eq. (10) m2 s−1

Fig. 3 shows the currents plotted on a per CNT (i.e., per nano-
lectrode) basis for different spacing at 25, 50, 100, and 400 nm.
he current represents the total current obtained by integrat-
ng over the entire cylindrical surface of a CNT nanoelectrode. As
xpected, larger gas pores (i.e., larger spacing) in the catalyst layer
llowed better mass transport of the oxygen gas and hence led to
etter performance of the electrode. However, oxygen mass trans-
ort was heavily restricted in the case of smaller spacing due to
nudsen diffusion that was primarily responsible for the poor per-

ormance obtained at high overpotentials. This finding is supported
y Fig. 4(a), which shows the variation of dissolved oxygen concen-
rations at the Nafion film–gas interface along the length of the
anoelectrode. The oxygen concentration varied only within 10%

or the largest spacing at 400 nm, indicative of the least restriction
f mass transfer in this case. However, the oxygen concentration
ropped significantly when the spacing was decreased to 100 nm.
urther drop was seen for the other two smaller spacing. For air
olecules at 80 ◦C and 5 atm, their mean free path is at about 16 nm.

herefore, a pore size of 25–100 nm would be in the transition
egime and Knudsen diffusion limitation plays the most impor-
ant role. Indeed, very low oxygen concentrations (∼0 for the 25 nm
pacing) were observed at the bottom of the nanoelectrodes at the
ig. 3. Polarization characteristics for different CNT spacing. The nanoelectrode
ength was kept constant at 10 �m. Current plotted on a per CNT basis rather than
n a per unit area basis.
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kept the same for comparison. The results are presented in Fig. 6,
ig. 4. (a) Effect of pore size (nanoelectrode spacing) on oxygen transport. Oxyge
anoelectrode. Nanoelectrode length was kept constant at 10 �m and the overpot
ithin the Nafion film for a 10 �m long CNT and 25 nm spacing and 400 nm spacing

Fig. 4(b) and (c) shows two-dimensional color maps of dis-
olved oxygen in the Nafion phase for two CNT spacing values
f 25 and 400 nm, respectively. As described above, the oxygen
oncentrations through the Nafion phase are determined by the
oncentration at the interface and the rate of diffusion through the
afion film. For the larger spacing, the oxygen concentration was
lmost constant along the length of the Nafion film–gas interface,
nd the concentration profile of dissolved oxygen was affected by
he low diffusivity only in the radial direction. On the other hand, for
he smaller spacing, there was a large gradient in the axial direction
f the oxygen concentration at the interface, directly affecting the
adial diffusion through the Nafion phase and giving rise a starved
xygen profile as seen in Fig. 4(b). It was noted that the diffusion
f oxygen through the Nafion may be much lower than that in the
as phase, especially when the Nafion film thickness is greater than
�m [18].

.2. Effect of Knudsen diffusion

To further understand the role of Knudsen diffusion, simula-
ions were performed with or without Knudsen diffusion being
onsidered in the simulation. This was done for a 10 �m long
NT and 50 nm spacing. Fig. 5 compares the oxygen concentra-
ion profiles at the Nafion film–gas interface for the two cases.
he oxygen concentration at the bottom in the case with Knud-

en diffusion was approximately 10 times lower than the oxygen
oncentration obtained for the case without Knudsen diffusion.
his finding demonstrates the necessity to include Knudsen dif-
usion in the modeling of the nanostructured electrodes, which

Fig. 5. Effect of Knudsen diffusion for a 10 �m long CNT and 50 nm spacing.

w
e
d

F
p
1

entration profile plotted at the Nafion film–gas interface along the length of the
was set at 0.7 V. (b and c) Color maps of two-dimensional oxygen concentrations
ectively.

as not considered in similar modeling work previously reported
12–14]. Especially, for very small CNT spacing that is compara-
le to the mean free path of the gas molecules Knudsen diffusion
ust be included since it becomes substantial. From Eq. (2), it can

e deduced that the effect predominant will also be the dominant
erm in the solution of the overall equation. So if Knudsen diffusion
ecomes very important, automatically, its dominance would be
een when Eq. (2) is solved for, and vice-versa. Therefore, it is nec-
ssary to incorporate both multicomponent and Knudsen diffusion
n the mathematical modeling equations.

.3. Effect of different CNT lengths

Thinner catalyst layers should provide better electrocatalytic
ctivity due to reduction of gas transport barriers [25]. One method
f addressing the issue of effective catalyst utilization by better oxy-
en transport and obtaining usable current densities at the same
ime is by reducing the catalyst layer thickness. This translates into
sing shorter CNTs to reduce the barrier imposed by oxygen trans-
ort in the gas pores. It is postulated that this would also allow for
educed Pt loading and simultaneously improve the utilization of
t dispersed on the CNT surface. Simulations with different cata-

yst layer thicknesses (i.e., nanoelectrode lengths) were performed
or a fixed CNT spacing (25 nm). In each case, the Pt loading was
hich compares the performance of 2, 4, 6, and 10 �m long nano-
lectrodes. It can be seen that the electrode performance varies
irectly with the thickness of the catalyst layer and it was expected

ig. 6. Effect of catalyst layer thickness on the nanoelectrode performance. The over-
otential range is 0.1–0.9 V and spacing is 25 nm, for CNT lengths of 2, 4, 6, and
0 �m.
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hat the thinner the catalyst layer is, the smaller the diffusion bar-
ier for oxygen transport. This effect should be more pronounced
hen Knudsen diffusion is dominant, as is the case discussed here

n which the spacing is comparable to the mean free path of the
ases. At low overpotentials, the assumption of constant kinetics
nd no ion transport losses led to an overlap of the curves. However,
t high overpotentials the 10 �m long CNT was the most severely
ass transfer limited when compared to the others. Since the Pt

oading was kept the same, the graph also tells that Pt utilization
as much better for shorter nanoelectrodes, or thinner catalyst

ayers.

.4. Optimization

Oxygen transport in the gas pores is considered to be impor-
ant to improve fuel cell performance because it affects catalyst
tilization. If oxygen cannot reach all the surface reaction sites due
o poor mass transfer, it would result in an expensive wastage of
he noble metal (Pt) catalyst. From the points discussed above, a
ogical way in the design of nanostructured catalyst layers would
e to keep the nanoelectrode spacing as large as possible for best
xygen transport. However, this will impose a limitation on the
umber of nanoelectrodes that can be arranged on a certain geo-
etrical area. With large nanoelectrode spacing when the total

umber of nanoelectrodes per unit geometrical area reduces, the
otal current density that can be drawn from the entire fuel cell
lectrode would also be reduced. As a result, optimization should
ave Pt loading in mind. A higher nanoelectrode density will

ncrease the total Pt loading in the membrane electrode assembly
nd hence the cost. Therefore, both the Pt loading and the cur-
ent density need to be compared as functions of spacing (pore
ize) to determine the spacing that would give a reasonable Pt
oading with the best performance for the entire nanostructured
lectrode.

An example of this optimization approach is illustrated in Fig. 7.
or a 10 �m long nanoelectrode with a 1 �m thick Nafion film, the
imiting current density and the total Pt loading (both evaluated
er unit geometrical electrode surface area) are plotted against
he corresponding pore size. While the Pt loading decreases with
ncreasing pore size (spacing) due to the reduction in the CNT num-

er density, the limiting current densities reach a maximum at
round 400 nm. This is due to the trade-off between the reduced
umber of reaction sites (the rates of electrochemical reaction)
nd the improved mass transport in the pores. It is important to

ig. 7. Limiting current densities and Pt loading per unit electrode area as functions
f pore sizes (spacing). The CNT length was kept constant at 10 �m and the Nafion
lm thickness is maintained at 1 �m for all cases.

c
t
c
s
i
s
b
g
o
e
t
b
f
o
f
C

A

S
s
o
a

ources 185 (2008) 1094–1100 1099

ote that a high Pt loading does not necessarily give the best per-
ormance when the mass transport is poor, as can be seen from
ig. 7.

.5. General discussion

While shorter CNTs were observed to result in improved oxy-
en transport due to a reduced diffusion barrier, the Pt loading that
an be obtained on CNTs may pose a limitation. The maximum Pt
oading on CNTs (in terms of wt.%) may not satisfy the requirement
or the Pt loading in the catalyst layers (in terms of mg cm−2) if the
atalyst layer is too thin. According to Xing [4], the Pt loading on
ulti-wall CNTs that can be achieved without sacrificing the cat-

lyst quality is ca. 30 wt.%. For an ideal case, one can calculate the
aximum Pt loading on a multi-wall CNT. For example, for 4 nm Pt

anoparticles supported on a 50 nm CNT with an inner diameter of
0 nm, one would get 27 wt.% Pt loading, assuming the nanoparti-
les are arranged on the CNT surface in a closed cubic pattern when
he cylindrical CNT surface is extended flat in two dimensions. For
maller diameter CNTs (i.e., higher specific surface areas), or bigger
t particles, the Pt loading can be higher.

The aim of this work was to elucidate the effect of mass transport
f oxygen in the gas pores on the cathode performance of the nanos-
ructured electrodes. The possible optimization problems that arise
rom this work need further attention. In addition, the effect of the
afion film thickness was not studied in this work. Ion transport

esistance should be increased in the axial direction by decreasing
he Nafion film thickness, but this would also decrease the oxy-
en diffusion barrier through the film in the radial direction. The
nterplay of different design parameters will be investigated in a
ollow-on work that is aimed at a complete optimization of the
anostructured electrodes.

. Conclusions

In this paper, we have presented a mathematical model that
as developed and solved to study the performance of nanostruc-

ured electrodes made from aligned CNTs. We have incorporated
oth multicomponent and Knudsen diffusion in our model formu-

ation. The effect of pore size on oxygen transport in the cathode
atalyst layer was studied. The results showed that there is a need
o consider Knudsen diffusion when the nanoelectrode spacing is
omparable to the mean free path of the gases. It was found that the
pacing has a substantial effect on the oxygen transport in the pores,
n which a steep gradient of oxygen concentrations was observed at
mall spacing. This led to an underutilization of the Pt catalyst at the
ottom portion of the nanoelectrode. Large spacing improves sin-
le nanoelectrode performance, but can decrease the performance
f the entire nanostructured electrode since the number of nano-
lectrodes per unit geometrical area is reduced. Optimization of
he electrode spacing found that a 400 nm spacing produced the
est performance in terms of limiting current densities. It was also
ound that the thickness of the catalyst layer has significant effect
n the electrode performance. Shorter thickness led to smaller dif-
usion barrier. However, the limitation of the Pt catalyst loading on
NTs may restrict on how short the catalyst layer can be.
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