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bstract

In this study, the fabrication of a direct methanol fuel cell (DMFC) anode with the incorporation of a multiwalled carbon nanotube (CNT)-
upported high-metal-content Pt/Ru electrocatalyst, i.e., 40 wt%Pt-20 wt%Ru/CNT, using a novel approach and the resultant DMFC performances
ere investigated. Employing a vacuum filtration method, we were able to successfully fabricate the DMFC anode with a good electrode structure
sing an in-house prepared Pt-Ru/CNT electrocatalyst. The catalyst layer was formed directly on a Teflon-treated carbon cloth having a buckypaper
exture with a catalyst loading of 4.0 mg cm−2. From single-cell tests, excellent cell performances were obtained. At 80 ◦C, the power density was
ound to be as high as >100 mW cm−2. This can be attributed to a thinner catalyst layer formed with a more efficient utilization of the catalyst than that
sing a low-metal-content counterpart, i.e., 20 wt%Pt-10 wt%Ru/CNT, as reported in an earlier study. However, the Nafion® ionomer content in the
atalyst layer played a key role in the anode fabrication to obtain a good cell performance. In addition, the electrochemical impedance spectroscopy
EIS) with a constant phase element (CPE)-based equivalent-circuit model was employed to analyze the fabricated anode. It distinctively revealed
ome specific characteristics in the resistances and the interface properties. Overall, the obtained impedance results are somewhat different from

hose of a conventional DMFC anode with the catalyst layer coated onto a porous gas diffusion layer (GDL) on a carbon backing material. Based
n the experimental results and the impedance analyses, the high-metal-content Pt-Ru/CNT catalyst was found to be much more favorable and
uitable for use as a DMFC anode catalyst.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Although significant advances have been achieved for direct
ethanol fuel cell (DMFC) systems in recent years, consider-

ble efforts are still needed to make them more commercially
ractical. Among them, the development of advanced electro-
atalysts is of vital importance. In responding to such demands,
ecently a variety of carbon nanomaterials (CNMs), e.g., carbon
anosphere (CNS) [1], carbon nanofiber (CNF) [2–5], carbon
anohorn (CNH) [6], carbon nanocoil (CNC) [7,8], etc., and in

articular carbon nanotube (CNT) [9–16], have been intensively
nvestigated as a new generation of electrocatalyst supports due
o their distinctive physical and chemical characteristics as well
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s corrosion resistances [17]. The CNF-supported Pt, for exam-
le, was reported to exhibit a structure effect that allows the
peration of DMFC at low air flow rates [18]. This feature is
ery important with respect to the operation of small DMFCs
or consumer electronics applications, because the abilities to
upply air in such small equipments are severely limited.

However, unlike much denser, smaller size conductive car-
on black powders, carbon nanomaterials are generally very
uffy and bulky. Thus, CNM-supported electrocatalysts are very
ifficult to prepare into suitable electrode structures with thin
atalytic layers by any conventional means, particularly when
low-metal-content (e.g., <50 wt% metal content) catalyst is

sed to fabricate a high catalyst loading (e.g., 4 mg cm−2) elec-

rode. In other words, too much CNM-based carbon support
n the catalyst is not favorable for the proper fabrication of a
sable DMFC electrode. For instance, it is difficult to bind a
NM-supported low-metal-content catalyst well together on the

mailto:ktjeng@iner.gov.tw
dx.doi.org/10.1016/j.jpowsour.2006.09.097
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ig. 1. The proposed CPE-based equivalent-circuit model for impedance anal-
sis of DMFC anode.

oated electrode unless an excessive amount of Nafion® solu-
ion is employed. This, in turn, will give rise to a thick catalyst
ayer and high ionic resistance when the electrode is assembled
nto a membrane electrode assembly (MEA). Mass transfer lim-
tation of the fuel solution is also likely to occur in the reaction
rocess and leads to poor cell performance. Therefore, the fabri-
ation of DMFC electrodes using CNM-supported catalysts has
ndeed caused a serious problem. Such difficulties are also found
n the fabrication of DMFC electrodes using carbon-supported
atalysts, particularly under high-catalyst-loading conditions. In
his study, a novel anode fabrication approach was employed
o as to solve these problems using a high-metal-content Pt-
u/CNT anode electrocatalyst with much improved DMFC
erformance.

In addition, since the properties of the fabricated electrode
re dependent on its materials and fabrication methods, it is
f special interest as well as vital importance to investigate the
lectrochemical characteristics of the anode so as to improve the
node fabrication and the cell performance. Therefore, electro-
hemical impedance spectroscopy was used to analyze the elec-
rochemical reaction behavior of the fabricated DMFC anode.
he equivalent-circuit model used in this study is a constant
hase element (CPE)-based model as described in an earlier
eport [19]. So far, only few studies [19,20] have involved the
se of CPEs to replace ideal capacitors in the DMFC-related
mpedance investigations. Thus, it deserves more in-depth stud-
es using this new approach. Although the anode is the main
oncern in this study, this particular model includes three closely
elated sections, i.e., membrane, interface and catalyst layer, in
he analyses. In setting up the experimental apparatus, a small-
ize DMFC has to be fabricated and the cathode of the DMFC
an then be readily converted into a dynamic hydrogen electrode
DHE) working as a reference. In other words, this impedance
xperiment device is in fact functioning as a pseudo rather than
true DMFC.

. Impedance model

The impedance model for the DMFC anode employed in this
tudy is a CPE-based equivalent circuit model, which takes into
ccount the Faradaic reaction in the catalyst layer in conjunction
ith the contributions from both the membrane and the inter-
ace, as shown in Fig. 1. The CPEs are used in place of ideal
apacitors, which are commonly found in conventional equiv-
lent circuit models, to account for the non-uniform structure
f the related electrode sections. More theoretical background
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t
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n the CPE can be referred to the edited book by Barsoukov
nd Macdonald [21], and the detailed descriptions of this pro-
osed model can be found in one of our previous reports [19].
n the figure, Rm denotes the resistance of the membrane and Ri
epresents the resistance of the interface between the membrane
nd the catalyst layer; Rct denotes the charge transfer resistance;
d is the double-layer capacitance; Rc represents the resistance
f the solid phase in catalyst layer; Lco is the inductance. The
nductive behavior means that the current signal follows a volt-
ge perturbation with a phase delay is due to the slowness of the
elaxation of (CO)ads coverage.

Notably, this particular impedance model incorporates two
PEs to account for the anode-membrane interface and the cat-
lyst layer, respectively. Hence, the complex impedance of the
quivalent circuit of the interface (ZInterface) can be expressed as,

Interface = Ri

1 + RiQi(jω)pi
(1)

here pi is the adjustment parameter of the CPE and Qi is
he admittance constant at the interface. Similarly, the com-
lex impedance of the equivalent circuit of the catalyst layer
ZCatalyst Layer) can be expressed as,

Catalyst Layer = Rc(R2
ct + ω2L2

co)

1 + Rc[Rct − jωLco + Qdl(jω)pdl ]
(2)

here pdl is the adjustment parameter of the CPE; Lco is the
nductance element and Qdl is the admittance constant in the
atalyst layer. The overall impedance is simply the summation
f the specific impedance in each section.

. Experimental

.1. Fabrication of DMFC anode and single-cell DMFC

The procedure for the preparation of Pt-Ru/CNT anode cat-
lyst was described elsewhere [22,23] using a modified polyol
ynthesis method. A multiwalled carbon nanotube (MWCNT)
as employed in the catalyst synthesis so as to ensure having a
ood electrical conductivity for all elements of the catalyst car-
on support. The targeted high-metal-content anode catalyst,
.e., 40 wt%Pt-20 wt%Ru/CNT, was prepared in-house. Then,
he prepared anode catalyst was fabricated into a DMFC anode
aving a loading of 4.0 mg cm−2 (metal basis). Briefly, a known
mount of the electrocatalyst was first well-mixed with a desig-
ated amount (e.g., 20–70 wt% dry basis) of a Nafion® solution
containing 10 wt% Nafion® ionomer), together with suitable
mounts of isopropanol and deionized water, and then applied
o one side of a Teflon-treated carbon cloth (ElectroChem, Inc.,
odel: EC-CC1-060T) by vacuum filtration followed by a phys-

cal leveling procedure. The filtration setup used was a ceramic
unnel connected to a vacuum suction device. In the operation,
piece of Teflon-treated, or wet-proofed, carbon cloth substrate

as employed as a filtration medium and the catalyst/Nafion

olution mixture was filtrated through the filter funnel several
imes until the filtrate became clear. Then, the coated catalyst
ayer was further leveled evenly on the carbon cloth using a
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patula followed by a cold-press procedure at 0.30 kN cm−2 for
0 min with the electrode wrapped in a PVC film. Thereafter,
he electrode was dried in air for several days before being cut
nd hot pressed into an MEA.

A commercial gas diffusion electrode (GDE) with a plat-
num black loading of 4.0 mg cm−2, obtained from E-TEK,
as employed as the base cathode. The electrode dimension
as 1.5 cm × 1.5 cm. In the preparation of MEA, the prepared

node and the GDE cathode were hot-pressed onto each side
f a Nafion® 117 membrane, respectively, at 135 ◦C under an
pplied pressure of 0.75 kN cm−2 for 5 min. Then, the MEA was
abricated into a single-cell DMFC using two graphite current
ollectors (engraved with flow fields on one side) together with
wo gold-coated stainless steel end plates and fasten with bolts
nd nuts. The gaskets were made of silicon rubber.

.2. Investigation on DMFC performance

The single-cell DMFC was first activated at 40 ◦C and 0.2 V
or 4 h by feeding air to the cathode and 1 M methanol solution
o the anode, and then continued to activate at 60 and 80 ◦C
or 4 h each. After completion of the activation process, it was
ested between 40 and 80 ◦C for several days by feeding 1 M

ethanol solution (40 mL min−1) with circulation through the
node compartment, and by flowing air (0.2 L min−1, 20 psi back
ressure) through the cathode compartment. Performance tests
f the DMFC were conducted using a fuel cell test station devel-
ped by APFCT. The cell performance curves, i.e., plots of cell
oltage (V) versus current density (I) and power density (P) ver-
us current density (I), were collected and compared.

.3. Electrochemical impedance investigation on DMFC
node

The electrochemical impedance experiments were under-
aken over a range of potential from 0.3 to 0.6 V (DHE) using
he same procedure and a similar setup as described elsewhere
n an earlier report [19]. Briefly, a small single-cell DMFC was
abricated and the cathode was ingenuously converted into a
ynamic hydrogen electrode (DHE) as a reference during the
xperiments. The investigated potential range was chosen to
atch the general functioning of a DMFC under normal opera-

ion conditions. In conducting the experiments, the frequency
enerator/analyzer used was a Solartron SI 1260 Impedance
pectroscope controlled by a personal computer and coupled

o a potentiostat (Solartron 1286) to support the modulation
f large dc currents. The amplitude of the sinusoidal poten-
ial signal was 10 mV. The experimental data were collected
etween 5 mHz and 10 kHz frequencies and the electrochemi-
al impedance spectra were obtained accordingly. The value of
he parameter of each electrical circuit element was determined
rom the experimental data using the Z-View software (Scribner

ssociates).
The simulation modeling procedure and method are detailed

n the operation manual of the Z-View Software. Briefly, after
ollecting the experimental data, the models to be simulated are

c
b
a
s

ig. 2. Electrode structure of (a) this study, and (b) a conventional design.

efined forming various equivalent circuits. Various elements
an be employed in the equivalent circuits. The initial estimates
or all elements are entered and the element values to be cal-
ulated are selected. Then, the simulation is performed based
n an instant-fit approach by calculating the minimal deviation
hrough a root-mean-square method. The modeling simulations
ere carried out between 5 mHz and 10 kHz. All of the errors
f the modeling parameters were kept within 1% in this study.

. Results and discussion

.1. On fabrication of DMFC anode using
igh-metal-content Pt-Ru/CNT catalyst

Overall, the in-house prepared high-metal-content anode cat-
lyst, i.e., 40 wt%Pt-20 wt%Ru/CNT, exhibited a good catalyst
orphology and the desired composition. The metal deposition

fficiency from the catalyst reactant solution was found to be
97%. In addition, the average particle size for the catalyst was
bout 3.7 nm and the atomic ratio of Pt:Ru was 1:0.988.

The fabrication of anode in this study using a CNT-supported
igh-metal-content Pt-Ru catalyst was conducted in a way some-
hat different from the conventional method as shown in Fig. 2.

t can be seen that the approach used in this study directly coated
he catalyst layer on a Teflon-coated carbon cloth substrate while
he conventional method incorporated a porous gas diffusion
ayer (GDL) produced by a layer of Teflon-bonded carbon pow-
er. In fact, this gas diffusion layer generally has a very compact
nd tight structure not suitable for applying the filtration oper-
tion. In addition, the elimination of such a tight porous GDL
ayer was helpful in reducing some of the electrode resistances.

On the other hand, the Teflon-coated carbon cloth in fact
lso served as a more porous GDL. The in-house prepared
NT-supported Pu-Ru catalyst is illustrated in Fig. 3(a). After
onducting the vacuum filtration, it can be seen that the cat-
lyst layer on the anode formed a carbon nanotube paper or
buckypaper” type structure [24,25] with the carbon nanotubes
angled together in bundles and oriented randomly forming a
ather porous structure as shown in Fig. 3(b). In addition to
he physical functioning among the CNT elements, the Nafion®

olution acted as an active binder to hold the CNT-supported

atalyst more tightly. It is envisioned that this highly porous
uckypaper-type structure is able to maintain the good ionic
nd electrical conductivities of the catalyst layer and indeed
hould also be very favorable for the transport of the DMFC
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ig. 3. SEM images of (a) an in-house prepared high-metal-content Pt-Ru/CNT,
nd (b) a porous catalyst layer with a buckypaper texture on the anode using a
acuum filtration approach.

uel solution. However, it should be pointed out that the resul-
ant anode texture was strongly dependent on the amount of
afion® solution used in the fabrication process. If too little
afion® solution was used as a catalyst binder, the catalyst

ayer was loose. The result was that it cracked and exfoliated
asily. On the other hand, if too much Nafion® solution was
pplied, the catalyst layer became too thick although the bind-
ng condition of the catalyst was better. Under such conditions,
t also cracked to some extents when dried. Although the use of
hot-press procedure for making the MEA can alleviate these
roblems to some extents, still only a suitable amount of the

afion® solution should be used in the anode catalyst layer

abrication.
In this study, it was found that an electrode base with a diam-

ter of 9.5 cm (70.85 cm2 in total area) should have about 10 ml

r
o
b
i

able 1
ell voltage of DMFC measured at 300 mA cm−2 using different anodes fabricated
atalyst loading of 4.0 mg cm−2 (catalyst metal basis)

onomer content (wt%)a 24.8 39.8 49.8
ell voltage (V) 0.114 0.201 0.275

perating conditions: MeOH (1 M, 40 mL min−1), air (0.2 L min−1).
a Ionomer content (wt%) = wt. of dry ionomer × 100/(wt. of dry ionomer + wt. of P
r Sources 164 (2007) 33–41

f 10 wt% Nafion® solution for coating the high-metal-content
atalyst to obtain an optimal catalyst layer condition. Assum-
ng the density of the Nafion® solution is 0.78, the catalyst
ayer coating is equivalent to having about 62.3 wt% of the dried
afion® ionomer in the catalyst layer. The cell voltages of the
MFC measured at 300 mA cm−2 using different anodes fabri-

ated with various Nafion® ionomer contents are compared and
hown in Table 1. It is well-known that the Nafion® content has a
ignificant impact on the utilization of the catalyst and the trans-
ort of the ionic species in the catalyst layer, which strongly
ffects the cell performance. In fact, in this study there was a
ombined effect of several factors, e.g., Nafion® content, cat-
lyst layer thickness, catalyst binding condition, catalyst layer
tructure, etc., on the cell performance. These factors are closely
nterrelated and should be properly balanced in order to achieve
he best result.

Using a combinatorial approach, the most active composition
f a Pt-Ru-Nafion® electrocatalyst for the electrooxidation of
ethanol was reported [26] to have 36.4% of the dried Nafion®

onomer and 63.6% of the catalyst, just opposite to our finding,
hich did not use any carbon powder support for the catalyst.
his illustrated the pronounced effect of the carbon content,
r the catalyst metal content, on the catalyst layer fabrication
nvolving the use of a Nafion® solution. The thickness of the
atalyst layer of this particular study was found to be about
20–150 �m, which was considered to be very thick for a mem-
rane fuel cell electrode. This was attributed mainly to the bulky
ize of the used CNT (∼1–2 �m in length) and its strong ten-
ency to tangle together as well as a high catalyst loading at
mg Pt-Ru cm−2. However, the catalyst layer appeared to be
uch more compact and smoother than that using a low-metal-

ontent catalyst, i.e., 20 wt%Pt-10 wt%Ru/CNT, in an earlier
tudy [23]. In general, the anode coated with the low-metal-
ontent catalyst required twice as much of Nafion® solution to
ake a decent anode and the resultant anode catalyst layer was

wice in thickness as well.
Nevertheless, one of the unique advantages for this particu-

ar catalyst application approach is that it ensures the applied
atalyst is totally loaded onto the electrode surface due to the
se of a repeated filtration operation until the filtrate is clear.
he catalyst can be evenly distributed and the catalyst loading
an be properly controlled at the electrode fabrication stage. On
ther hand, the conventional methods, such as brushing, printing
nd spraying, generally have significant amounts of catalyst ink

esiduals left on brushes, spraying guns, printing screens, bottles
r beaker, giving rise to severe errors in this respect. This draw-
ack is especially pronounced when a small amount of catalyst
s involved in the electrode preparation process.

with 40 wt%Pt-20 wt%Ru/CNT and various Nafion® ionomer contents at a

56.9 62.3 66.6 69.8
0.307 0.324 0.315 0.297

t-Ru/CNT).
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Fig. 4. The performances of the fabricated single-cell DMFC at various operat-
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Figs. 6–8 while the corresponding Bode plots are shown in
Figs. 9–11. Those marked points are the experimental data while
the solid lines are the fitting curves of the CPE-based model.
It can be seen that, experimentally and theoretically, all are in
ng temperatures using a 40 wt%Pt-20 wt%Ru/CNT anode electrocatalyst cou-
led with a commercial Pt black-based cathode (E-TEK). Operating conditions:
eOH (1 M, 40 mL min−1), air (0.2 L min−1).

.2. Performance of single-cell DMFC incorporated with
igh-metal-content Pt-Ru/CNT anode catalyst

At the beginning, the performance of the single-cell DMFC
as found to be time-dependent. In fact, after the activation

tage, it surprisingly took 3–4 days with an 8 h day−1 operation
o reach a steady condition in the cell performance. This was
ndicative of a thick catalyst layer that it takes a much longer time
han expected to get into an effectively operational condition.
nder a steady state condition, the performances of the fabri-

ated single-cell DMFC at various temperatures are illustrated
n Fig. 4. As the temperature increases, the effective diffusion
oefficient of methanol in the Nafion® membrane increases. This
auses an increase in the methanol crossover and, in turn, a low-
ring of the cathode potential. Therefore, the cell exhibited a
ittle higher in performance with 40 ◦C than with 60 ◦C at the
ery low current density region, including the OCV. Clearly, the
abricated cell using prepared anode incorporated with a higher
etal-content catalyst, i.e., 40 wt%Pt-20 wt%Ru/CNT, signifi-

antly outperformed the comparison counterpart using a lower
etal-content catalyst, i.e., 20 wt%Pt-10 wt%Ru/CNT, anode at

he same catalyst loading as shown in a previous study [23].
maximum power density of 100.3 mW cm−2 was obtained

round 0.23 V with a current density of 436 mA cm−2.
This improved performance can be attributed to several fac-

ors, including (i) the anode with high-metal-content Pt-Ru/CNT
lectrocatalyst was well-bonded that enhances its electrical con-
uctivity and electrocatalytic activity, (ii) the anode incorporated
ith a high-metal-content Pt-Ru/CNT electrocatalyst had a thin-
er catalyst layer and a smaller ionic resistance, and (iii) the
orous buckypaper-type structure of the catalyst layer resulted
n a sufficient supply of fuel and a highly utilization of the
igh-metal-content Pt-Ru/CNT electrocatalyst at the anode. It
s anticipated, however, that the catalyst loading of DMFC can
e significantly reduced in the near future through the use of an

node catalyst with an even higher catalyst metal content. For
nstance, using a 50 wt%Pt-25 wt%Ru/CNT anode catalyst, it is
stimated that both the amount of the Nafion® solution required
nd the thickness of the catalyst layer formed can be reduced to

F
o

ig. 5. The polarization curves of the DMFC anode (vs. DHE) obtained at
arious temperatures when operated with 1 M CH3OH and at ambient pressure.
he ohmic drop was corrected.

bout 50% those of this study. Therefore, substantial improve-
ents in the cell performance are expected. In fact, some of our

reliminary experiments have already showed such very pos-
tive effects. Of course, the use of a very high-metal-content
NT-supported catalyst is still subject to the severe constraints
f good catalyst morphology and composition.

.3. On electrochemical impedance of DMFC anode
ncorporated with high-metal-content Pt-Ru/CNT catalyst

The polarization curves of the DMFC anode at various tem-
eratures are shown in Fig. 5. It is obvious that these curves
re temperature-dependent with the higher the temperature the
tronger the anodic reaction. The potential range between 0.3 V
DHE) and 0.6 V (DHE) is roughly corresponding to the region
n a normal DMFC operation that we are interested in. From
he impedance spectroscopic investigation using a CPE-based
quivalent-circuit model in conjunction with the considerations
f both membrane and interface on the DMFC anode, the resul-
ant Nyquist plots at various temperatures are illustrated in
ig. 6. The Nyquist plots of the DMFC anode at various potentials (vs. DHE)
btained at frequencies between 10 kHz and 5 mHz and 40 ◦C.
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Fig. 9. The Bode plots of the DMFC anode at various potentials (vs. DHE) and
40 ◦C: (a) resistance magnitude against frequency and (b) phase angle against
frequency.
ig. 7. The Nyquist plots of the DMFC anode at various potentials (vs. DHE)
btained at frequencies between 10 kHz and 5 mHz and 60 ◦C.

ood fitting conditions. The corresponding fitting parameters are
isted in Tables 2–4. In general, these Nyquist plots are very sim-
lar in shapes with slightly distorted, inverted semicircles. The
nductance effects at low potentials (i.e., 0.3 and 0.4 V DHE−1)
re clearly observed with the existences of reversed semicircles
n the Nyquist plots. They are potential-dependent as well as
emperature-dependent. With a higher potential, the anodic reac-
ion became more active and complete. As results, all the resis-
ance and the inductance parameters naturally became smaller
n values.

However, it should be noted that when a low-metal-content
node catalyst, i.e., 20 wt%Pt-10 wt%Ru/CNT, was used, it gen-
rally could not obtain such well-defined Nyquist plots and no
emicircles could be found. This might be caused mainly by a
oose structure of the thick catalyst layer in the fabricated anode.
n addition to a loose electrode structure of the thick catalyst
ayer, the use of a CNT-supported low-metal-content anode cat-
lyst also gives rise to poor catalyst utilization, high electrode
esistance and poor cell performance. Therefore, the character-
stics of Nyquist plots are totally different.

By careful examinations of the impedance plots, however,
istinctive differences can be found compared to those reported

n an earlier study with a conventional anode design and a com-

only used anode nanocatalyst Pt-Ru/C [19]. Notably, in this
tudy the anode did not strongly exhibit its interface character-

ig. 8. The Nyquist plots of the DMFC anode at various potentials (vs. DHE)
btained at frequencies between 10 kHz and 5 mHz and 80 ◦C.

Fig. 10. The Bode plots of the DMFC anode at various potentials (vs. DHE) and
60 ◦C: (a) resistance magnitude against frequency and (b) phase angle against
frequency.
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ig. 11. The Bode plots of the DMFC anode at various potentials (vs. DHE) and
0 ◦C: (a) resistance magnitude against frequency and (b) phase angle against
requency.

stics as judged from the respective Nyquist plot which exhibits
o apparent flattening-shape at the related region. The CPEs at
he interface approaching to that of the ideal capacitors are evi-
enced by the adjustment parameters closing to 1.0 as listed in
he tables. This indicated the formation of a compact and sta-
le interface thin layer from the anode fabrication. In addition to
hese particular features, the resistance of the anode was found to
e much smaller than that found in the previous study. This can
e attributed to the elimination of a porous gas diffusion layer
n the anode fabrication, which tends to reduce some resistances
f the anode. If the effects of the roughness of the catalytic layer
nd the non-uniform distribution of the catalyst are considered,
hen the impedance of the Pt-Ru/CNT anode typically exhibit-
ng a somewhat non-semicircular response in the Nyquist plot
s very natural. Although the interface was less a pronounced
eature compared to that in the previous study, overall the model

ave excellent fittings. In fact, this could be a good sign. The
isappearance of an interface feature means the electrochemical
eaction directly occurs at the bulk catalyst layer and the resul-
ant resistance can be lower as reflected in the Nyquist plots.

M
o
s
t

able 2
itting parameters for the CPE-based equivalent-circuit model at various potentials w

otential
V DHE−1)

Rm (� cm2) Ri (� cm2) CPEi-Q (F cm−2) CPEi-p Rct

.3 0.706 1.980 0.280 0.998 1.9

.4 0.696 1.868 0.253 1.000 1.7

.5 0.686 1.800 0.178 0.999 1.8

.6 0.676 1.126 0.135 1.000 1.9
r Sources 164 (2007) 33–41 39

The impedance analyses based on the use of the Bode plots
re also very interesting and useful. At the two extremes of the
requency range in the resistance versus frequency plot, the val-
es of the two resistances can be simplified to:

→ 0 |Z| → Rm + Ri + RcRct

Rc + Rct
(3)

→ ∞ |Z| → Rm (4)

owever, in this study the CPE-based model is applied to a lim-
ted frequency range of 5 mHz–10 kHz to be more physically
ealistic [21]. At 0.3 V (DHE), a characteristic hump appears at
frequency around 0.09 Hz and gradually decreases as the con-

rolled potential increases and eventually disappears at 0.6 V
DHE). The hump broadens and becomes more distinctive as
he reaction temperature increases. The resistance flattens and
pproaches to the same value, i.e., Rm, in a featureless manner
s the frequency increases to 10 kHz. On the other hand, in the
hase angle versus frequency plot, there are two humps with
ne upward around >0.09 Hz and one downward (<0.09 Hz).
his particular frequency is corresponding to the occurrences of

he maxima of the humps in the resistance versus frequency
lots. Similarly, the humps are more pronounced at a lower
otential. In addition, there is a tendency for these humps to
hift towards the higher frequency direction as the temperature
ncreases. These distinctive characteristics are very useful in
xamining the conditions of a fabricated anode under normal
perating conditions. The quality of the prepared anode catalyst
s well as the fabrications of anode and MEA can be readily
etected and distinguished.

From the analyses of the collected fitting parameters, it was
ound that the membrane resistance, Rm, is close to that of
he previous study [19]. It decreased, however, as the tempera-
ure increased due to the increase in the proton mobility. This

ight also be caused by the swelling effects on the microscopic
tructures of the membrane that the ratio of the effective ionic
onducting length (leff) to the effective ionic conducting area
Aeff) increased. On average, the Rm decreased 2–4% as the
emperature increased every 20 ◦C. Unlike the ideal capacitive
nterface, the porous structure of the catalyst layer was reflected
n its adjustment parameter, CPEdl-P, which was around 0.6–0.7.
he higher potential demanded more vigorous methanol oxi-
ation reaction and, therefore, caused decreases in the induc-
ive parameter, Lco, and the adjustment parameter, CPEdl-P.
ore precisely, it should be noted that the oxidation reaction
f methanol at the anode can be roughly separated into two
teps: CH3OH → CO(ads) → CO2, and Lco is an indicator of
he amount of CO(ads) on the catalyst surfaces. As the tem-

ith the DMFC anode operating at 40 ◦C

(� cm2) Lco (H cm−2) CPEdl-Q (F cm−2) CPEdl-p Rc (� cm2)

35 2.400 0.338 0.670 7.200
35 2.060 0.318 0.671 4.725
00 1.556 0.302 0.680 0.945
13 1.022 0.289 0.670 0.186



40 K.-T. Jeng et al. / Journal of Power Sources 164 (2007) 33–41

Table 3
Fitting parameters for the CPE-based equivalent-circuit model at various potentials with the DMFC anode operating at 60 ◦C

Potential
(V DHE−1)

Rm (� cm2) Ri (� cm2) CPEi-Q (F cm−2) CPEi-p Rct (� cm2) Lco (H cm−2) CPEdl-Q (F cm−2) CPEdl-p Rc (� cm2)

0.3 0.691 1.287 0.252 0.989 1.103 3.600 0.321 0.650 4.680
0.4 0.682 1.214 0.227 0.973 0.989 2.472 0.302 0.651 3.071
0.5 0.672 1.170 0.160 0.992 1.026 0.778 0.287 0.660 0.614
0.6 0.662 0.732 0.121 0.991 1.090 0.511 0.275 0.650 0.121

Table 4
Fitting parameters for the CPE-based equivalent-circuit model at various potentials with the DMFC anode operating at 80 ◦C

Potential
(V DHE−1)

Rm (� cm2) Ri (� cm2) CPEi-Q (F cm−2) CPEi-p Rct (� cm2) Lco (H cm−2) CPEdl-Q (F cm−2) CPEdl-p Rc (� cm2)

0.3 0.677 0.798 0.239 0.986 0.574 4.320 0.289 0.617 2.434
0.4 0.668 0.753 0.216 0.985 0.514 2.521 0.272 0.618 1.597
0 0.5
0 0.5
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.5 0.658 0.725 0.152 0.990

.6 0.649 0.454 0.115 0.983

erature increases, the methanol oxidation reaction becomes
ore pronounced. The amount of CO(ads) increases as this

pecies cannot be effectively oxidized to CO2 at a lower poten-
ial (e.g., 0.3 V DHE−1); therefore, Lco exhibits a larger value.
n the other hand, as the potential increases to a higher value,

.g., 0.6 V DHE−1, the CO(ads) species is efficiently oxidized to
O2, so the amount of CO(ads) decreases and the Lco exhibits a

maller value as shown in Tables 2–4. These features were also
ound in the previous study indicating that the proposed CPE-
ased equivalent circuit model is also perfectly applicable to the
MFC anode using a high-metal-content Pt-Ru/CNT catalyst.

n general, the used noninvasive approach is very suitable for
onducting these particular impedance experiments.

.4. Overall assessment of DMFC incorporated with
igh-metal-content anode catalyst

Based on the above experimental findings and the results
btained previously, an assessment of the DMFC anode using
wo different metal-content catalysts was made. It is clear that
high-metal-content is more favorable in every aspect, includ-

ng easiness in anode fabrication, catalyst layer thickness and
ompactness, ionic resistance and catalytic activity. Overall, the
igh-metal-content catalyst reduces the amount of the carbon
upport material, which, in turn, favors the easy fabrication of
he electrode and the complete utilization of the catalyst. This
act indicates that the reaction occurs on the electrode/membrane
nterface with a two-dimensional, i.e., a thin layer, manner. The
hick catalyst layer forming a three-dimensional reaction zone,
n the other hand, results in poor cell performance even the
ame catalyst loading is applied. In other words, this thin-layer
lectrochemical reaction scheme defies the conventional large
eaction zone approaches as commonly employed in chemical
eactor designs.
The experimental and the impedance analysis results also
ndicated that the catalyst layer is still too thick and the cat-
lyst may not be fully utilized. The fabrication of the DMFC
node still left much to be desired. Therefore, it is desirable that

A

S

34 0.622 0.258 0.627 0.319
67 0.256 0.248 0.617 0.063

he anode catalyst Pt-Ru/CNT as well as the cathode catalyst
t/CNT with high metal contents (>70 wt%) and lower cata-

yst loadings (<2 mg cm−2) should be used in the future studies,
iming at much thinner catalyst layers and more confined elec-
rode structures, so as to further improve the performance of the
MFC for practical applications.

. Conclusions

The effects of metal content of the CNT-supported elec-
rocatalyst on the DMFC anode fabrication and the cell
erformance have been investigated. It was found that a high-
etal-content catalyst (i.e., 40 wt%Pt-20 wt%Ru/CNT) exhibits
thinner catalyst layer with a buckypaper-type texture and a bet-

er anode fabrication than its low-metal-content counterpart (i.e.,
0 wt%Pt-10 wt%Ru/CNT). Based on the same catalyst load-
ng of the anode using these two catalysts, the latter required

uch more Nafion® solution (ionomer) binder and resulted
n a much thicker catalyst layer on the anode. The optimal
afion® ionomer content in the catalyst layer of the anode
as found to be about 63.2 wt%. Overall, the DMFC incor-
orated with the high-metal-content catalyst exhibited a much
etter performance. A power density of >100 mW cm−2 can
e obtained at 80 ◦C. The electrochemical impedance spec-
roscopy also indicated that the anode incorporated with a
igh-metal-content catalyst exhibited a much lower resistance
nd the catalyst could be fully penetrated and utilized in the
MFC operations. This accounts for the better cell performances
bserved. The electrochemical impedance investigation satis-
actorily explained the observed characteristics of the DMFC
node. The better DMFC anode fabrications can be obtained at
ower catalyst loadings using catalysts with even higher metal
ontents.
cknowledgements
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