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1 Introduction

The direct methanol fuel cell (DMFC) is a promising elec-
trochemical energy source because of its low operating tem-
perature (50–70 °C), use of liquid fuel – methanol, existing
supply infrastructure, and since it has fewer safety concerns
compared with the PEMFC [1–5]. Owing to these advantages,
the DMFC is an appropriate power source for portable elec-
tronic devices [3, 5–7]. However, there are still a number of
challenging problems to the development of such systems,
which are: (i) the high electrocatalytic activity of the anode
and cathode catalysts; (ii) the proton conductive membrane
with high ionic conductivity and low methanol crossover,
and (iii) proper water management on the cathode side [1, 2,
8–10]. Much effort has been made to find new membranes or
modify the currently employed Nafion® to inhibit or reduce
methanol crossover [11–13]. On the other hand, significant
effort is also being devoted to electrocatalyst development
[2, 8–10, 14–16]. Despite these attempts, the most prevalent
DMFC electrocatalysts are still Pt-Ru black for the anode and
Pt black for the cathode.

Consequently, DMFC performance can be enhanced by the
optimization of the electrode structure, especially the mem-
brane-electrode assembly (MEA) fabrication [16–19]. Com-
monly different coating processes are used. The first method
starts with the preparation of diffusion layers (DL) with a
suitable polytetrafluoroethylene (PTFE) content. Then, the
catalytic material is applied to the DLs by a spraying or
screen-printing technique. The MEAs are formed by hot-
pressing the anode and cathode coated DL onto the proton
conductive membrane. This type of MEA is denoted as the
Catalyst Coated Substrate (CCS) [20, 21]. Gottesfeld [22] sug-
gested the fabrication of MEAs by a decal method, where cat-
alytic ink is applied to PTFE blank and subsequently trans-
ferred to the membrane. An alternative fabrication technique
is the direct coating of both sides of the membrane with the
catalytic materials to form Catalyst Coated Membrane (CCM)
and the combination of this structure with two diffusion
backings [20]. Due to the separate manufacture of the diffu-
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sion layers and the Catalyst coated membrane, an improved
contact between the membrane, ionomer, and catalyst may be
expected after hot-pressing the coated membrane. Thus, a
higher efficiency is presumed for the use of the catalytic
material and ionomer. The morphology of the catalyst layer is
expected to vary with the MEA preparation method, even
when the catalyst ink and coating method are the same. For
the CCS, the catalyst layer would be coupled with a diffusion
layer structure, however, for the CCM, the gas diffusion layer
does not affect the catalyst layer morphology. Therefore, the
effect of the MEA preparation method on performance may
be analyzed considering the morphological characteristics of
the catalyst layers.

The catalyst loading is an important design variable for
the MEA. The loading of unsupported Pt-Ru catalyst in the
anode has been reported [9, 23–27]. It was shown that Pt-Ru
black with loadings higher than 8 mg cm–2 did not influence
the cell performance [28]. Liu [24] pointed out that CCS
MEAs, fabricated with unsupported Pt-Ru black, showed
maximum power densities at 6 mg cm–2. Considering the
above-mentioned issues in catalyst layer design, our group
has optimized an anode structure with a varying Pt-Ru load-
ing and preparation method. In this paper, how these design
parameters for the anode catalyst layer affect MEA perfor-
mance are reported and the relationship between the anode
structure and MEA performance is discussed.

2 Experimental

2.1 MEA Preparation

All the investigated MEAs were prepared with
Nafion® 115 (DuPontTM). The catalysts used in this work were
Pt-Ru (1:1) black (HiSpec 6000, Johnson Matthey) and Pt black
(HiSpec 1000, Johnson Matthey), for the anode and cathode,
respectively. 10 DA (SGL, Germany), which contains
20 wt.-% PTFE, was used for the cathode diffusion layer and
10 AA (SGL, Germany), which does not contain any PTFE,
was employed for the anode diffusion layer. A 1:1 (wt/wt)
mixture of carbon (Vulcan XC-72, Cabot) and PTFE
(DupontTM), dispersed in isopropyl alcohol, was placed on
the surface of the diffusion layer (DL) to form a microporous
carbon layer (MPL). The carbon loading level was controlled
at 0.26 mg cm–2 for the anode diffusion layer and 1.3 mg cm–2

for the cathode diffusion layer.

Catalyst inks, consisting of the appropriate amounts of
unsupported catalyst, Nafion® solution, and isopropyl alco-
hol were homogenized to disperse the catalyst. For electrode
preparation (CCScathode), the cathode catalyst ink was
sprayed onto the MPL coated 10 DA. The Pt loading was
5.6 mg cm–2 and the Nafion® ratio was 0.26.

In this paper, the ionomer ratio in the electrode was
defined as follows:

Nafion
®

ratio = MNafion®/Mcatalyst,

where MNafion® is the weight of dry ionomer and Mcatalyst is
the weight of bulk catalyst.

The anode electrodes (CCManode) were produced by spray-
ing the Pt-Ru catalyst ink on one side of the Nafion® 115. The
Pt-Ru loading was varied from 0.67 to 6.2 mg cm–2 and the
Nafion® ratio was 0.12. Also, a CCSanode electrode was made,
which was used as a reference by applying catalyst ink onto
the MPL coated 10AA. The Pt-Ru loading for CCSanode was
6.28 mg cm–2. The catalyst and Nafion® loadings of the elec-
trodes studied in this work are listed in Table 1.

The morphological characteristics of the catalyst layer
were investigated by Scanning Electron Microscopy (JEOL
JSM-6700F microscope).

The CCScathode/CCManode MEAs were obtained by press-
ing a stack of 10DA, CCScathode, and CCManode at 125 °C and
at 51 MPa. The CCScathode/CCSanode was prepared by press-
ing the CCScathode, Nafion® 115, and CCSanode under the same
conditions. The active cell area was 10 cm2.

2.2 Electrochemical Characterization

Polarization curves were recorded using Wonatech Fuel
Cell Test Stations. The MEAs were sandwiched between two
plates with serpentine flow channels. Electrical heaters and a
thermocouple were embedded in the plates for controlling
the desired operating temperature. A pump was employed to
supply the anode with 1 M aqueous methanol solution (anode
stoichiometry = 3). In fuel cell mode, the cathode was fed with
air at atmospheric pressure (cathode stoichiometry = 3). It
should be noted that at current densities below 100 mA cm–2

the methanol flow rate was set constant (0.311 ml min–1). The
cell temperature was varied in the range from 50–70 °C. As a
preconditioning step, the cell was operated at 0.4 V and 50 °C
for 2 hrs, after which a polarization curve was recorded. This

was repeated for several days. It was
found that the cell performance stabi-
lized within three days. The I-U curves
presented here were measured after
3 days of preconditioning.

EIS (electrochemical impedance spec-
tra) were recorded using an IM-6 (Zah-
ner) at 50 °C in the frequency range from
100 kHz to 100 mHz. The impedance
was measured with the cell under either
galvanostatic or potentiostatic control.

Table. 1 Main characteristics of the MEA samples.

Sample Anode Cathode

Pt-Ru /
mg cm–2

MPL /
mg cm–2

Nafion®

ratio
Carbon
paper

Pt /
mg cm–2

MPL /
mg cm–2

Nafion®

ratio
Carbon
paper

CCM1a 0.67 – 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA
CCM2a 1.74 – 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA
CCM3a 2.03 – 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA
CCM4a 3.06 – 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA
CCM5a 4.52 – 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA
CCM6a 6.2 – 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA
CCS-ref 6.28 0.26 0.12 SGL10AA 5.6 1.3 0.26 SGL10DA



The amplitude of the sinusoidal voltage signal did not exceed
5 mV. In order to separate the anode and cathode impe-
dances, the anode spectrum, when the cathode was supplied
with hydrogen, was recorded [29, 30]. In this way, it is possi-
ble to eliminate cathode contributions in the DMFC, since
proton reduction at the cathode is much faster than methanol
oxidation at the anode, therefore, the impedance contribution
from the cathode can be neglected. In this configuration, the
cathode acts as a reversible hydrogen electrode. The anode
spectra were measured using a 2-electrode setup, using the
anode and the reversible hydrogen electrode of the complete
fuel cell. DMFC cathode impedance spectra were obtained as
follows: the impedance spectrum of a complete DMFC, the
cathode operating on air, was recorded, and then the anode
spectrum was recorded as described above. The anode impe-
dance was subsequently subtracted from the total cell impe-
dance, resulting in a cathode impedance spectrum.

3 Results and Discussion

3.1 Effect of Pt-Ru Loading

The current-voltage curves of the MEAs with various
Pt-Ru loadings are presented in Figure 1. The dependence of
cell performance on Pt-Ru loading seems to vary with current
density. In the low current density regime (typically
∼ 90 mA cm–2), the voltage at a fixed current density
increased with Pt-Ru loading, but above a certain Pt-Ru load-
ing, the performance did not increase further. At relatively
high current densities (typically ∼ 300 mA cm–2), a different
behavior was found (Table 2). The power density increased
with the Pt-Ru loading up to 4.52 mg cm–2 and then it slightly
decreased at higher Pt-Ru loadings.

To take an in-depth look into how
much the electrochemical properties
change with loading, EIS recorded in the
low current region, where transport
effects are negligible, were analyzed. Fig-
ure 2a-c shows the total, anode, and cath-
ode impedance Nyquist plots with differ-
ent Pt-Ru loadings measured at
90 mA cm–2. The total impedance curves
(Figure 2a) of all the studied samples
were found to be made up of approxi-
mately 2 depressed semicircles, plus a
pseudo-inductive loop in the low fre-
quency region. At medium frequencies,
i.e., in the range between 0.04 and 0.12 X
(Re(Z)), the impedance decreases with
increased anode catalyst loading, from
1.74 to 6.2 mg cm–2, while at low fre-
quencies the opposite tendency is ob-
served. The same trend can also be found
in the anode spectra (Figure 2b). While
the low frequency region is attributed to
slow methanol oxidation [31], processes

like proton transport, water chemisorption, and charge/dis-
charge processes are faster and, therefore, occur at higher fre-
quencies. The cause of this seemingly complex loading influ-
ence, observed in the Nyquist plot, can be identified by
analyzing the Bode-plot of the anode spectra (Figure 3). The
angle and the absolute impedance graphs have a similar
shape and size, but they are shifted to lower frequencies with
increasing loading. As a result of the intersection of the
shifted curves, higher loadings show lower impedances at
medium frequencies but higher impedances at low frequen-
cies. The loading only affects the frequency dependence of an
EIS, not its general features. The underlying reason for the
frequency shift is attributed to an increase in the active area
with increasing loading. At the same current density, i.e.,
methanol oxidation rate, the oxidation rate per real active
area decreases for higher loadings. As a result, the electro-
chemical processes become slower and, hence, occur at lower
frequencies with increased loading. Therefore, the Bode plot
may be indicative of the active surface area.

Finally, Nyquist plots for the cathode do not show a clear
trend but are very close in the high and medium frequency
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Fig. 1 Effect of Pt-Ru loading on the performance of a DMFC tested with 1 M MeOH.

Table 2 Power density of the investigated MEA samples.

Sample Pt-Ru /
mg cm–2

Pt /
mg cm–2

Power density @ 0.4 V / mW cm–2

50 °C 60 °C 70 °C

CCM1a 0.67 5.6 36 53 73
CCM2a 1.74 5.6 56 77 96
CCM3a 2.03 5.6 56 80 96
CCM4a 3.06 5.6 56 78 99
CCM5a 4.52 5.6 76 97 116
CCM6a 6.2 5.6 69 92 116
CCS-ref 6.28 5.6 68 88 104



regime. The interpretation of the low frequency region may
be error-prone, since the anode EIS should also contain an
impedance effect of cathodic H2 that may distort the cathode
EIS, which is calculated by subtracting the anode from the
total EIS.

Although the steady state anode and total performance
(Table 3) of the low loading MEA (CCM2a) is inferior com-
pared to the higher loadings, indicators for this behaviour
could not be found in any impedance spectrum. Since impe-
dance spectroscopy is a dynamic investigation method,
steady state behaviour cannot be determined; this measure-
ment would take infinitely long.

Comparing the power densities at relatively high current
density (300 mA cm–2), the highest performance was ob-
served for the CCM5a sample (Pt-Ru = 4.52 mg cm–2). The
CCM6a sample, with a Pt-Ru loading of 6.2 mg cm–2,
revealed a lower power density than CCM5a, in spite of the
higher catalyst loading (Figure 1). Table 4 shows that many
studies have been reported on the effect of the Pt-Ru content,
but the best results were observed at different loadings and
operating conditions. Consequently, it is difficult to compare
the current results with published data [19, 23–27]. Never-
theless, in the study presented here, the CCM5a
(Pt-Ru = 4.52 mg cm–2) has a significantly better performance
at low temperatures, compared with the reported data.

The catalysts active sites and the active surface area of the
electrode are assumed to increase with catalyst loading,
which could reduce the activation overpotential at the anode.
On the other hand, the thickness of the catalyst layer
increases with catalyst content, and the concentration overpo-
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Fig. 2 Nyquist plots for the MEAs under investigation (T = 50 °C,
i = 90 mA cm–2): (a) total, (b) anode, (c) cathode impedance.

Table 3. EIS characterization of the MEAs.

Parameter CCM2a CCM5a CCM6a CCS-ref

Rel / X�cm2 0.168 0.164 0.177 0.184
OCV / V 0.662 0.652 0.670 0.655
Total / V (i = 90 mA cm–2) 0.431 0.461 0.459 0.472
Anode / V (i = 90 mA cm–2) 0.409 0.378 0.380 0.361
Cathode / V (i = 90 mA cm–2) 0.840 0.839 0.839 0.833

Fig. 3 Bode plots for the MEAs under investigation (T = 50 °C,
i = 90 mA cm–2): effect of anode loading on anode EIS.



tential increases due to the mass-transfer limitations of
Methanol/CO2 through the thicker catalyst layer at the anode
at high current density. The limited “penetration depth” of
the electric field is considered [32]. If the thickness of the cata-
lyst layer exceeds the penetration depth, the electrochemical
reaction predominantly takes place in the inner part of the
catalyst layer, whereas, the outer part is less active and a
further increase of the loading and layer thickness can lead to
MeOH/CO2 transfer limitations.

This means that mass transfer limitations would dominate
at a high anode loading level, but at a low catalyst content
sluggish methanol oxidation could be observed. Therefore, it
was found that an anode loading of 4.52 mg cm–2 is likely to
be a reasonable compromise between these two significant
difficulties encountered during DMFC operation.

3.2 Effect of Anode Structure

According to the SEM images of the CCManode and CCSanode

(Figure 4), it is possible to distinguish 2 levels of electrode struc-
ture:
(i) Microscopic, which is determined by the catalyst ink

properties (e.g., size of catalyst agglomerates) and the
coating technique;

(ii) Macroscopic, which is controlled by structural and textural
properties of the substrate (membrane or carbon paper).

A comparison of the CCManode and CCSanode shows that
the microscopic structures of these electrodes are the same
but significant differences are observed on the macroscopic
level. As can be seen from Figure 4, the CCManode (Figure 4a-c)
is characterized by a very dense catalyst layer on the mem-
brane surface, whereas the CCSanode (Figure 4d,e) has a struc-
ture which is strongly affected by the carbon paper. Thus,
the CCSanode is a very porous electrode, with a pore size of
10–100 lm; these pores can extend through the whole depth
of the electrode.

In order to elucidate the effect of the preparation tech-
nique, the performance of the CCM6a and CCS-ref samples,
which feature the same anode and cathode loadings, has been
compared. Table 2 shows that the power densities of the
CCScathode/CCManode MEA, containing 4.52 mg cm–2 of
Pt-Ru, are higher than observed for the CCS-ref MEA with an
anode loading of 6.28 mg cm–2. The power density of the

CCM6a only exceeds the CCS-ref performance at high operat-
ing temperatures. Figure 5 presents the I-U curves for the
MEAs at 50 and 70 °C. At low current densities the perfor-
mances of the samples are almost the same, which is also con-
firmed by EIS data, as shown in the following.

Due to the similar loading of the CCS-ref and CCM6a sam-
ple, a comparison between the impedance spectra recorded at
low current densities should clarify the electrochemical effect
of the MEA fabrication method. As discussed previously, the
CCS and CCM have completely different macroscopic struc-
tures, while showing the same microscopic morphology. In
the total EIS and the anode EIS (Figure2a,b), just a slightly
lower resistance for the CCS-ref is observed, while the cath-
ode EIS (Figure 2c) seem to be identical (low frequency

Table 4. Comparison of the data obtained with published results.

Sample MEA type Pt-Ru / mg cm–2 Pt / mg cm–2 Membrane CCH3OH / M Oxidizing agent T / °C Power density @
0.4 V / mW cm–2

CCM5a CCM 4.52 5.6 Nafion® 115 1 air 70 116
MEA [19] CCS 3.0 3.0 Nafion® 115 1 air 90 40

CCM 3.0 3.0 Nafion® 115 1 air 90 126
MEA [23] CCS 5.01 3.0 Nafion® 115 2 air 80 44
MEA [24] CCM 6.0 6.0 Nafion® 117 0.5 O2 90 160
MEA [25] CCM 7.8 7 Nafion® 117 1 air-breathing 22 12
MEA [26] CCS 3.752 1.0 Nafion® 117 2 O2 80 64
MEA [27] CCM 1.5-3.0 2.46 Nafion® 117 1 O2 75 100

1 80% (Pt-Ru)/C
2 Pt(54%)-Ru/C supported catalyst, Pt/Ru=1.5 (TEC61E54, Tanaka)

a) b)

c) d)

e)

Fig. 4 SEM images: (a), (b), (c) CCManode; (d), (e) CCSanode (Pt-Ru black
catalyst).



region not considered as discussed above). In the case where
the MEA fabrication method, and hence the macroscopic
morphology, has little effect on the anode catalyst layer per-
formance at the given current density, similar Bode plots
should be obtained. This is the case, as shown in Figure 6.
The angle and absolute impedance graphs of both MEAs are
overlapping except at high frequencies. There, the CCS-ref
sample shows a higher absolute resistance, indicating a
poorer contact between the catalyst layer and membrane
(additional artifact at angle < 0: cable inductance). Therefore,
analysis suggests that the EIS and electrochemical perfor-
mance at low current densities are dominated by the micro-
scopic structure, which seems to be identical for both MEA
fabrication methods. This explains the previously discussed
similar steady state I-U performances for the CCM and CCS
at low current densities (Figure 5, Table 2).

Table 3 shows the values of the anode and cathode
potentials during the measurements. The CCManode samples
demonstrate slightly higher cathode potentials, when com-
pared with the CCS-ref, which may serve as evidence of
decreasing methanol crossover. It seems reasonable to sug-
gest that the CCM designed anode is preferable for DMFC
applications, since this structure should reduce methanol
penetration from the anode to the cathode side. In addition,
some methanol is consumed in the outer part of the anode
layer, and as a consequence, the cathode reaction is likely to
be improved [27, 33].

Here, the I-U curves (Figure 5) show a stronger deviation,
which may be attributed to different mass-transfer character-
istics for the fabricated MEAs. As observed in Figure 4, the
macroscopic structure of the CCManode and CCSanode are
completely different. The CCManode shows a dense structure
with pore sizes below 1 lm (Figure 4a), while the supporting

carbon paper has pore sizes in the range
from 10–100 lm [34]. On the other hand,
the macroscopic structure of the CCSanode

seems to be a continuation of the carbon
paper structure on which it was sprayed.
Its pore size, as well as its structure,
strongly resembles that of the carbon
paper. This difference in structure should
have an effect on the mass transfer charac-
teristics, especially if two-phase flow is
present. As observed by Scott et al. [35] and
Lu et al. [34], the CO2 gas evolution pattern
at the surface of a DMFC anode DL
strongly depends on the structure and mor-
phology of the applied carbon paper. Cells
using carbon paper generated large CO2

bubbles, which formed large and discrete
gas slugs in the channel, and the more
homogeneously structured carbon cloth
produced relatively small gas bubbles,
which detached more easily. An analogy
can be drawn to this for the influence of the
macroscopic morphology of a catalyst

layer. In principle, three different kinds of anode structures
exist, as illustrated in Figure 7. First, a dense anode with
pores much smaller than in the DL (left), which was found
for the CCM anodes presented here. Secondly, a porous
anode, which has a structure that differs from that of the
carbon paper (middle). Finally, a porous anode, where the
DL structure continues (right). The latter is observed for the
CCSanode. At low currents, only a small amount of CO2 is gen-
erated and the gas accumulates in the outer part of the DL,
where the bubbles grow and finally detach into the channel.
The influence of CO2 bubbles aggregating in the DL on the
catalyst layer performance may be assumed to be negligible,
since CO2 removal is sufficiently fast (Figure 7a). In contrast,
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i = 90 mA cm–2): effect of anode preparation method on anode EIS.



at high currents, where vast amounts of CO2 are generated,
the periodic removal of CO2 from the DL should lead to an
increased accumulation of gas in the DL, leading to a CO2

holdup. Here, a dense anode catalyst layer poses a strong
resistance to the penetration of large CO2 bubbles (Figure 7b,
left). A similar behaviour might be expected for the porous
anode catalyst layer with a macroscopic structure differing
from the DL. The location and shape of the pores do not con-
tinue at the interface (Figurte 7b, middle). In contrast to this,
since the pore shape, as well as the pore location, is continu-
ous from the DL to the catalyst layer for the CCS type MEAs,
the anode catalyst layer should exhibit only a small CO2

penetration resistance. As a result, the CO2 holdup at high
currents may lead to decreasing mass transfer in the CCS
design and, hence, to the observed lower IV performance at
higher currents. More drastically this phenomenon is pro-
nounced at the highest operating temperature, 70 °C (Fig-
ure 5). Here, more gaseous CO2 is present due to the lower
solubility of CO2 in water.

4 Conclusions

In this paper, the effects of the anode loading and anode
fabrication technique (CCM or CCS) on DMFC performance
were investigated. It was shown that the application of a
CCM method for anode manufacture demonstrated higher
performance in comparison with the CCS method. The power
density of the combined CCManode/CCScathode MEA was
higher than for the CCS MEA and can reach 116 mW cm–2 at
70 °C and a Pt-Ru loading of 4.52 mg cm–2. The main differ-
ence in the performance of the CCManode/CCScathode MEA

and CCS MEA was observed in the high
current density region, where two-phase
(methanol solution/CO2) flow was pres-
ent and mass transfer processes started
to become influential. According to SEM
data, the CCManode and CCSanode fea-
tured different macroscopic structures,
while showing the same microscopic
morphology. The CCSanode seemed to be
a continuation of the porous carbon
paper structure on which it was sprayed.
In contrast to this, the CCManode had a
relatively dense structure. It was sug-
gested that the combination of the
CCManode and DL could provide a more
homogeneous removal of CO2 at high
currents, while for the CCSanode CO2

holdup in the catalyst layer could be
expected. This may result in reduced
mass transfer and lower power densities.
The application of the CCManode with
optimal anode loading seemed to
improve anode mass transfer, reduce

methanol crossover, and enhance the electrochemical reac-
tions. Therefore, the CCM design of the MEA is likely to be a
promising way to enhance DMFC performance.
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