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bstract

The methanol crossover and other mass transfer phenomena have been investigated in a free-breathing direct methanol fuel cell (DMFC).
he current distribution profile along the MeOH flow channel was measured and information of local concentrations of the reacting species was
btained. The DMFC with a segmented cathode was found to be very useful for a detailed analysis of the interrelated parameters, which cause the
ocal variations of the cell current. The connections between different operating parameters were clarified in detail for two different membranes.
he measurements were done for both an experimental poly(vinylidene fluoride)-graft-poly(styrene sulfonic acid) (PVDF-g-PSSA) membrane
nd the commercial Nafion®117 membrane, which have different methanol permeabilities. The MeOH concentration and the flow rate were varied
n a wide range in order to determine their optimum values. The deviations from an even current density distribution were observed to increase as
function of MeOH concentration and decrease as a function of temperature. The power production of a free-breathing DMFC was observed to be
roportional to the local oxygen concentration at the cathode side and inadequate air convection together with the MeOH crossover phenomenon

as observed to decrease the cell performance locally.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The direct methanol fuel cell (DMFC) is a polymer electrolyte
uel cell (PEFC), where the anode reactant is a liquid mixture
f methanol and water. The use of methanol gives some advan-
ages compared to the hydrogen systems: the storage of fuel is
asier and the systems can have a simpler structure. Methanol
as a higher energy density than hydrogen, according to Ref.
1]: MeOH: 17 × 109 J m−3 (100 wt.%, 25 ◦C), H2: 0.6 × 109 J
−3 (6.9 × 106 Pa, 25 ◦C). Because of simplicity, space sav-

ng and economical reasons, some applications of DMFC (e.g.
ortable electronics) will probably be so-called passive-feed
MFC, completely free-breathing without any external pumps.
In order to achieve optimum performance values for the
MFC, it is important to have an even current and temperature
istribution inside the fuel cell. This can be achieved, when the
oncentrations of the reactants have optimum values. In many
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ases the goal of the fuel cell development is also to achieve an
ven current density profile under a variety of operating condi-
ions. As a consequence, current distribution measurements are
ery valuable for the better understanding of the complex rela-
ionships between different variables and operating parameters
f the DMFC. The areal variations of the cell current give in-
ormation on local concentrations of reacting species and mass-
ransfer phenomena, which are occurring inside the fuel cell.
uring recent years, current distribution measurements have
een used in many PEFC [2–11] and DMFC [12–15] studies
nd various experimental techniques have been developed.

A printed circuit board approach with segmented current col-
ector and flow field has been used by Cleghorn et al. [2] and a
artial membrane electrode assembly (MEA) method, where the
ctive cathode area was varied, by Stumper et al. [3]. Wieser et al.
4] used a magnetic loop current sensor approach (Hall sensors)
nd Eckl et al. [11] a segmented bipolar plate approach. In most

f the studies the cathode has been segmented, but sometimes the
node [8,9]. Gülzow et al. [12] have studied differences in differ-
nt MEAs (originating from the manufacturing process) with a
egmented DMFC (16 segments) and Geiger et al. [15] have also

mailto:vss@cc.hut.fi
dx.doi.org/10.1016/j.jpowsour.2006.09.016
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ade segmented DMFC measurements (9 segments) conclud-
ng that the current distribution is highly dependent on the O2
oncentration. The current distribution can also be analyzed with
ther data, e.g. localized impedance measurements [16], water
istribution measurements [14] or distribution measurements of
aseous species (H2O, H2, O2, N2) [10]. In the catalyst studies,
he array MEAs have been used as catalyst screening devices
13] and for the analysis of the local catalyst poisoning [17].

In the case of the DMFC, the methanol crossover (methanol
ermeability through the membrane) is a very dominating
henomenon [18] and it has been investigated widely [19–30].
owever, most of these studies have been done without current
istribution measurements. The methanol permeated from
node to cathode poisons the Pt catalyst and causes mixed
otentials, which decrease the fuel cell performance [31,32].
he DMFC with a segmented cathode can provide very detailed

nformation on the concentrations of reacting species, in which
art of the DMFC most of the current is produced and how
uch the MeOH crossover phenomenon decreases the cell

erformance locally. All of those phenomena are not seen, if
nly the total cell current is measured. From the engineering
spect, it is possible to see with a segmented DMFC, how the
ifferent MeOH flow rates affect cell performance and what
s the lowest adequate MeOH flow rate (and stoichiometry),
or which the performance of the DMFC is not yet MeOH
ass-transfer limited. From the theoretical aspect, many fuel

ell models [33–35] have been developed during recent years,
ut most of the model validations have only been done with
olarization curves [35]. The current distribution data could
lso be useful for the verification of the fuel cell models.

In this study, the main goal was to investigate the mass-
ransfer phenomena and especially MeOH crossover in the
MFC. Also, the connection between MeOH concentration and
ow rate was studied in order to find their optimum values. Dur-

ng the measurements, the DMFC was operated with free air
onvection at the cathode side. The cathode flow field plate was
ivided into 48 segments and the current distribution was mea-
ured with a resistor network. Similar approach has been used in
EFC studies by Noponen et al. [5,6]. The current distribution
easurements were done as a comparative study between an

xperimental poly(vinylidene fluoride)-graft-poly(styrene sul-
onic acid) (PVDF-g-PSSA) membrane and the commercial
afion®117 membrane. These membranes were selected, since

hey have different performance values and MeOH crossover
ates in the DMFC. The Nafion®117 membranes have been used
idely in DMFC studies [12,19–21,23,27,36–38] and they have

he lowest MeOH crossover rate of the commonly used Nafion®

embranes [38]. The experimental PVDF-g-PSSA membrane
as been characterizated with other methods in previous studies
28,39–41].

. Experimental
.1. The segmented free-breathing DMFC

The current distribution measurements were done with a seg-
ented free-breathing direct methanol fuel cell and the flow field

a
s
p
e

ig. 1. The DMFC anode flow field plate (left) and the segmented free-breathing
athode (right).

lates used are presented in Fig. 1. The cell was aligned so that
here was a free vertical convection of air upwards in the cell. The

easurement system is slightly modified from the one, which
s described in detail elsewhere [5]. In this study the cell was
sed as a DMFC, whereas in Ref. [5] the fuel cell was used as a
EFC with a hydrogen feed. Also the used membrane electrode
ssemblies were different and the anode flow field plate was de-
igned to be convenient for the DMFC measurements. During
he measurements the MeOH solution was pumped to the anode
ith a Reglo-CPF pump (Ismatec). The anode flow channel ge-
metry was serpentine and the MeOH flow direction was mainly
ertical. The cathode segments were located between two par-
llel serpentine flow channels. With that disposition the current
ensity variations can be studied along the MeOH flow channel.
he anode channel is illustrated in Fig. 2 and the locations of the
athode segments are also shown in the same figure. The MeOH
olution was pumped into the flow channel from the bottom left
orner and outflow was from the bottom right corner.

The cathode flow field plate was segmented in 48 pieces: 4
orizontal rows and 12 segments in every row. The segmenta-
ion was not extended to the gas diffusion layer (GDL), only
he current collector was segmented. Noponen et al. [5] also es-
imated and modeled the effect of a non-segmented GDL and
oncluded that the current density distribution can be measured
ith reasonable accuracy, even if the GDL is not segmented.
he segments were made of gold plated stainless steel and their
ontact force against the GDL could be individually adjusted.
very current collector pin was connected to a 0.1 � resistor.
he current density values ii,j can be then calculated according

o Eq. (1) from the voltage values ui,j , which were measured
ver the resistors:

i,j = ui,j

ai,jR
(1)

here ii,j is the local current density, ui,j the measured volt-

ge over the corresponding resistor, ai,j the effective area of the
egment and R is the resistance. Subscripts i and j refer to the
lacement of the current collector pin. It was assumed that the
ffective sizes of each segments were equal (ai,j = 25 cm2/ 48
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CH OH + H O −→ CO + 6H + 6e (3)
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Fig. 2. The anode flow field plate and the locations of the cathode segments.

0.52 cm2). This was not exactly true, since the effective ar-
as of the segments were slightly smaller near the edges of the
ell. Also, the contacts between the pins and the GDL were not
xactly equal, even though they were adjusted to be as equal as
ossible.

The voltage drops over the resistors were measured with
P34901A multiplexer cards connected to a HP34970A data

ogger. During the measurements the cell was operated at steady
tate conditions (in constant current mode) and since only one
hannel was measured at a time (measurement time was about
.1 s), it took approximately 5 s to measure all the segments once.
he 5 s measurement sequence was followed by a 10 s rest period
nd the current distributions were calculated as a mean value of
t least 10 sequences.

.2. Membranes and electrodes

The PVDF-g-PSSA membrane was made of poly(vinylidene
uoride) film by an irradiation method followed by grafting with
tyrene monomers. Then the film was sulfonated in chlorosul-
onic acid/dichloroethane solution. A tentative chemical struc-
ure of the PVDF-g-PSSA membrane is presented in Fig. 3.
he manufacturing process and the main properties of the
VDF-g-PSSA membrane are described in more detail else-
here [28,39–41]. The PVDF-g-PSSA membrane was soaked
n ion exchanged water before the hot-pressing of the MEA.
The Nafion®117 membrane was pretreated before hot-

ressing by boiling it 0.5–1 h in a 5% H2O2 solution, then boiling
t three times for 0.5–1 h in ion exchanged water, then 0.5– 1 h

i
(

able 1
he properties of the examined membranes

Thickness dry (�m) Thickness wet (�m) W

PVDF-g-PSSA 70 90 8
Nafion®117 180 210 2
Fig. 3. A tentative chemical structure of the PVDF-g-PSSA membrane.

n 0.5 M H2SO4 and finally again three times for 0.5–1 h in ion
xchanged water. The main properties of the PVDF-g-PSSA and
he Nafion®117 membranes are presented in Table 1. Conduc-
ivities of the examined membranes were of the same magni-
ude, but Nafion®117 was much thicker than PVDF-g-PSSA. In
his study, the degree of grafting (DOG) of PVDF-g-PSSA was
9%. Even higher conductivity values (up to 8.0 S m−1 at 20 ◦C)
ave been reported [39] for PVDF-g-PSSA with higher DOG
alues, but then the stability of the membrane in the fuel cell
ecreases. Kallio et al. [28] have measured MeOH diffusion co-
fficients in PVDF-g-PSSA, which were about 30% of the corre-
ponding values of Nafion®115 (l = 130 �m) in a temperature
ange of 30–70 ◦C. On the other hand, since the PVDF-g-PSSA
embrane was about 50% thinner than the Nafion®115 mem-

rane, almost equal MeOH permeation rates have been mea-
ured through these membranes [28]. As a consequence, since
afion®117 is 50 �m thicker than Nafion®115, the MeOH per-
eation rate through PVDF-g-PSSA is somewhat higher than

hrough Nafion®117.
The electrodes (A = 25 cm2) were commercial gas diffu-

ion electrodes (E-TEK): cathode: 2.0 mg cm−2 Pt Black, an-
de: 2.0 mg cm−2 [Pt–Ru]Ox unsupported. Before hot-pressing
he electrodes were coated with a Nafion solution (0.5–
.8 mg cm−2) (Aldrich) and kept in 0.5 M H2SO4 for 12 h in
rder to exchange the Nafion coating into protonic form. After
he pretreatment the MEAs were hot-pressed: PVDF-g-PSSA:
20 s 100 kPa 120 ◦C, Nafion®117: 120 s 100 kPa 140 ◦C.

.3. Measurement parameters: theoretical and practical
spects

The governing electrochemical reactions in the DMFC are

3

2
O2 + 6H+ + 6e− −→ 3H2O (2)

+ −

3 2 2

Reaction (2) is the main DMFC cathode reaction and result-
ng from the MeOH crossover phenomenon, the anode reaction
3) will also occur at the cathode. When the MeOH crossover

U (%) DOG (%) IEC (mequiv g−1) σ (25 ◦C) (S m−1)

5 39 2.5 4.5
0 – 0.9 5.0
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ate through the membrane is low, reaction (2) is dominating at
he cathode. But if the MeOH concentration is increased at the
node side, the MeOH crossover rate will also increase. Because
f the permeated MeOH and MeOH consumed in anode reac-
ions, there will be a MeOH concentration profile along the flow
hannel. The shape of this profile also depends on the MeOH
ow rate and the membrane properties (MeOH and water up-

ake, conductivity, etc.). If the DMFC is operated with a rela-
ively high constant current and with a low MeOH concentration
nd flow rate, most of the MeOH is consumed at the anode. As
consequence, there is only a low amount of MeOH left, which
an permeate through the membrane and react at the cathode.

On the contrary, if the DMFC is operated with a low cell cur-
ent, the MeOH crossover rate will be high. That leads further
n to decreased performance values, resulting from the CO poi-
oning of the cathode catalyst. Also, the incomplete oxidation
f methanol and other side reactions will lead to mixed poten-
ials and cause that the measured open circuit voltage (OCV) in
he DMFC is much lower than the theoretical value 1.21 V. The
athode Pt catalyst is more vulnerable for CO poisoning than the
node Pt–Ru, where the adsorbed OH groups on ruthenium en-
ance significantly CO removal and CO2 formation [42]. The
O poisoned Pt cathode will remain covered with CO, unless

he temperature or potential are raised to cause the thermal des-
rption or oxidation of CO molecules [31].

High mass transfer overpotentials can exist in a free-breathing
MFC, even at relatively low current densities. That is result-

ng from an inadequate air flow towards the cathode and a slow
vaporation of water, which is produced in reaction (2). The
erformance values of the DMFC are affected a lot by the cell
emperature [36,43] and when it is increased, also the reaction
ates at both electrodes will increase. The well-known observa-
ion (at temperatures below 100 ◦C) is that the maximum power
ensities of the DMFC will increase as a function of temperature,
ainly as a result of the increased catalytic activity (decreased

ctivation overpotential). On the other hand, much of this gain
s lost by the fact that the MeOH permeability also increases as
function of temperature [28].

In this study, the measurements were done using 0.5, 1, 3, 5
nd 10 M MeOH solutions and the MeOH flow rates were also
aried in a wide range from 3.3 × 10−9 to 130 × 10−9 m3 s−1. If
complete MeOH oxidation is assumed at the anode, the MeOH
toichiometry λ can be calculated according to Faraday’s law of
lectrolysis:

= nFV̇ c

Icell
(4)

here n is the number of electrons (6), F the Faraday’s constant,
˙ the MeOH flow rate, c the MeOH concentration and Icell is
he measured cell current. The MeOH stoichiometry was varied
n a wide range from 3 to 2500. As an example, at a current
ensity of 120 A m−2 and a flow rate of 3.3 × 10−9 m3 s−1, the
toichiometries, which correspond to the MeOH concentrations

f 0.5, 1, 3, 5 and 10 M are 3, 6, 19, 32 and 64, respectively.

The current distribution measurements were made with both
VDF-g-PSSA and Nafion®117 in similar conditions. Since the
sed temperature and the cell current affects the MeOH utiliza-

r
a
t
D
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ion rate and the above mentioned phenomena, the measure-
ents were done at three different cell temperatures (30, 50 and

0 ◦C) and using different current densities. Most of the cur-
ent measurements were done using average current densities of
20, 320 and 520 A m−2. Those values were selected, since they
ere the most suitable to be used at all operating conditions (two
embranes, three cell temperatures, five MeOH concentrations,

hree MeOH flow rates).

. Results and discussion

.1. Performance comparison between PVDF-g-PSSA and
afion®117 membranes

Generally, when the best performance values were measured,
he current density distribution was even. The deviations from
hat even current density distribution increased as a function of

eOH concentration. Also, since the DMFC was free-breathing,
t was observed at higher current densities and especially at lower
emperatures that the air (oxygen) convection towards the cath-
de was inadequate. As a consequence, when the cell was op-
rated with a very high current, almost all of the cell current
as produced at the 12 lowest cathode segments. The air con-
ection was inadequate towards the higher segments and very
ow current density values were measured, especially from the
egments near the upper edge.

The polarization curves for PVDF-g-PSSA and Nafion®117
t 30 and 70 ◦C are presented in Fig. 4 (1 M MeOH, 17 ×
0−9 m3 s−1). Although the proton conductivities of both the
xamined membranes were quite similar, the measured max-
mum power densities of PVDF-g-PSSA were 20–50% lower
han the corresponding values of Nafion®117. The main reason
or that was probably the higher MeOH crossover rate through
he PVDF-g-PSSA membrane. There were also structural dif-
erences between the membranes and it is presumable that the
ontact between the electrodes and the PVDF-g-PSSA mem-
rane was not as good as with Nafion®117. Both electrodes were
oated with Nafion® solution and resulting from the material
roperties, the maximum hot-pressing temperature for PVDF-
-PSSA was only 120 ◦C.

The open circuit voltage and maximum performance values
f PVDF-g-PSSA and Nafion®117 at low MeOH concentra-
ions (0.5–3 M) were more similar than at higher concentra-
ions (5–10 M). That observation validates also that the MeOH
rossover rate through the PVDF-g-PSSA membrane was higher
han through the Nafion®117 membrane. Only very low aver-
ge current densities could be used with a MeOH concentra-
ion of 5 M or higher. The current density distributions with 5

MeOH for Nafion®117 and PVDF-g-PSSA at 70 ◦C are pre-
ented in Fig. 5. The average current density was 120 A m−2 and
MeOH flow rate was 17 × 10−9 m3 s−1, which corresponds to

he MeOH stoichiometry of 160. The corresponding cell volt-
ges for Nafion®117 and PVDF-g-PSSA were 280 and 50 mV,

espectively. Since the cell voltage was higher with Nafion®117,
lso the power density was higher and a larger proportion of
he current was produced at the lowest segments. When the
MFC was operated with the same parameters except with a
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ig. 4. The polarization curves in the DMFC for PVDF-g-PSSA and Nafion®117
t 30 and 70 ◦C (1 M MeOH).

ower MeOH concentration, the current distributions were more
ven and similar for both of the membranes. The difference in the
ell voltage was also smaller, e.g. with 1 M MeOH: Nafion®117:
20 mV, PVDF-g-PSSA: 380 mV.

The highest power densities for Nafion®117 and PVDF-g-
SSA were measured with 1 M MeOH solution at all cell tem-
eratures used (30, 50 and 70 ◦C). The observation concerning
afion®117 was similar to what has been reported in other stud-

es [21,36]. When the MeOH concentration was increased to
M or higher, the cell performance decreased and that was seen
gain as a more uneven current distribution. The performance
ecrease with higher MeOH concentrations was mainly caused
y the MeOH crossover phenomenon, which lowers the cell volt-
ge and with the segmented DMFC this can also be observed
s a change in the shape of the current distribution. An exam-
le of performance decrease is presented in Fig. 6: two current
ensity distributions for the Nafion®117 membrane at 70 ◦C.

hen the MeOH concentration was 0.5 M, the current distri-

ution was very even, whereas with a 10 M MeOH solution,
ost of the cell current was produced at the lowest segments.
uring those measurements, the DMFC was operated with an

p
w
m
o

ig. 5. The measured current distributions for Nafion®117 (left) and PVDF-g-PSSA
oncentration was 5 M and the flow rate 17 × 10−9 m3 s−1.
Sources 163 (2007) 768–776

verage current density of 120 A m−2 and a MeOH flow rate
f 17 × 10−9 m3 s−1. The MeOH stoichiometries for 0.5 and
0 M MeOH were 16 and 320, respectively. When the MeOH
oncentration was increased from 0.5 to 10 M, the cell voltage
ecreased from 540 to 150 mV.

The lowest adequate MeOH stoichiometry, for which the per-
ormance of the DMFC was no longer MeOH mass-transfer lim-
ted, was also measured at different temperatures. In most cases,
MeOH flow rate of 17 × 10−9 m3 s−1 was high enough to give
ood performance values. Increasing the stoichiometry above
was useful only, when the DMFC was operated at very high

urrent densities.

.2. The effects of MeOH concentration and stoichiometry

During the measurements, the DMFC with a segmented cath-
de was found to be a very convenient tool for investigation of
real relations between the MeOH concentration and the flow
ate. An example: when the current distribution measurements
ere done for the PVDF-g-PSSA membrane with an average

urrent density of 320 A m−2 at 70 ◦C, the cell voltage variations
epending on the MeOH flow rate, were for 1 and 3 M MeOH so-
ution 190–260 and 20–270 mV, respectively. The highest volt-
ge values were measured at flow rates of 17 × 10−9 m3 s−1

1 M MeOH) and 3.3 × 10−9 m3 s−1 (3 M MeOH). The mea-
ured current density distributions for 1 M MeOH with flow rates
f 3.3 × 10−9 and 17 × 10−9 m3 s−1 are presented in Fig. 7.
hen the flow rate was 3.3 × 10−9 m3 s−1, which corresponds

o a stoichiometry of 2.4, it was clearly seen that MeOH was run-
ing out in the end of the flow channel. There was a decreasing
urrent density profile towards the MeOH outflow (bottom right
orner) in a horizontal direction (from left to right). Whereas
ith a flow rate of 17 × 10−9 m3 s−1, which corresponds to a

toichiometry of 12, the current distribution was even and good

erformance values were measured. When the MeOH flow rate
ith 1 M MeOH was increased from 17 × 10−9 to 130 × 10−9

3 s−1 (to a stoichiometry of 96) no remarkable changes were
bserved in the current distribution.

(right) with an average current density of 120 A m−2 at 70 ◦C. The MeOH
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Fig. 6. The measured current density distributions for the Nafion®117 membrane with an average current density of 120 A m−2 at 70 ◦C, MeOH flow rate was
17 × 10−9 m3 s−1 and concentrations 0.5 M (left) and 10 M (right).

Fig. 7. The measured current density distributions for the PVDF-g-PSSA membrane with an average current density of 320 A m−2 at 70 ◦C: flow rates of 1 M MeOH:
3.3 × 10−9 m3 s−1 (left) and 17 × 10−9 m3 s−1 (right).

Fig. 8. The measured current density distributions for the PVDF-g-PSSA membrane with an average current density of 320 A m−2 at 70 ◦C: flow rates of 3 M MeOH:
3.3 × 10−9 m3 s−1 (left) and 17 × 10−9 m3 s−1 (right).
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ig. 9. The measured maximum power densities for the PVDF-g-PSSA mem-
rane at 70 ◦C.

An example of current distribution measurement, where a
elatively low MeOH flow rate was combined with relatively
igh MeOH concentration, is presented in Fig. 8. The compar-
son between current distributions in Fig. 8 is similar to that in
ig. 7, but now the MeOH concentration is 3 M instead of 1 M.
n the case of the flow rate of 3.3 × 10−9 m3 s−1, which corre-
ponds to the total stoichiometry of 7, the contrary behavior than
ith 1 M MeOH was observed: the current densities increased

long the MeOH flow channel and the highest current densities
ere located at the very end of the MeOH flow channel. This

an be explained with the decrease of MeOH concentration. The
lectrochemical oxidation of MeOH takes place and due to the
ow MeOH flow rate, the MeOH solution diluted and its con-
entration approached the optimum value towards the end of the
ow channel. Resulting from the decreased MeOH concentra-

ion, also the MeOH crossover rate was lower at the end of the

ow channel.

When the flow rate of 3 M MeOH was increased from
.3 × 10−9 to 17 × 10−9 m3 s−1 (to a stoichiometry of 36),
he cell voltage decreased over 200 mV and a steep decrease

t
u
n
−

ig. 10. The measured current density distributions for the Nafion®117 membrane w
.3 × 10−9 m3 s−1 (left) and 17 × 10−9 m3 s−1 (right).
Sources 163 (2007) 768–776

n current densities was observed in a vertical direction. Most
f the current was produced at the 12 lowest cathode seg-
ents. This can be explained again with the MeOH crossover

nd a limited oxygen mass-transport to the cathode. When the
ow rate with 3 M MeOH was increased from 17 × 10−9 to
30 × 10−9 m3 s−1 (to a stoichiometry of 290), the decrease in
urrent densities in a vertical direction was even higher, but the
hape of the current distribution was still the same.

The measured maximum power densities for the PVDF-
-PSSA membrane with 1 and 3 M MeOH feed as a function
f MeOH flow rate are presented in Fig. 9. When the MeOH
oncentration was 1 M or less, the MeOH crossover was minor.
t low flow rates, the MeOH stoichiometry was too low for

he optimal performance. On the contrary, no significant im-
rovement of maximum power density was obtained at higher
ow rates than 17 × 10−9 m3 s−1. When 3 M MeOH solution
as used and the flow rate was low, the MeOH concentration
ecreased along the flow channel and relatively high power
ensities were measured. Whereas increasing the flow rate to
7 × 10−9 m3 s−1 or higher, the MeOH crossover became dom-
nating and that was seen as a dramatic decrease in the power
ensity.

During the measurements, it was observed that the current
ensities can vary significantly inside the DMFC and in some
ases even negative currents were measured. This can happen,
hen the MeOH crossover rate is relatively high and the cell

s operated with relatively low current densities. An example of
egative cell currents is presented in Fig. 10: two current distri-
utions for the Nafion®117 membrane with an average current
ensity of 120 A m−2 at 70 ◦C . The flow rates of 3 M MeOH
ere 3.3 × 10−9 and 17 × 10−9 m3 s−1 and the corresponding
eOH stoichiometries were 19 and 96, respectively. At left

n Fig. 10, the current densities were negative near the MeOH
eed, since the electrochemical oxidation of MeOH according

o Eq. (3) was dominating at those cathode segments. In the
pper left corner of the same figure, there were two segments
ext to each other, where the local current densities were about
80 and 80 A m−2. That corresponds to a potential difference

ith an average current density of 120 A m−2 at 70 ◦C: flow rates of 3 M MeOH:
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f 0.8 mV between those segments. Since the actual cell voltage
as 510 mV, the corresponding local potentials (after 0.1 �

esistors) were 509.6 and 510.4 mV. As a general observation,
hen the local current density values ii,j were calculated

ccording to Eq. (1), the differences between measured local
otential values ui,j were typically about 1–3 mV.

In the case of MeOH flow rate of 3.3 × 10−9 m3 s−1 (at left
n Fig. 10), the currents increased along the flow channel. Re-
ulting again from the low MeOH flow rate, MeOH concentra-
ion decreased and approached an optimum value towards the
nd of the flow channel. The cell voltage decreased from 510 to
60 mV, when a MeOH flow rate was increased from 3.3 × 10−9

o 17 × 10−9 m3 s−1. In the latter case, the MeOH flow rate and
toichiometry were so high that no remarkable decrease of con-
entration happened along the flow channel. As can be seen at
ight in Fig. 10, most of the current was produced at the 12 low-
st cathode segments and there was a steep decrease of current
ensities in a vertical direction. The shape of that current dis-
ribution was quite similar to what was measured for PVDF-g-
SSA (presented at right in Fig. 8). When similar measurements
s in Fig. 10 were done with using an average current density of
20 A m−2 instead of 120 A m−2, the shapes of the current dis-
ributions were quite similar, except that the currents remained
lso positive near the MeOH input. This indicates that the higher
eOH utilization at the anode side decreases the influence of
eOH crossover.

. Conclusions

The DMFC with a segmented cathode current collector can
e used effectively for finding the parameters for the best fuel
ell performance and an optimal MeOH utilization (stoichiom-
try). Since the power production of the free-breathing DMFC
s proportional to the oxygen concentration at the cathode side,
nadequate air convection leads to uneven current distribution.
specially with low cell voltages, the mass-transport to the cath-
de was dominating and that was seen during the current dis-
ribution measurements as a steep decrease in current densities
n a vertical direction: most of the current was produced at the
2 lowest cathode segments. Generally, when the cell tempera-
ure was increased, also the cell performance increased and the
urrent distributions became more even. That can be explained
ainly as an increased air convection and decreased activation

verpotentials at the electrodes. The deviations from the even
urrent density distribution were also observed to increase as a
unction of MeOH concentration, resulting from the increased

eOH crossover rate.
Because the areal variations in the cell current give in-

ormation of local concentrations of reacting species and
ther mass-transfer phenomena, the complicated connections
etween different operating parameters can be clarified in a
ery convenient way. It can be observed immediately during
he fuel cell testing, in which part of the DMFC most of the

urrent is produced, how even the current distribution is, what
he current distribution is along the MeOH flow channel and
ow much the MeOH crossover phenomenon decreases the
ell performance locally. That information can be used for fuel

[

[
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ell modelling and it is also valuable from the view point of
embrane and electrode development.
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