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Summary 

The influence of the cathode flow field properties on the water distribution and 

performance of direct methanol fuel cells (DMFCs) was studied. All 

measurements were performed with DMFC stack cells (A = 314.75 cm²). The 

local and temporal water distributions in the flow field channels during DMFC 

operation were visualized by means of through-plane neutron radiography. 

Current and temperature distributions were measured simultaneously by the 

segmented cell technology. Additionally, the time-dependent current 

distribution, cell performance and pressure drop were measured. Cathode flow 

field designs with channel and grid structures were compared. The cathode 

flow field channels were either impregnated by hydrophobizing or 

hydrophilizing agents or used as received. It turned out that hydrophobized 

and partially also untreated flow fields cause large water droplets in the 

cathode channels. The water droplets cause a blocking of the air flow and 

consequently a lower and more unstable (fluctuating) performance, less steady 

current and temperature distributions and higher pressure drops between 

cathode inlet and outlet. Because of their two-dimensional design, grid flow 

fields are less prone to water accumulations. The best results are achieved with 

a hydrophilized grid flow field which has a channel depth and width of 1.5 mm 

each (‘C-GR15’).  

 

1. Introduction 

In direct methanol fuel cells (DMFCs), the amount of water on the cathode 

side is considerably higher than in hydrogen-powered polymer electrolyte fuel 

cells (PEFCs). Not only does the product water accumulate, but additional 

water and methanol permeate from the anode through the membrane to the 

cathode. A part of the water evaporates and is carried away by the flowing gas. 

The remaining liquid water is transported through the pores of the catalyst and 
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diffusion layer until it reaches the flow field channels and from there, it is also 

removed by the air flow. 

Unfavorable wetting properties and flow conditions can cause flooding in the 

functional layers and flow channels that can complicate the oxygen transport 

and prevent a stable cell operation [1-9]. In the literature, the impact of various 

surface properties on droplet movement and water transport are discussed [7, 

10-17]. Similar to rough surfaces, micro-structured surfaces can exhibit a 

wicking effect whose degree of intensity depends on the design [11]. Droplets 

with a larger contact angle offer a larger cross-sectional area than droplets with 

a smaller contact angle and, for this reason, films can be moved more easily. 

However, larger contact angles resulting from a hydrophobic gas diffusion 

layer (GDL) have a positive effect at high air ratios only [13]. According to 

Ref. [14], while channels with hydrophobic coating contain more water in 

total, the accumulations are more numerous and smaller and permit a better 

cell performance at high current densities. According to Ref. [15], a 

hydrophobic land area of the flow field favors water transport from the GDL. 

In the same way, hydrophilic channel surfaces cause lower accumulations of 

water within the GDL [16]. In both cases, the improved water removal can be 

attributed to different degrees of wettability in the channels and below the 

lands because on surfaces with a gradient of wettability droplets can move 

from hydrophobic to hydrophilic even against gravity [17]. One of our recent 

studies revealed that especially at low air stoichiometry (λair = 2) hydrophilic 

cathode flow fields are advantageous with regard to higher power densities, 

the suppression of local current fluctuations and the substantial reduction of 

the pressure drop along the cathode channels [8]. 

Owing to the high sensitivity of neutron radiation to hydrogen-rich 

compounds, neutron radiography is a suitable method for studying water 

accumulations in fuel cells and is now an established technique in the area of 

PEFCs [18-23] Using radiography, the water layer thickness in the direction of 
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the beam can only be detected two-dimensionally. This is why two different 

viewing directions are used: The neutron radiation hits the measuring cell 

either from the front (through-plane) [24-26] or from the side (cross-section) 

[19, 27-31]. 

The through-plane viewing direction provides an overview over the entire 

electrode surface [25, 26, 30, 32-47]. The impact of operating parameters, 

material and flow field geometry on the water distribution and performance 

properties can be studied. For surface areas up to 100 cm
2
, the spatial 

resolution usually ranges between 100 µm and 250 µm. Dynamic processes 

can also be tracked to a limited extent with exposure times between 10 s and 

30 s. If the geometries of the anode and cathode channels differ such that they 

are not or are only slightly superimposed in the projection, a distinction can be 

made between liquid water in the channels of the anode and cathode side [34]. 

In combination with simultaneous optical observation by means of transparent 

flow fields, information can also be obtained about the fraction of water in the 

layers of the MEA [40]. If at the same time the current density distribution is 

measured via the electrode surface this can be correlated with the water 

distribution [26]. Vertical separation can be used to directly compare the 

effects of different material properties on the water distribution. This means 

that it is possible, for example, to analyze two different diffusion layers next to 

each other [45]. 

Previous studies on DMFCs were limited to the impact of the flow velocity 

and direction on the accumulation of carbon dioxide in the anode channels 

[48-50]. 

In spite of its restrictions with respect to availability and temporal and spatial 

resolution, neutron radiography has a number of advantages. As in PEFCs, the 

fluid distribution in DMFCs can be analyzed in largely unmodified common 

cells during operation. Doing this, it is possible to either view entire electrode 

surfaces in the through-plane viewing direction or study processes in 
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individual MEA layers and flow field channels in a cross-sectional viewing 

direction. A combination of neutron radiography with current density 

measurements permits a correlation to be drawn between liquid distribution 

and current density distribution and is especially promising [7, 8]. 

The goal of this work is to use combined neutron radiography and spatially 

resolved current density measurements for studying the influence of 

hydrophilic and hydrophobic properties of cathode flow fields in large DMFC 

stack cells on the water distribution and water discharge in the cathode flow 

field channels, the cell performance and temporal fluctuations of performance. 

A cell design and neutron radiography set-up is presented which allows for a 

simultaneous investigation of complete, large stack cells (A ≈ 315 cm²) by 

neutron radiography and spatially resolved current density measurements.  

 

2. Experimental 

2.1. Cell design 

The cell design used for this experiment offers the opportunity to reproduce 

the operations of a stack single cell of the horizontal order picker (a type of 

forklift) which is powered by a DMFC system developed at 

Forschungszentrum Jülich [51, 52]. The geometry and materials of the flow 

fields correspond to the components of the stack. This is also true for the two 

frames made of fiberglass-reinforced plastic. The area (A = 314.75 cm
2
) and 

shape of the electrodes are also identical. The flow fields mentioned above 

consist of a 1.5-mm thick layer of binder-free Sigraflex (expanded graphite, 

SGL Group) in which the channels are embedded at full depth. The channel 

structures are pressed with a 0.55-mm thick back wall made of impregnated 

Sigraflex to keep the channels dimensionally stable. The design and specific 

properties of the flow fields used in this work are shown in Table 1 and Figure 

1. The anode structure (see Figure 1, upper left) consists of a total of six 1.5-
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mm wide meandering channels. In each case, three channels have a common 

inlet and supply one half of the cell. Similar to the stack, the methanol solution 

is admitted via the end plates and fed into the channels from the side. The 

cathode structure (see Figure 1, upper right) consists of straight parallel 

channels, which are also 1.5-mm wide. In addition to the channel structure, 

two flow fields with a grid structure are also used on the cathode side. The 

edge lengths of the cubes and distances between the cubes are either 1.0 mm 

(lower left) or 1.5 mm (lower right). Increasing the edge lengths and distances 

between the cubes causes the flow velocity to drop. To ensure stability, 

requires the thickness of the plate to be increased to 4 mm instead of 3 mm. 

Since unlike the channel structures grid structures cannot be installed in the 

flow field plate at full depth, the corresponding flow fields are manufactured in 

a single piece using graphite instead of Sigraflex. This eliminates the need for 

an additional back wall splitter. The end plates made of gold-plated aluminum 

are fabricated with a thickness of 20 mm and fitted with four heating cartridges 

each. The boreholes required for the set-up are arranged above and below 

outside the beam path. 

 

Place Table 1 here 

 

Place Figure 1 here 

 

Air is supplied from above over the entire width of the channel surface. 

Recesses above and below in the back wall, the seals and in the anode flow 

field form an adjacent gap through which the air can flow in and out. For 

cathode flow fields with channel structure, an absorbent wick is inserted into 

the recess of the back wall in order to make it easier for water droplets to drain 

off from the channel ends. The wick absorbs water from the channels and 
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allows it to drop off below. For cathodes flow fields with grid structure, wicks 

are not required. 

For the segmented derivation of the current, a printed circuit board (PCB) is 

used that has 54 contact segments adapted to the shape of the electrode 

surface, along with the same number of temperature sensors  (Figure 2). To 

protect the set-up from moisture, a 0.5-mm thick baffle plate made of Sigraflex 

is inserted between the cathode flow field and the (PCB). The arrangement of 

the cell components is shown in Figure 3. For the sake of simplicity, the 

temperature sensors on the back of the PCB are not shown. 

 

Place Figure 2 here 

 

Place Figure 3 here 

 

2.2. Flow field treatment 

The surfaces of the flow fields were treated with different substances in order 

to vary the contact angle of water. Two different materials were used for the 

flow field fabrication: BBP4 [53] and Sigraflex [54] (expanded graphite of the 

SGL Group). The resulting contact angles are given in Table 2. 

. 

Place Table 2 here 

 

In case of the stack MEAs used for combined neutron radiography and current 

distribution measurements, the channels in the left half of the flow fields were 

either hydrophobized or hydrophilized, whereas the channels in the right half 

of the flow fields remained untreated (as-received). In the current distribution 
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experiments without neutron radiography, the full cathode channel area of the 

flow fields was either hydrophobized, hydrophilized or remained as-received. 

 

2.3. MEA Preparation 

As a substrate for the anodes and cathodes, AvCarb 1071 HCB carbon cloth 

supplied by Ballard Material Products was used. In the first step, it was 

impregnated with PTFE dispersion TF 5032 supplied by Dyneon and 

subsequently dried and sintered at 350°C. First, a microporous layer of carbon 

particles and PTFE was applied to the cloth. The carbon particles and the 

PTFE are from the products VULCAN XC72 from Cabot and TF 5032 from 

Dyneon. In a second coating step, the catalyst layers were applied. Both 

catalyst layers consisted of catalyst material from Johnson Matthey and 

Nafion
®
. In case of the cathode catalyst layer, PTFE was added too. The 

starting materials of PTFE and Nafion
®
 are the PTFE dispersion TF 5032 from 

Dyneon and the Nafion
®
 dispersion LQ1115 from Ion Power. As catalyst 

material for the cathode, Johnson Matthey HiSPEC
®
 13100 (71 % wtPt/C) was 

used, while Johnson Matthey HiSPEC
®
 12100 (75 wt% PtRu/C) was used as 

the anode catalyst. The catalyst loadings were between 1.8 and 2.7 mg Pt/cm² 

in the cathodes and between 1.7 and 2.5 mg PtRu/cm
2
 in the anodes. After the 

catalyst layer had dried, it was manually sprayed with Nafion
®
 dispersion 

LQ1115 manufactured by Ion Power. Finally, the anodes and cathodes were 

shaped as desired and pressed into finished MEAs for three minutes at a 

temperature of 130°C and a pressure of 500 N/cm² with an N115 Nafion
®
 

membrane manufactured by DuPont. 

 

2.4. Neutron radiography 

The neutron source BERII at Helmholtz-Zentrum Berlin, Germany was used 

for the radiographic measurements. A versatile radiography set-up is allocated 

Page 10 of 43

John Wiley & Sons

International Journal of Energy Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

10 

 

at the station CONRAD (COld Neutron RADiography) [55, 56]. As shown in 

Figure 4, the neutrons have to pass a curved neutron guide to arrive at the 

experiment. The neutron source emits both γ radiation and neutrons, but only 

slow neutrons are able to follow the curvature of the guide. The γ radiation and 

also fast neutrons will be absorbed by the radiation protection close to the 

neutron guide. Approximately 10
7
 neutrons / s

-1
 cm

2
 arrive at the experiment 

and the background of undesired radiation is very low. 

 

Place Figure 4 here 

 

The spatial resolution depends on the L/D ratio, the applied magnification of 

the optical system and the dimensions of the pixels of the CCD camera. The 

opening of the aperture was set to 30 mm, which results in a L/D ratio of about 

170. The spatial resolution was optimized by moving the fuel cell as close as 

possible to the 400-µm thick 
6
LiF-ZnS scintillator [57, 58]. The exposure time 

per radiographic image was t = 10 s. The CCD chip of the DW436 camera 

from Andor Technologies
 
[59] (2048 × 2048 pixels) was cooled down to –

50°C ± 2K to limit thermal noise. The pixel resolution was 100 µm and the 

achieved physical spatial resolution about 200 µm over an area of 

200 × 200 mm
2
. To prevent radiation damage of the CCD chip a mirror was 

used to deflect the visible light by an angle of 90°. Additional radiation 

protection shieldings were installed around the camera box. 

The fuel cell was fixed on a rotation table which was positioned on a 

translation stage. Therewith, the cell could be moved out of the beam in order 

to measure the open beam for normalization purposes. Further, an exact 

positioning of the cell with respect to the neutron beam was possible. 

The electrode surface of stack cells cannot be completely illuminated with the 

usual set-up that has a limited beam size of about 100 × 100 mm
2
. Although it 
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would be possible to measure the cell sequentially by shifting it within the 

beam, this would require more time and make data evaluation more complex 

[60]. A simultaneous investigation of the entire cell could only be performed if 

the neutron beam cross section was expanded. By applying a special technique 

instead of using a simple aperture between the outlet of the neutron guide and 

the measuring cell, the radiation cone can be widened both in the horizontal 

and vertical directions. This technique involves using an elliptically shaped 

neutron guide that first focuses the neutron radiation through reflection, after 

which behind the focus the radiation diverges [61]. Figure 5 shows the 

resulting beam profile with a maximum intensity located in the middle of the 

radiograph. Above and below as well as beside this maximum a decrease of 

the intensity was measured. The corners are illuminated almost inadequately. 

The right image in Figure 5 shows the same radiograph as the left image with 

an adapted contrast in order to show the intensity distribution in the area of 

maximum intensity. In line with the distribution of intensity, a location-

dependent quality of the neutron radiographs results due to the varying signal-

to-noise-ratios. For this reason, only a qualitative interpretation of the fluid 

distribution is possible.  

 

Place Figure 5 here 

 

2.5. Electrochemical measurements 

The spatially resolved current density measurements were performed with a 

custom-designed multi-channel measurement device named EIScell developed 

by ISEA (RWTH Aachen University). The EIScell has 108 measuring 

channels that can be used to measure the currents and voltages of 54 segments 

simultaneously. The measurement principle is based on a PCB for contacting 

and an electronic circuit to form an equipotential surface. The overall current 
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strength is controlled digitally. The maximum segment strength of 2.5 A 

permits measurements to be performed with all cell designs used.  Further 

information on the EIScell can be found in Ref. [62]. 

In order to record the temperature distribution, type DS18B20U digital sensors 

from Maxim Integrated Products are used [63]. The sensors on the back of a 

PCB are connected with a bus system; each sensor can be unambiguously 

identified via a unique code. With an increment of 0.0625°C, temperatures 

between − 55°C and + 125°C can be measured. The measurement error in the 

relevant temperature range is a maximum of ± 0.5°C. 

A differential pressure sensor based on the MPX5010DP analogue pressure 

sensor [64] is used to measure the difference in pressure between the cathode 

inlet and outlet. In the pressure range between 0 mbar and 100 mbar the 

differential pressure can be measured with a resolution of about 0.1 mbar. The 

signal to noise ratio was found to be good enough to distinguish pressure 

variations as low as 1 mbar from the noise floor, making the device suitable 

for the detection of very low differential pressure variations. The measuring 

cell is mounted on a base plate; the end plates are not permitted to come into 

contact with the base plate. The PCB is connected to the measuring 

instrument, which in turn is connected to a measuring computer. The 

temperature sensors and the pressure sensor are connected to the computer via 

data lines. A controller uses a thermocouple to monitor the temperature of the 

measuring cell and uses heating cartridges to maintain it at a temperature of 

70°C. The anode is supplied with 1.0 molar methanol solution via a peristaltic 

pump (Ismatech BV-GE). To supply the cathode, compressed air combined 

with mass flow meters (Brooks 5850S) are used. A maximum of two pumps 

and mass flow meters with various flow-through ranges can be automated 

simultaneously with the measuring computers. Before entering the cell the 

methanol solution is preheated to 70°C. The dissolved gases escaping during 

the process are separated with self-made gas separators. 
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3. Results and discussion 

3.1. Neutron radiography combined with local current and temperature 

distribution measurements 

For studies on the application scale the four different stack cells shown in 

Figure 1  were used. The flow field geometries A-ME15 (six-fold meander) 

and C-CH15 (channels) of cells no. 1 and 2 correspond to the geometries of 

the forklift stack. Cells no. 3 and 4 were fitted with the same anode flow fields 

(A-ME15), but a grid design instead of a channel design for the cathode flow 

fields (C-GR10). One side of each of the cathode flow fields of all four cells 

was either hydrophobized with ‘Nano Holz&Stein’ sealer (cells no. 1 and 3) or 

hydrophilized with ‘KLINGERflon’ spray (cells no. 2 and 4), so that for each 

flow field the surface properties of the channels were only changed in one half 

of the cell. In the radiographs and the current density and temperature 

distributions, in each case the treated halves appeared on the left and the 

untreated halves on the right. The measuring cells were loaded with average 

current densities 50, 150 or 250 mA/cm
2
 and were supplied with air according 

to the λ values of 4 and 2 and for methanol according to a λ value of 4. 

Figure 6 provides an overview of characteristic neutron radiographs of all four 

measuring cells, corresponding to an average current density of 150 mA/cm
2
 

and an air ratio of 4. 

 

Place Figure 6 here 

 

In the C-CH15 flow field, hydrophobic channel surfaces lead to a clearly 

different water distribution than untreated surfaces (see Figure 6, upper left 

figure). Figure 7 presents enlarged sections of different areas in the associated 

radiograph. The section immediately below the center of the image shows the 
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water distribution for hydrophobic and untreated cathode channels in 

comparison, see detail (a). In hydrophobic areas, in many channels droplets 

form whose width corresponds to the width of the channels. The ribs in the 

associated area are not prominent in the dry-normalized radiograph. In 

untreated channels, only much smaller droplets appear. Here, the ribs appear 

as dark vertical lines that indicate the uptake of water by the ribs. It should be 

noted that water penetration into the ribs was only observed if binder-free 

Sigraflex (expanded graphite) was used as flow field material and the surface 

of Sigraflex was not treated with hydrophobizing agent. 

With this measuring cell including a multi-channel cathode flow field there is 

no unequivocal correlation between the surface properties of the channels and 

the current density distribution (a more detailed discussion is presented in 

section 3.2). Frequently, the current densities in the right half of the cell are 

higher than those of the left side. However, at the time of the radiograph 

presented here, the converse situation is the case. 

 

Place Figure 7 here 

 

Reasons for this may include accumulations of water at certain positions in the 

area of the untreated channels that are presented in the two remaining image 

sections (b) and (c). The section of the lower edge of the image presents the 

lowest anode channel and the area of the sealing frame. Directly at the lower 

edge there is water in the channels that impairs through-flow. The center 

section of the right half of the cell shows a nearly horizontal arrangement of 

water in adjacent channels. This arrangement is at the level of a horizontal 

adhesive strip that connects the ribs of the flow field with the back wall. 

Depending on the average current density and air flow, the existence of the 
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arrangement varies between invisible and extending across the full width of 

the right half of the cell. 

In contrast to hydrophobic and untreated channels, in hydrophilic and 

untreated channels in the flow field C-CH15, no differences in the water 

distribution can be observed. This appears to be in contradiction to the similar 

contact angles of untreated and hydrophobic surfaces, see Table 2. However, 

the result can be explained in terms of water uptake, which is demonstrated in 

Figure 8, showing each of the sections directly below the center of the cell of 

cells 1 and 2: 

 

Place Figure 8 here 

The ribs take up water in the area of both the untreated and the hydrophilic 

channels. This means that under DMFC operating conditions the surface of the 

cathode channels and the side walls of the ribs, respectively, behave 

hydrophilic. In the channels, only small droplets evolve. In both halves of the 

cell, water occurs in the channels at the lower edge of the image, see Figure 7, 

detail (c). The current density distribution does not indicate any advantages of 

untreated or hydrophilic channels. Here too, water at the level of the adhesive 

strip can be observed for some operating points. The horizontal water 

arrangement again remains confined to the area of the untreated channels, 

associated with a lower average current density in the right half of the cell. 

In the flow field C-GR10 of cell 3, at the investigated operating points larger 

accumulations of water form in the area of the hydrophobic surface, see Figure 

6, bottom left image. In addition to the influence on the current density 

distribution, the water distribution also has an influence on the temperature 

distribution, which becomes especially evident in this cell. Figure 9 serves as 

an example for the current densities 50, 150 and 250 mA/cm
2
 and an air ratio 
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of 4, showing characteristic neutron radiographs and the associated current 

density and temperature distributions. 

 

Place Figure 9 here 

 

At 50 mA/cm
2
, negative segment current densities form in most of the left half 

of the cell (see green segments in the medium row of Figure 9). This is a well-

known phenomenon observed at small current densities and air flow rates 

whenever the local air flow rate is so small – e.g. because it is blocked by 

water droplets in the flow field channels – that it falls below a critical value [8, 

65, 66]. In this case, the so-called ‘bi-functional regime’ evolves: negative 

(electrolysis) currents occur in the air-starved region, whereas normal DMFC 

operation takes place in the well-supplied part of the cell. In one of our 

previous publications we already observed the bi-functional regime by 

measuring the local current distribution in small test cells [8]. It turned out that 

only in the case of untreated and hydrophobic cathode channels bi-functional 

operation appeared. We supposed that a local blocking of oxygen supply by 

water droplets was responsible for this phenomenon. Thanks to neutron 

radiography the blocking of cathode channels by water droplets can be 

demonstrated in the present work, see Figure 9. The blocking effect is mostly 

found in the left hydrophobized part of the cell. In the right part of the cell, 

fewer water droplets occur and no negative currents are observed. These 

results indicate a clear correlation between the water and current distributions 

unlike the measurements based on the channel cathode flow field design (see 

above). At higher current densities only one segment (light green) continues to 

show a strongly negative current caused by a measuring artifact. However, the 

partial blocking of cathode channels by water droplets in the left, 

hydrophobized part of the cathode flow field is still there. This has a direct 

impact on local performance: the average current density in the untreated right 
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side of the cell is always higher compared to that of the hydrophobized left 

part of the cell. 

The temperature distribution shown in the bottom row of Figure 9 also reflects 

the different water distributions of the two halves of the cells. In the left half, 

the temperature in the upper part is elevated while in the right half, it is 

elevated in the lower part. For the current densities 150 and 250 mA/cm
2
 the 

average temperature of the left half is higher than that of the right half. The 

temperature in the right half rises slightly from above to below. At the 

beginning of the measurements, the average temperatures of the two halves of 

the cells are balanced in each case. A possible explanation for the observed 

temperatures may be the special interaction between air flow and cell 

operation: The higher amount of water in the left half of the cell means that the 

air flow is more strongly impaired than in the right half, so that a larger share 

of the air volume flow supplies the right half. The low flow velocity in the left 

half enables elevated temperatures in the area, which roughly correlates with 

the area in which the usual exothermic fuel cell reaction takes place. In 

addition, in this area heat generation caused by the oxidation of permeated 

methanol can be expected. In the area below the endothermic reaction of the 

electrolytic operation takes place. The low flow velocity and the electrolytic 

operation suggest that in this area the oxygen concentration is barely sufficient 

for the oxidation of permeated methanol and, in turn, for heat generation. In 

the upper part of the right side of the cell the cooling influence of the air flow 

prevents a rise in temperature due to the lower air inlet temperature and an 

elevated uptake of gaseous water. Heat generation due to the proceeding 

reactions does not predominate until some distance from the air inlet. At the 

current densities 150 mA/cm
2
 or 250 mA/cm

2
 the air volume flow rate is three 

or five times higher, respectively, than for the current density 50 mA/cm
2
 and 

the cooling effect of the air flow increases in the right half of the cell. The 

frequently observed temperature drop toward the outer sides and especially 
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toward the corners can be explained by the increased discharge of heat of the 

measuring cell at the outer surfaces. 

As shown in the left half of the bottom left image of Figure 6, a hydrophilic 

surface improves the water discharge in the flow field C-GR10 compared to an 

untreated surface. While hardly any water is visible in the area of the 

hydrophilic surface, in the area of the untreated surface, depending on the 

operating point, various amounts of water can be observed. The relationship 

between the water volume and the air ratio is especially clear. With decreasing 

air ratio the level at which water evolves in the area of the untreated surface 

increases. A notable influence on the current density distribution cannot be 

identified for the operating points shown. 

 

3.2 Spatially and temporally resolved measurements 

By means of segmented cell technology, the locally and temporally dependent 

current was measured in dependence of the surface properties and the 

geometry of the cathode channels. Additionally, simultaneous measurements 

of the pressure drop along the cathode flow field channels and the overall 

performance were carried out (see Figures 10-12). In contrast to the neutron 

radiography experiments, these experiments were performed with stack cells 

where the whole cathode flow field area was either untreated, hydrophobized 

or hydrophilized. The results shown in the following were obtained at a 

temperature of 70°C, a current density of 150 mA/cm
2
 and air ratios of 4 or 2. 

Three cathode flow field designs are compared: The channel C-CH15 design 

(Figure 10), the grid C-GR10 design (Figure 11) and the grid C-GR15 design 

(Figure 12). Figure 10 shows a decrease of the power density after one 

hundred (hydrophobic) or several hundred seconds (untreated/hydrophilic) of 

operation. As already shown in Ref. [67], the initial decrease of power density 

can be attributed to a temporary flooding of the cathode channels. This 

performance drop correlates quite well with a reverse change of the pressure 
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drop. There is also the rough correlation with the current distribution: The 

higher the power density, the lower is the range of segment currents and vice 

versa. In the course of the experiment the performance partially recovers 

which can be explained by a partial removal of water droplets. It is obvious 

from Figure 10 that the channel C-CH15 design causes substantial fluctuations 

of the overall power density, the local currents and the pressure drop, 

irrespective of the surface properties of the cathode channels. Although 

repeated experiments confirmed the principle effects it was hardly possible to 

reproduce the time curves after the power drop. Therefore, it is difficult to 

unravel the influence of the surface properties from the superimposed 

fluctuations caused by the channel C-CH15 design. It seems that the instability 

of operation obscures the differences of the C-CH15 flow fields. 

 

Place Figure 10 here 

 

The picture changes if a C-GR10 grid flow field is used (see Figure 11). There 

is no abrupt decrease in performance although the pressure drop increases 

significantly during the first minutes of the experiment. At the same time, the 

cell performance is about 10-20 % higher, the current distribution is more even 

and there is much less fluctuation in comparison to the results obtained with 

the C-CH15 channel flow field. The stability of operation is mainly due to the 

two-dimensional structure of the grid design, which allows air to by-pass local 

accumulations of water in the cathode channels. Because of the stable, defined 

and reproducible operational characteristics the influence of cathode flow field 

treatment becomes more evident. For instance, hydrophobic cathode channels 

have an unfavorable impact on the performance and homogeneity of the 

current distribution, see middle column in Figure 11. Vice versa, hydrophilic 

impregnation of the cathode channels enables not only a good performance 

and homogeneous current distribution, but in particular a low and temporally 
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stable pressure drop, see right column in Figure 11. The simple reason is that 

the hydrophilic surface of the channel walls prevents the formation of large 

water droplets that partially or completely block the channels, which would 

result in a large pressure drop.  

However, even in the case of the hydrophilized channel surface the pressure 

drop of about 3 mbar is twice the value obtained with the C-CH15 channel 

flow field. This can be explained by the lower channel cross-section of the grid 

design C-GR10 (1 mm × 1 mm²) compared to the channel design C-CH15 

(1.5 mm × 1.5 mm). High pressure drops are disadvantageous with respect to 

the overall efficiency of DMFC systems because a higher power of the air 

blower would be required. This drawback can be encountered by using the C-

GR15 grid flow field with channel dimensions of 1.5 mm × 1.5 mm.  

 

Place Figure 11 here 

 

 

In Figure 12, the advantage of the C-GR15 cathode flow field design is 

demonstrated: In case of the hydrophilized sample (see right diagram below), 

the (stable!) pressure drop amounts to only 0.5 mbar, which is about 15 % or 

30 % of the values obtained with C-GR10 and C-CH15, respectively. A 

comparison of Figure 11 and Figure 12 shows that for C-GR15 the 

irregularities in the current density distribution are more pronounced for 

hydrophobic channels than in the structure C-GR10 and the differences in the 

pressure difference curve are clearer. Hydrophilic channels exhibit the lowest 

and hydrophobic channels the highest increase in pressure difference after the 

start of the measurements. The more divergent operating behavior of the cells 

equipped with C-GR15 flow fields is mainly due to the higher channel cross 

section, leading to a decrease of air flow rate by a factor of 1.5 if the air ratio is 
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constant. The lower the air flow rate, the more prominent are differences 

caused by the surface treatment of flow fields.  

  

  

Place Figure 12 here 

 

Figure 13 shows the corresponding current density and temperature 

distributions. The similar current distribution of the three cells with differently 

pretreated flow fields is in line with the similar range of segment currents and 

time-dependent performance shown in the upper part of Figure 12. The 

temperature distribution for hydrophilic channels again suggests the most 

uniform air flow of all cases: In the upper two rows of segments (see bottom 

right picture of Figure 13), low and identical temperatures of 69.0°C are 

measured, which indicates the cooling effect of an unhindered air flow at the 

oxygen inlet and in the upper part of the cathode flow field. Furthermore, the 

average temperature amounts to 70.3°C, which is less than compared to the 

untreated cell (70.5°C) and the hydrophobized cell (71.1°C). Especially in the 

latter case high temperatures in the middle lower part of the cell suggest a 

severe blocking of air flow by water droplets in the channels (see bottom 

middle picture of Figure 13).  

Place Figure 13 here 

 

The full advantage of the hydrophilized C-GR15 flow field is realized at 

reduced air ratios, e.g. λair = 2 (see Figure 14, right diagrams): Compared to 

the results obtained with λair = 4 (Figure 12), the performance and 

homogeneity of the local current is hardly changed. This means that stable cell 

operation is possible even under low oxygen stoichiometries. Moreover, the 
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pressure drop decreases to a value as low as 0.2 mbar. The low difference in 

pressure with hydrophilic channels, whose fluctuations are not visible with the 

measurement resolution used, suggests continuous water transport.  

 

Place Figure 14 here 

 

Figure 15 shows the corresponding current density and temperature 

distributions. It can be seen that only the cell with hydrophobized cathode flow 

field (upper middle picture) shows a more uneven current distribution than at 

λair = 4. The low segment currents in the vicinity of the air outlet (bottom part) 

can be explained by a severe air starvation. This is not only caused by oxygen 

consumption (which applies also to the cells with untreated and hydrophilized 

flow fields) but is primarily due to local blocking of air flow by water droplets. 

The uneven air distribution is also evident from the inhomogeneous 

temperature distribution in the top row of segments close to the air inlet. For 

hydrophilic channels there are no signs of water accumulations. The 

comparison of the temperature distributions at λair = 4 (Figure 13) and λair = 2 

(Figure 15) shows an elevated temperature level for the lower air 

stoichiometry. This is due to: (i) the lower cooling effect of a smaller air flow 

rate and (ii) less heat loss because of lower amount of water which has to be 

evaporated.  

 

Place Figure 15 here 

 

Conclusions 

For the first time, the water distribution in the flow fields of large DMFC stack 

cells (314.75 cm²) was investigated by through-plane neutron radiography. 
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Measurements of current and temperature distributions were performed in 

combination with neutron radiography and time-dependent measurements of 

the overall performance and the pressure drop in the cathode flow field 

channels. The experiments reveal a superior performance of grid cathode flow 

fields compared to channel cathode flow fields. Grid flow fields provide a 10-

20 % higher cell performance, a more even current distribution and much less 

fluctuations of cell operation. This advantage is due to the two-dimensional 

grid design, which allows air to by-pass local accumulations of water, making 

the cell less sensitive to the formation of water droplets. A more even and 

temporally stable local current does not only improve the performance, but 

may also be advantageous with respect to degradation. Locally high currents 

cause high overpotentials leading to a damage of local cell areas and in worst 

case, even cause degradation waves [68-70]. 

The full potential of the hydrophilized grid flow field is demonstrated at a 

reduced air ratio of 2 and a channel depth and width of each 1.5 mm. This 

combination allows high and stable performance with a pressure drop of only 

0.2 mbar. For DMFC system operation, this has decisive advantages: the 

hydrophilized C-GR15 flow field allows stable operating conditions even at 

low air flows, enabling a reduction of the blower power, which increases the 

overall system efficiency. Additionally, lower air flow rates enable higher 

operating temperatures in self-heating stacks, leading to higher efficiencies, 

too. 
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Figure captions: 

Figure 1: Design of the flow fields for stack cell measurements in the through-

plane viewing direction: anode flow field with six-fold meander (‘A-ME15’, 

upper left); cathode flow fields with channel structure (width = depth 

= 1.5 mm, see ‘C-CH15’ / upper right) or grid structure (edge length/distance 

between the cubes = 1.0 mm, see ‘C-GR10’ / lower left, edge length/distance 

of the cubes = 1.5 mm, see ‘C-GR15’ / lower right). 

Figure 2: Printed circuit board for the cell design in through-plane viewing 

direction. 

Figure 3: Exploded view of the cell design in the through-plane viewing 

direction. 

Figure 4: Sketch of the neutron source, neutron guide and the camera set-up. 

Not to scale, especially the curvature is exaggerated. 

Figure 5: Beam characteristics with widened neutron radiation showing 

various brightnesses. Left: contrast was set to the whole radiograph, right: 

contrast was set to the maximum intensity in the middle of the radiograph. 

Differing illuminations lead to differing signal-to-noise-ratios. 

Figure 6: Cells no.1-4: Influence of the surface properties and design of 

cathode flow field; in each case, left side of the cathode channels treated; 

UNT: untreated, HPO: treated with hydrophobizing agent, HPI: treated with 

hydrophilizing agent; C-CH15: Cathode flow field with 1.5 mm channels 

(width / height), C-GR10: Cathode flow field with 1.0 mm × 1.0 mm × 

1.0 mm cubes; j = 150 mA/cm
2
, λMeOH = 4, λair = 4, T = 70°C.  

Figure 7: Complete radiograph and enlarged sections of cell no.1 taken from 

Figure 6; detail (a): comparison of hydrophobic and untreated flow field areas 

near the center of cell no.1; detail (b): region of untreated flow field area above 

the horizontal adhesive strip; detail (c) region of lowest anode channel and 
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area of sealing frame; dry normalized; j = 150 mA/cm
2
, λMeOH = 4, λair = 4, T 

= 70°C. 

Figure 8: Detailed pictures of the center of cells no.1 (a) and no.2 (b) taken 

from the middle area of Figure 6; in each case, the left side of the cathode 

channels is treated; UNT: untreated, HPO: treated with hydrophobizing agent, 

HPI: treated with hydrophilizing agent; dry normalized, j = 150 mA/cm
2
, 

λMeOH = 4, λair = 4, T = 70°C. 

Figure 9: Influence of current density and hydrophobic surface properties in 

the flow field C-GR10, example of cell no.3; top row: Neutron radiographs 

showing the water distribution; medium row: current distribution; bottom row: 

temperature distribution; in each case, the cathode channels on the right side of 

the flow field were untreated (UNT), whereas those on the left side were 

treated with hydrophobizing agent (HPO); dry normalized, λMeOH = 4, λair = 4, 

T = 70 °C. 

Figure 10: Operating behavior of the flow field C-CH15 as a function of 

surface properties; treatment of the cathode channels: UNT; untreated, HPO: 

treated with hydrophobizing agent, HPI: treated with hydrophilizing agent; 

j = 150 mA/cm
2
, λMeOH = 4, λair = 4, T = 70°C. 

Figure 11: Operating behavior of the flow field C-Gr10 as a function of 

surface properties at an air ratio of 4; treatment of the cathode channels: UNT; 

untreated, HPO: treated with hydrophobizing agent, HPI: treated with 

hydrophilizing agent; j = 150 mA/cm
2
, λMeOH = 4, T = 70°C. 

Figure 12: Operating behavior of the flow field C-Gr15 as a function of 

surface properties at an air ratio of 4; treatment of the cathode channels: UNT; 

untreated, HPO: treated with hydrophobizing agent, HPI: treated with 

hydrophilizing agent; j = 150 mA/cm
2
, λMeOH = 4, T = 70°C. 

Figure 13: Current density (top) and temperature distribution (bottom) of the 

flow field C-Gr15 as a function of surface properties at an air ratio of 4; 
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treatment of the cathode channels: UNT; untreated, HPO: treated with 

hydrophobizing agent, HPI: treated with hydrophilizing agent; 

j = 150 mA/cm
2
, λMeOH = 4, T = 70°C. 

Figure 14: Operating behavior of the flow field C-Gr15 as a function of 

surface properties at an air ratio of 2; treatment of the cathode channels: UNT; 

untreated, HPO: treated with hydrophobizing agent, HPI: treated with 

hydrophilizing agent; j = 150 mA/cm
2
, λMeOH = 4, T = 70°C. 

Figure 15: Current density (top) and temperature distribution (bottom) of the 

flow field C-Gr15 as a function of surface properties at an air ratio of 2; 

treatment of the cathode channels: UNT; untreated, HPO: treated with 

hydrophobizing agent, HPI: treated with hydrophilizing agent; 

j = 150 mA/cm
2
, λMeOH = 4, T = 70°C. 

 

Table captions:  

Table 1: Flow field designs and dimensions 

   

Table 2: Resulting contact angles of the materials used for flow field 

fabrication in consequence of the surface preparations. UNT: untreated 

surface, HPO: surface hydrophobized by treatment with ‘Nano Holz&Stein’ 

sealant of Oberflächentechnik Preimeß GmbH, HPI: surface hydrophilized by 

treatment with ‘KLINGERflon-Spray’ of Klinger GmbH. 
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design 
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C = cathode 

method 
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land 
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length / 

mm 

sum of 

channel 

cross 

sections / 

mm2 

area 

ratio of 

channel 

to land 

/ % 

flow 

rate / 

mm s-1 

A-ME15,  

6-fold 

meander 

SCT1/

NR2 
314.75 

1.0-

2.3 
1.5 1.5 

1523-

1596 
13.5 44.6 24.16 

C-CH15, 

channel 

SCT1/

NR2 
314.75 1.5 1.5 1.5 151 157.5 49.9 368 

C-GR10, 

grid 

SCT1/

NR2 
314.75 1.0 1.0 1.0 151 

105.0-

209.03 
74.4 

277-

552 

C-GR15, 

grid 
SCT1 314.75 1.5 1.5 1.5 151 

157.5-

312.753 
74.3 

185-

368 
1 SCR = segmented cell technology, 2 NR = neutron radiography; 3lower value: grid design, higher value: 

channel design 
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