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Efficient PEM (Polymer Electrolyte Membrane) fuel cell 
performance requires effective water management. To achieve a 
deeper understanding of water transport and performance issues 
associated with water management, we have conducted in situ 
water examinations to help understand the effects of components 
and operations. High Frequency Resistance (HFR), AC Impedance 
and Neutron imaging were used to measure water content in 
operating fuel cells, with various conditions, including current 
density, relative humidity, inlet flows, flow orientation and 
variable Gas Diffusion Layer (GDL) properties. 

High resolution neutron radiography was used to image fuel cells 
during a variety of conditions. The effect of specific operating 
conditions, including flow direction (co-flow or counter-flow) was 
examined. Counter-flow operation was found to result in higher water 
content than co-flow operation, which correlates to lower membrane 
resistivity . 

A variety of cells were used to quantify the membrane water in situ 
during exposure to saturated gases, during fuel cell operation, and 
during hydrogen pump operation. The quantitative results show 
lower membrane water content than previous results suggested. 

Introduction 

Efficient PEM fuel cell performance requires effective water management. The 
combinations of materials used, their durability, and the operating conditions under 
which fuel cells run, make efficient water management within a practical fuel cell system 
a primary challenge in developing commercially viable systems. Automotive polymer 
electrolyte membrane (PEM) fuel cells will likely operate with inlet gas streams at less 
than saturated conditions and will experience numerous and varied power transients. Both 
of these factors will affect the water dynamics of the Membrane Electrode Assembly 
(MEA) as well as other fuel cell components. This hydration state of the MEA and GDLs 
before and between these power transients will affect the fuel cell system performance. It 
is therefore important to understand the water dynamics of the PEM fuel cell MEA and 
GDLs in response to power transients. 

To gain a greater understanding of water transport within PEM fuel cells, we made in situ 
measurements of water in operating fuel cells to examine the material and operational 
effects on water transport. These in situ measurements included imaging of water via 



neutron imaging, measurement of protonic conductivity of the membrane (thus indicating 
the amount of water in the membrane), correlating AC Impedance to the other in situ 
water measurements, and X-Ray tomography measurements of GDL materials. 

Experimental 

The fuel cell hardware used for testing includes standard single serpentine flow field 
50 cm2 hardware from Fuel Cell Technologies and 2.25 cm2 cell specially designed for 
high resolution neutron imaging. Most MEAs used were Gore™ Primea® MEA Series 57 
with 18 J.lm thick GORE-SELECT@membranes with carbon-supported 0.2 mg Ptlcm2 on 
the cathode and 0.1 mg Pt cm-2 on the anode (GORE-SELECT, PRIMEA and GORE are 
trademarks of W. L . Gore & Associates, Inc). The GDLs used were SGL Carbon's 
carbon paper GDLs with specified polytetrafluoroethylene (PTFE) loadings in the 
substrate and microporous layer (MPL). 

Other MEAs used to quantify the membrane water content by neutron imaging were 
prepared by directly applying Pt black to the membrane in protonic form. To make the Pt­
black electrodes, an ink of HI SPEC 1000 Pt-black catalyst, 5% solution of II OOEW 
Nafion® from Solution Technology, and water, that when dried is 10 wt% Nafion, is 
mixed briefly with a sonicator. A pre-measured quantity of the ink was painted on the 
masked "active area" of a dry protonated Nafion® membrane, and held flat on a heated 
70C vacuum table. Several coats were required to achieve the desired loading of 6 mg 
Pt/cm2 

. Thick Nafion® membranes (~500 micron) were provided by Ion Power. 

Neutron Imaging 
Neutron imaging was performed at the NIST Center for Neutron Research (NCNR) 

on thermal beam tube 2.( 1) HRR measurements were made every second during the 
neutron imaging. Neutron image analysis was performed using the IDL programming 
language and a dry reference image as described by Hickner et al.(2) 

Results and Discussion 

Distribution of Water 
Fig. 1 shows a typical water 
thickness image for a 2.25 cm2 

1aactive area cell for different 
Cathode ......operating modes. Fig. 1 a shows 

Anode ......co-flow operation (anode and 
cathode inlets at the same end of 
the flowfield), while Fig. 1 b 1b . :. , . 
shows counter flow operation ~ 

Cathode(inlets at opposite ends of the Anode 
Inlet ...... Inlet

flowfield). Operating conditions 
were 80°C, with anode Fig. 1. Water thickness image calcul,ated from high 
stoichiometry = 1.2, cathode resolut ion neutron radiograph. (a) Co-flow: I =1.41 
stoichiometry = 2, 100% RH Alcm2; V = 0.095 V; HFR = 0.10 Ohm cm 2. (b) 
anode and cathode feeds, and Counter Flow: 1= 1.49 Alcm 2; V = 0.27 V; HFR = 
current density = 1.4 A/cm'. The 0.064 Ohm cm2 

cathode is on top, while the 



anode is on the bottom. Significantly more water is observable with counter flow operation, 
even though the operating conditions were essentially identical. 

Fig. 2 shows the water 
thickness in the MEA 
(membrane plus catalyst layer) 
down the profile of the 
flowfield for (a) co-flow and 
(b) counter flow. Substantially 
more water is present in the 
membrane in the counter flow 
operation; approximately 3 ­
4x the quantity of water. The 
additional water in the 
membrane agrees qualitatively 
with the HFR measurements of 
HFR = 0.10 (a) and 0.064 
Ohm-cm2 (b) for the two 
operational cases showing that 
counter flow operation leads to 
additional membrane water, 
and better membrane 
conductivity . 

Fig. 3 shows the water 
thickness in the MEA plus 
GDL for the same 
conditions as Fig. 2. The 
co-flow case is shown in 
Fig. 3a with counter flow 
shown in Fig. 3b. Similar 
to Fig. 2, more water is 
present for operation with 
counter flow as compared 
with co-flow. However, in 
contrast is the large 
variation in water thickness 
for counter flow, which 
coincides with the flowfield 
land and channels. Water 
that is generated at the 
MEA during fuel cell 
operation must be 
transported through either 
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Fig . 2. Average water density down the length of the flowfield profile 
in the MEA (membrane and catalyst layer) for (a) co-flow and (b) 
counter flow. Cell operating conditions: 80 ·C, anode stoichiometry 
:: 1.2, cathode stoichiometry:: 2, 100% RH anode feed, 100% RH 
cathode feed, current density =1.2 Ncm2 
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Fig. 3. Average water density down the length of the flowtield profile 
in the MEA plus GDL for (a) co-flow and (b) counter flow. Cell 
operating conditions same as Fig . 2. 
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the anode or cathode GDLs to be removed via the flowfields . If the water is generated 
under a land, it must first be transported to a part of the GDL that is under a channel in 
order to escape into the flow field. Therefore, the amount of water in parts of the MEA 
and the GDLs that are under lands is generally higher than the amount of water under 
channels. 



Water Ouantifcation 
It has previously been observed(3,4) that the amount of water in the membrane in a high 
resolution neutron imaging cross-section lacks good agreement with the prior 
experimental results of 
Zawodzinksi et al.(5). Part 40 °C, Anode =lOO%RH, Cathode =lOO%RH 

of this discrepancy is 
possibly due to the detector 2.3 

resolution and detector 
spread function.( 4) An E 1.8

iexample of this ." 
." 

c::discrepancy is shown in 
II 

l.3 ... '" 
:EFig. 4 for a Nl17 MEA ...... 

operated at I00% RH. II 0.8 

~ Note that Lambda has been 
defined as A = 1 0.3 

H20/S03H, and A hereafter. .
·0.2 0 800 1000A for each current density 

is also shown. Note that 
the measured A are below Fig. 4. Water density profile of a'n operating fuel cell with a Nafion® 

117 mem brane..the normally cited 
literature value of 14 for Nafion® exposed to 100% water saturated vapor.(5) The A of 
the sample only reaches 10 equilibrated at 100% RH. As the operating current of the cell 
was increased, the membrane water content did not increase for this sample. However 
there have been questions about the quanfication of the membrane water because of the 
thickness of the MEA samples. 

To eliminate the issue with the detector resolution (- 25 micron), we used MEAs with 
thick membranes. Two different sets of experiments were done, one with a 'sandwich' of 
three 7 mil membranes 400C 
and one 2 mil Nafion® Bottom GDL GDL 
membrane for a total 

5 ­membrane thickness of 
584 microns . The other 
used a special cast single 54 
membrane of 500 E 

'-' 

micron in thickness. ell 

These MEAs were then ~ 
.:.: 

3 - 50/50 

equilibrated with <.l:c - O/Liq 1­humidified gases with the 100 2 
~ - Liq/Liq water thickness measured 
~ via neutron imaging. - 95195 

Fig. 5 shows the water 
profile across the MEA as o 
a function of various o 500 1000 1500 2000 2500 
equilibrating conditions. Distance (11m) 
For the cases in which the Fig. 5. Water density profile of a membrane 'sandwich' of 3x 7 mil 
membrane was exposed to plus 2 mil Nafion® membranes equilibrated with various levels of 
only water in vapor state, humidified gases 
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the Adid not go above 8.4 (for 95% inlet RH). Upon exposure to water in the liquid state, 
A reached 19.4. Unfortunately, the results, as observed in Fig. 5, are not ideal as the 
membrane 'sandwich' has interfaces between the individual membrane layers which 
affect the membrane water content. There appear to be hydophillic interfaces in the 
sample, especially at the membrane/catalyst interface, while more hydrophobic regions 
are found elsewhere in the sample--complicating understanding of the membrane water 
content. 

To remove the issues with the 
membrane interfaces, a single 
thick (50 micron) membrane was 
used. The membrane water 
content for this cell was measured 
at open circuit voltage (OCY), 
with operating fuel cell current, 
and in hydrogen 
(operating current 
production). The 
profile of the 500 

pump mode 
without water 
water density 
micron thick 

membrane is shown in Fig. 6 for 
(a) OCY, (b) 0.1 Amp/cm2 and (c) 
0.2 Amp/cm2. For the case of no 
current flow and no water 
production at OCY (a), the 
measured A is only 8.3. As the 
cell is operated at low current 
densities of 0.1 and 0.2 A/cm2, 
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Fig. 6. Water density profile of an operating fuel cell 
with a 20 mil thick Nafion® membrane. Operating 
conditions were 100% inlet RH (anode and cathode) 
and 40C. 

the membrane A increases as a function of the current density to 10.5 and 11.5. 

Fig. 7 shows the MEA 
operating in hydrogen 
pump mode, which 
resulted in water profiles 
similar to those shown in 
Fig. 6. In this case, a 
potentiostat is used to 
drive current across the 
MEA, with the anode 
side exposed to hydrogen, 
and the cathode exposed 
to nitrogen with both 
gases fully humidified. 
This operation is similar 
to fuel cell mode, with 
the exception that no 
water is produced in the 
cell. The membrane 
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Fig. 7. Water density profile of an MEA operating in hydrogen pump 
mode with a 20 mil thick Nafion® membrane. Operating conditions 
were 100% inlet RH (anode and cathode) and 40C. 

water content increased as a function of pumping current density, however, for all cases 



remains below the expected value of 14. The highest measured A was 11.8 at a current 
density of 0.5 A/cm2

. The water profiles also show a shift in location in the cell to the 
cathode which is consistent with electro-osmotic drag moving the water profile towards 
the cathode. 

Conclusions 

High resolution neutron radiography allows water content in individual cell components 
to be quantified and compared under different operating conditions. The direct 
measurement of the effect of operating conditions on water distribution, especially when 
combined with cell performance data, provides information that is valuable in 
understanding the factors that limit performance, as well as in developing strategies for 
improving performance. 

Flow direction significantly impacts total water content, as well as water distribution, 
within an operating fuel cell. Co-flow operation results in highly non-uniform water 
distribution, in which water content increases down the length of the cell from inlets to 
outlets. In contrast, counter-flow operation produces more uniform water distribution, 
with higher total water content. 

Quantification of the water within the membrane under exposure to different humidified 
gases, during fuel cell operation and in hydrogen pump mode suggests that the membrane 
water content is lower than prior experiments suggest. 
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