Investigating the Role of a Microporous layer on the Water Transport and Performance of a PEMFC
J.G. Pharoaha, B.A. Peppleya, H. Atiyeha, E. Halliopa, K. Karana, and A. Phoenixb
a Queen’s — RMC Fuel Cell Research Centre, Kingston, Ontario, CANADA
b Department of Chemical Engineering, University of Saskatchewan, Saskatoon, Saskatchewan, CANADA
A fuel cell test station was modified to collect product water from both the anode and cathode exhaust streams of a standard 100 cm2 active area PEM fuel cell. The humidifier system was modified and calibrated to give reproducible and precise levels of humidification. Various cells were assembled and conditioned using a carefully controlled procedure to provide consistent performance and maximum reproducibility and the overall water balance was consistently accurate to within 5%. Various combinations of cells were built and tested with (SGL 10BA) and without microporous layers (SGL 10BB) on the electrodes.  Cells with the MPL at the cathode generally performed much better compared to cells with no MPL and the degradation rates were decreased. Water balance experiments were conducted with two combinations of inlet relative humidities (RH): 100% anode - 60% cathode and 60% anode - 100% cathode at current densities of 300, 500 and 700 mA cm2.  For the range of current densities studied, the net drag coefficient at 60°C was -0.08 - +0.08 mol H2O/mol H+ for RH 60% anode - 100% cathode and 0.01-0.2 mol H2O/mol H+ for RH 100% anode - 60% cathode. There was, however, no statistically significant change in the drag coefficient that could be attributed to the presence of the MPL on the cathode.  The presence of a MPL on the anode did affect the net water drag. 

.
Introduction
Water management in a polymer electrolyte membrane fuel cell (PEMFC) remains a challenging design and operational problem (1-2).  Sufficient hydration of the polymer electrolyte membrane is essential to maintain high proton conductivity and minimize ohmic losses.  On the other hand, removal of water generated at the cathode is crucial to avoid flooding of pores in the catalyst layer as well as the pores of the commonly used carbon fiber based porous transport layer (PTL), which is often referred to as the gas diffusion layer (GDL) but this is ill advised as it is quite misleading. The PTL bridges the catalyst layer and the flow-field plates (FFP) in a PEMFC.  Excessive flooding of the cathode catalyst layer impedes oxygen transport to the active sites resulting in an increased mass transport limitation, which is manifested via a reduction in the limiting current density.  Further, depending on the humidification level of the reactant feed streams, localized drying of the membrane can occur leading to excessive ohmic heating and, ultimately, to pinhole formation in the membrane.  Therefore, improper water management may not only compromise fuel cell performance but also contribute to a rapid degradation of the membrane electrode assembly of a PEMFC.

Developing a universally applicable strategy for water management in PEMFCs is complicated because water transport in various components of a PEMFC is affected by the operating conditions such as feed stream humidification level, operating temperature, and reactant stoichiometric ratio as well as by the physical characteristics of the fuel cell components, especially that of the PTL (3).  To improve water transport, the wettability of the PTL is altered by treating it with a hydrophobic material such as Teflon.  Such a treatment leads to pockets of hydrophilic and hydrophobic pores in the PTL (4-5).  It is thought that hydrophobic regions allow a pathway for gas transport whereas the hydrophilic regions facilitate liquid transport.  In addition to the hydrophobic treatment of the PTL, the use of a surface layer or microporous layer (MPL) has become a common practice (4).  The microporous layer is made up of a mixture of carbon particles and a hydrophobic agent.  The size of open pores in a MPL range between 100-500 nm in contrast to the PTL pores which range between 10-30 microns (4).  It is thought that micro-sized pores help water removal by acting like a wick (4). 

 It is clear that water transport and management in PEMFCs depends on several variables of which the reactant stream humidification, the structural characteristics of PTL, and, if present, the MPL and its structural characteristics are important.  Previous studies have investigated different aspects of the water transport in PEMFCs to varying extent.  Early modeling studies were concerned with the influence of reactant stream humidification on water flooding (6-9).  These models were pseudo-single phase and did not have separate equations to describe liquid-phase transport.  Later, two-phase models accounted for this effect which allowed for a more realistic representation of liquid water transport (10-12).
A further improvement was implemented by Nam and Kaviany (13), who accounted for the presence of hydrophobic regions in the PTL unlike earlier models that assumed the PTL to be composed of hydrophilic material only.  Nam and Kaviany (13) also presented a set of simulations in which a MPL was placed between the cathode catalyst layer and the PTL.  The MPL considered in their model was fibrous in nature.  They showed that the placement of the MPL helps reduce water saturation in the adjacent catalyst layer. Similar findings were reported by Passaogullari and Wang (14). Both works (13-14) were half-cell models and considered water transport in the PTL but did not include the membrane in the model.  As such, the role of the MPL on the overall water transport and its effect on the net water drag coefficient was not investigated.  This fact was recognized by Weber and Newman (15), who employed a two-phase, two-dimensional full cell model to study the influence of the MPL on PEMFC performance.  They fit key model parameters to the experimental data of Qi and Kaufman (16), who had reported PEMFC performance for single-cells with and without a MPL.  The structural parameters of the PTL and MPL (PTL porosity, MPL porosity and MPL fraction of hydrophobic pores) were used as adjustable parameters to fit the polarization curves of Qi and Kaufman.  The tuned model was employed to predict the influence of MPL on water transport.  They claimed that the MPL acts as a valve that keeps the water away from the cathode PTL and pushes the water through the membrane to the anode.

Experimental data on water transport are usually discussed in terms of net water drag coefficient, i.e. the moles of water dragged from anode to cathode per mole of proton transported.  In a recent work, Janssen and Overvelde (17) presented net drag coefficients for a wide range of operating conditions - current density, temperature, pressure, stoichiometry and humidity of the inlet gases.  They also reported data for different types of membrane electrode assemblies, though none using catalyst coated membranes (CCM).  This is significant since one of the early hypotheses for the performance improvements due to an MPL was that it kept the catalyst layer from penetrating the PTL substrate.  Janssen and Overvelde found that the humidity and the stoichiometry of the inlet gases had a much larger effect on the drag than did the different fuel cell components.  The effect of the microporous layer on PEMFC performance and water transport has also been examined experimentally to varying extent.  Several studies, cited in the work of Weber and Newman (15) and of Lin and Nguyen (18), have shown improvement in cell performance upon addition of MPL between the PTL and catalyst layer.  A number of these studies have also investigated the effect of the composition and thickness of the MPL, carbon powder type, and different dual-layer porous transport layers.  The recent work of Lin and Nguyen (18) examined the influence of MPLs on PEMFC performance for several PTLs.  They observed that PEMFCs with a MPL exhibited better performance than the fuel cells without a MPL. They hypothesized that the MPL helps keep liquid water in the cathode catalyst layer and minimizes liquid water transport to the cathode PTL.  That is, the MPL increases the back-diffusion rate of water from the cathode through the membrane to the anode.  Interestingly, this hypothesis, although in agreement with Weber and Newman’s modeling result, is in contrast to the simulation results of Nam and Kaviany (13) and Passaogullari and Wang (14), both of whom showed that the MPL enhances water removal rate from the catalyst layer to the cathode PTL. 

In summary, the role of a MPL on water transport remains unresolved.  An absence of experimental data in open literature on the water balance across the PEMFC has perpetuated the confusion on whether the role of a MPL is to enhance back-diffusion of water from the cathode through the membrane to the anode or to improve water removal from the cathode catalyst layer through the MPL to the PTL.  Thus, the primary objective of this study was to obtain reliable experimental data that can help resolve the question:  whether, how and to what extent does the MPL on the cathode side affect water transport in PEMFCs?  A secondary but essential objective was to develop an experimental system and protocol such that reliable water balance data could be generated.  In this study, we report preliminary results on the influence of a MPL on the net drag coefficient of water from the anode through the membrane to the cathode.  The net drag coefficient was determined from water balance measurements.  It is useful to emphasize that in order to obtain reliable and meaningful water balance data, the experimental setup was modified such that the water content of the input and output streams was carefully controlled and accurately measured.

Experimental
Fuel Cell Components
The flow field plate (FFP) used for the anode and cathode sides of the fuel cell were similar, each having seven serpentine parallel channels.  Catalyst coated membranes (CCMs) with Nafion( 112 and 0.3 mg/cm2 platinum catalyst loading on each electrode (Fuel Cell Store, USA) were used in all experiments.  The total active electrode area of the cell was 100 cm2.  The inlet and outlet streams from the fuel cell as well as the locations of the cartridge heaters and thermocouple used for feedback control of the cartridge heaters are shown in Figure 1.
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Figure 1.  Schematic diagram of the fuel cell used.
Fuel Cell Test System

Tests were conducted on an automated fuel cell test station (Hydrogenics FCATS-S800).  This test station is equipped with temperature controllers for the fuel cell, humidifiers and gas lines. It is also equipped with a primary water collection system for both anode and cathode effluent streams.  Each primary water collection system consists of a knock-out drum and a collection vessel connected to a differential pressure transducer (DPT) and solenoid valve (SV) as shown for the cathode effluent in Figure 2.  The DPT activates the SV to open when the condensed water level in the collection vessel reaches a preset height allowing water to flow out into a collection flask.  The time to fill the collection vessel to the level needed to actuate the SV to open varies based on the operating conditions.

Preliminary water balance measurements showed that the standard humidification configuration and primary water collection systems did not provide sufficiently accurate results for a meaningful calculation of the net water drag coefficient.  This was mainly due to the way the gas dew point temperature was set and controlled on the automated test system as well as due to the variations in the temperature around the air-cooled knock-out drum located inside the test station cabinet.  As delivered, the automated test station used the circulating water temperature (TCW in Figure 2) in the moisture separator as an estimate of the gas dew point temperature for controlling the gas stream relative humidity.  However, it was found that TCW was 3 to 8°C higher than the gas temperature leaving the moisture separator to the fuel cell.  Consequently, the system was modified to use temperature of the gas leaving the moisture separator (Tdew in Figure 2) to better control the relative humidity of the gas streams entering the fuel cell.

In order to obtain reliable measurements, a secondary water collection system was built in-house.  The secondary water collection systems condensed the water from the gases leaving the knock-out drums using a condenser and a cold trap.  This resulted in a more accurate water balance that was verified experimentally.  Following these modifications, the overall water balance consistently closed to within 5%.  The primary and secondary collection systems for the anode effluent stream are similar to the cathode side but are not shown in Figure 2.


[image: image2.wmf] 

Electronic

 

Load

 

V

 

m

 

W

 

TI

 

TI

 

TI

 

Fuel Cell

 

H

2

 Out

 

 

to water collection 

system, same as 

cathode (not shown) 

 

Humidified 

H

2

 In

 

 

Humidification System

 

Humidified

 Air In

 

Condensate 

to Sink

 

SV

 

TI

 

Dew Point 

gas

 T

dew

 

Moisture 

Separator

 

Level 

Sensor

 

Over

-

Saturated Air

 

Air + 

 

Steam

 

Cooling Water 

 

Loop

 

Knock

-

 

Out 

Drum

 

Air Exhaust

 

Cold Trap

 

Air Out

 

 

TI

 

Exhaust Air T

 

Water 

Chiller

 

Condenser

 

TI

 

SV

 

Cathode Primary Water 

Collection 

 

DPT

 

Cathode Secondary Water 

Collection 

 

TI

 

Automated Fuel Cell Test Station

 

In

-

House Addition

 

TI

 

T

CW

 

Collection 

Vessel

 


Figure 2.  Schematic diagram of experimental setup used.
Experimental Conditions

The net drag coefficient was determined from water balance measurements for each fuel cell build (see Table I) at three current densities (300, 500 and 700 mA/cm2) and under two different anode/cathode relative humidities (60%/100% and 100%/60%).  Pure H2 and air were supplied to the anode and cathode, respectively, in a current based flow control mode at a rate such that the stoichiometric ratio of H2 was 1.4 and the stoichiometric ratio of air was 3.  The supply pressures to the anode and cathode were maintained at 35 kPa. 

	Table I.  Experimental Builds.  (SGL 10BA – carbon fibre paper.  SGL 10BB – carbon fibre paper with MPL.)

	Build
	Anode PTL
	Cathode PTL

	A
	SGL 10BA
	SGL 10BB

	B
	SGL 10BA
	SGL 10BA

	C
	SGL 10BB
	SGL 10BA

	D
	SGL 10BB
	SGL 10BB


The inlet gas temperatures and cell temperature were controlled at a nominal value of 60°C.  Lines between humidifiers and the fuel cell were heated to avoid condensation.  The inlet dew point gas temperatures, inlet and outlet gas temperatures and pressures of the anode and cathode streams along with the exhaust gas temperatures from the primary and secondary water collection systems were recorded using the data acquisition software supplied with the fuel cell test station.  At the end of each run, the water collected from the primary and secondary collection systems of the anode and cathode was weighed and recorded.

Fuel Cell Performance Monitoring

The fuel cell performance was monitored using standard polarization measurements at a nominal operating temperature of 60°C, inlet pressure of 35 kPa, and at 100% relative humidities for both inlet gases. The stoichiometric ratios of the H2 and air were 1.4 and 3, respectively.  It should be noted that these standard polarization measurements were made at different conditions than those used to investigate the role of the MPL on water transport in that the relative humidity of both anode and cathode feed streams was 100%.  Polarization curves were generated for each cell built after initial conditioning and at the end of the water transport experiments. 

Calculations

An overall water balance was performed around the fuel cell, accounting for the water generated through the electrochemical reaction, to assess the reliability of the experimental results.  An overall water balance was considered “closed” when the difference between the “water in + generation” and the “water out” was less than the 95% confidence limits of the calculation.  In the calculations, the relative humidity of a stream was determined from the ratio of the saturation pressure at the dew point temperature (Tdew) and the saturation pressure at the nominal cell temperature (Tcell):
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where the dew point temperatures were measured at specific cooling locations as described in the experimental section and the saturation pressure was determined from standard thermodynamic correlations.

The net water drag coefficient, ( (mol H2O/mol H+), was calculated solely from a water balance performed on the cathode side of the fuel cell:
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where F is Faraday’s constant, Win and Wout are, respectively, the cathode side inlet and outlet water flow rates (mol/s), i is the current density (A/cm2) and A is the total active electrode area (cm2).  The cathode-side inlet water flow rate, Win (mol/s), is calculated from the known dry air flow rate and relative humidity while the cathode-side outlet water flow rate 
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is determined from liquid water collected at the cathode primary collector (Wliq,coll) and cold trap (Wliq,trap), and the water vapor passing through the cold trap (Wvap,trap).  Flow rates (mol/s) are determined by dividing the total water collected by the cumulative run time.  Wvap,trap was calculated on the assumption that the vapor leaving the cold trap was at its dew point temperature and this was verified in separate experiments  

Error Analysis

The 95% confidence limits in the data and calculated results are based only on the uncertainty associated with the standard deviations of the measured variables and conservative estimates of the uncertainty in the mass of liquid water collected.  Temperature fluctuations were the majority contributors in the reported experimental uncertainty due to their effect on the vapor pressure of water.  Where multiple runs of the same build were performed, the results were averaged and the appropriate decreased uncertainty was reported.  Experimental variations associated with the CCM, the PTL, the MPL and the build process can be seen directly from the experimental results.

Results and Discussion

Fuel Cell Performance

Standard Cell Performance. Of all the configurations tested (Table I), the standard performance curves group perfectly according to whether there is an MPL on the cathode or not.  Standard polarization curves for each configuration are shown accordingly in Figure 3a and 3b. Individual plots correspond to the polarization curves for each build after initial conditioning and at the end of the water transport experiments.  It can be readily seen that the polarization curves for the cells with a MPL on the cathode(Figure 3a) show a more consistent and in general better performance than those without a MPL (Figure 3b).  Furthermore, cells with a MPL on the cathode showed very little deterioration in performance between the initial and final polarization curves (an average of 400 hours of operation).  Cells without a MPL on the cathode exhibited more variability in post conditioning performance and an obvious degradation between the post conditioning and final polarization curves (an average of 250 hours of operation).  It should be noted that for several cells without a MPL on the cathode cell performance deteriorated so rapidly that consistent results could not be obtained and are not reported in this work.   The presence of a MPL on the anode does not seem to affect cell performance under these conditions.
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	(a)
	(b)


Figure 3.  Standard polarization curves. Solid symbols show curves after cell conditioning, while the open symbols show curves at the end of the experiment. (a) MPL on the cathode (b) No MPL on the Cathode
Performance at Water Balance Conditions.  Figure 4 shows the cell voltage measured under the conditions of the water balance experiments.  Most of the data includes at least one repeat experiment with the same cell and these repeats are averaged in the figure.  On the figure, different MPL configurations are denoted by different line types while all cells with a MPL on the cathode have solid symbol while the absence of a MPL on the cathode is denoted by a hollow symbol.  Results are presented for both inlet humidification conditions.  It is immediately clear that with one exception the data groups again according to the presence of a MPL on the cathode resulting in significantly enhanced performance, especially at higher current densities.  It is not clear why build B4 exhibited performance similar to those cells with an MPL under water balance conditions and also the lowest degradation rate (Figure 3b), but it may suggest that the MPL facilitates the assembly of the cell even though considerable care was taken in the assembly of all cells.  Again, the presence of an MPL on the anode does not seem to affect the performance of the cells.  
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Figure 4.  Cell voltage corresponding to water balance experiments. Multiple runs at the same conditions are averaged.
Influence on Net Water Drag

Figure 5 presents the net drag coefficient, , for all cases considered and in this case the data is grouped according to inlet humidification conditions: A/C RH = 60%/100% (Figure 5a) and A/C RH = 100%/60% (Figure 5b).  Note that the scales on the two sub-figures are different.  As expected, and consistent with the results of Janssen and Overvelde (17),  is lower when the cathode is at a higher humidification level than the anode.  In the case of no MPL on the anode, there is no variation in the net drag coefficient that can be attributed to the presence of an MPL: all results fall within the experimental uncertainty.  Interestingly, while the presence of an MPL on the anode side did not seem to affect either the performance of the degradation rate, it does have a noticeable affect on the net water drag for almost every case. When there is no MPL on the cathode (Build C1), net water is transported is decreased for all but the lowest current and is from cathode to anode at higher current and lower anode humidification.   When an MPL is present on both electrodes, the net water drag is decreased at higher anode humidification.   
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	(a)
	(b)


Figure 5.  Water drag coefficients, . (a) Anode/Cathode RH = 60%/100%.  (b) Anode/Cathode RH = 100%/60%
Conclusions

An experimental program to study the net water transport in a standard 100 cm2 active area PEM fuel cell was undertaken. Cells with a MPL at the cathode exhibited better overall performance and durability compared to cells without a MPL.  The net drag coefficient was determined from water balance measurements that were consistently accurate to within 5%.  As would be expected, the net drag coefficient was lower when the inlet RH was 60% for the anode and 100% for the cathode, compared to when the RH was 100% for the anode and 60% for the cathode for the three current densities studied.  However, there was no statistically significant difference in the net drag coefficient for cells with a MPL at the cathode and no MPL on the anode compared to cells without a MPL.  The addition of an MPL on the anode does not affect net water drag, but it does change the water balance.  For the conditions studied, it would appear that the addition of a MPL to the carbon fibre paper, porous transport layer (PTL) does not affect the overall drag coefficient although it does significantly improve fuel cell performance. Further work is required to reveal the mechanism by which the presence of the microporous layer affects PEM fuel cell performance.
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