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Introduction

Polymer electrolyte membrane (PEM) fuel cells are one of the most promising candidates for powering transportation systems. Fuel cell driven cars are already being introduced on the road and undergoing final stages of testing and development [1--4]. The high temperature PBI / phosphoric acid PEM fuel cell has some operational advantages (no humidification, higher CO tolerance) over the low temperature Nafion® based PEM fuel cell. Nevertheless, in comparison, the HT-PEM fuel cell has lower cell current densities. This is largely due to the presence of phosphoric acid in the electrode-electrolyte interface. Limited permeability of oxygen in phosphoric acid medium and the influence of the adsorbed phosphate species on oxygen reduction reaction (ORR) kinetics are identified as the limiting factors [5].

The electrode-electrolyte interface behavior in a commercial HT-PEM fuel cell largely determines its performance. The attempt to describe this interface is often done via a three phase boundary model, where it is assumed that there exists a physical contact area between the solid Pt/C electrode particles, the liquid electrolyte and the gas phase [5]. The hydrogen oxidation reaction (HOR) is faster than the ORR and hence the anode side over-potentials are often safely neglected for modeling purposes [6]. On the cathode side, the oxygen permeability in phosphoric acid is at least an order of magnitude lower than in Nafion®/water electrolyte. Mass transport investigations in commercial cells are rarely carried out due to larger inaccuracy of the diffusion and solubility parameters. Most research focuses on small well-defined electrodes, which can be useful in precisely determining the mass transport parameters, but cannot clearly describe the complex processes in a commercial cell [7--10]. Mass transport investigations via chronoamperometry are often reported in literature as well as their analysis using Cottrell or Cottrell-like equations [11,12]. This approach is revisited to arrive at useful techniques to better understand the processes occurring at the electrode-electrolyte interface of a commercial fuel cell.

Theoretical Background

Chronoamperometry is an established method where the test cell is subjected to a voltage step change and the transient response from the cell current is recorded. In order to study the diffusion processes, the transient current in the mass transport limitation region of the polarization curve is of higher relevance. To accomplish this, the cell voltage is stepped down from open circuit voltage (OCV) to lower than 0.2 V. The corresponding transient cell current can be described by the following equation,

cap d cell i i i + = (1)
where i cell is the total cell current, i d is the diffusion limiting current and i cap is the capacitive current. This study uses the chronoamperometric experiments and the Cottrell experiment and equation to assemble the experimental setup and analyze the experimental results [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF]. The Cottrell equation for diffusion limiting current is
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where n is the number of electrons transferred in one electrochemical reaction step, F is the Faraday constant, A is the active electrode area, D is the diffusion coefficient of oxygen in electrolyte, C* is the initial bulk concentration of oxygen in electrolyte and t is the time. This equation is valid for a planar electrode in an unstirred electrolyte solution. This transient current when plotted against the inverse square root of time (Cottrell plot) depicts a straight line heading towards the origin.

In case of a spherical electrode, the Cottrell equation can be extended to
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where the time independent second term includes "δ" which is the radius of the spherical electrode. Its Cottrell plot is a straight line intercepting the cell current axis.

For short times (t <0.1s) the capacitive current is a considerable contribution to the total cell current and can be described by the equation
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where E is the magnitude of the cell voltage step, R u is the uncompensated resistance, C d is the double layer capacitance and t is the time. At times greater than 0.1 seconds, this contribution however is almost negligible. This is largely due to the exponential decay in the capacitive current with a cell time constant (product of uncompensated resistance and double layer capacitance) [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF]. Measured current data at time intervals approximately 10 times larger than the cell time constant are considered to be reliable measurement points for the diffusion limiting cell current i d .

Experimental

The experimental setup consists of test cells mounted on fuel cell test benches C100 from FuelCon AG. The fuel cell hardware comprises of two metal alloy blocks that provide connections for fuel flow inlets and outlets, temperature and voltage sensors as well as the current collector plates. The inner side of this block holds a graphite plate with square shaped flow field in the center exhibiting flow channels of serpentine design. The total area of the flow field approximates 10 cm². The Pt/C electrode paste is prepared in house and printed on the GDL material and has a combined thickness of 300 µm. Both the anode and cathode are identically prepared with estimated platinum loading of 1.5 mg cm -². The dry PBI membrane is doped with 85% phosphoric acid and has an impregnated thickness of around 50 µm. This membrane is sandwiched between the electrodes. For structural integrity of the MEA, two extra components are used. A thin film of about 25 µm made of insulating Kapton material is used to hold the membrane in place. The MEA is then set between two polytetrafluroethylene (PTFE) sealings. These films are about 200 µm thick and also provide electrical insulation along with impermeability to reactant gases. The fuel cell hardware blocks on either side of the MEA are screwed together. The test cell is then mounted on the test bench, which provides operational support.

The C100 test bench has connections for gas supply, heating rods, temperature sensors as well as the cell current and voltage sensors. The complete overview of the operational test cell parameters is observed and controlled from the software interface. Temperatures, pressures, gas flow rates, cell voltage and cell current can be varied by manual inputs from this interface. It is also possible to run user defined scripts for long term trials. Along with hydrogen and air as reactant gases, nitrogen is also supplied as an inert gas, often used for purging remnants of the reactant gases during shut down or start-up phases. The gas flow rates and absolute pressures can be maintained separately for the anode and the cathode. Standard operating conditions are set at 160°C temperature, 2.5 bar absolute pressure and anode and cathode flow rates at 0.1 and 0.3 liters per minute respectively.

The electrode-electrolyte interface remains to be the main focus for any improvement in performance of the HT-PEM fuel cell. Figure 1 shows the schematic depiction of the membrane in contact with the electrode (cathode), where both the two phase as well as the three phase boundary reaction zones are formed due to the electrolyte reaching into or partially flooding the porous electrode. The three phase boundary reaction zone is shown to be the contact area where the three phases namely the liquid electrolyte (I), the solid catalyst particle (II) and the air in the gaseous phase (III) are present. Chronoamperometric analyses on fuel cells with such an undefined electrode-electrolyte interface are hardly useful without separating the two phase boundary reaction zone from the three phase boundary reaction zone. For achieving this separation, certain modifications are made by changing the extent of the electrolyte flooding of the electrode, thus resulting into three distinct states of the electrode. These states are depicted in Figure 2 The "Regular Cell" has a standard electrolyte loading in the membrane, which assures optimal performance at standard operating conditions. The "Flooded Cell" membrane has 10% more phosphoric acid solution in comparison and the electrodes are separately doped with the additional electrolyte. The "Dry Cell" electrolyte loading in the membrane is approximately 20% less than that in the "Regular cell". This is done to assure minimal flooding of the electrode and thereby create a condition opposite to the "Flooded Cell". Chronoamperometric tests on these cells are performed with the potentiostat PGSTAT20 from AUTOLAB®. This potentiostat however is incapable of recording cell currents higher than 2 A. The regular cell with a 10 cm² active surface area, under standard operating conditions when subjected to a cell voltage step down from OCV to 0.1 V, produces an instantaneous cell current overshoot to around 100 A before stabilizing at around 30 A. To be able to get accurate readings from this potentiostat, certain adjustments are made. An additional 20 A current booster (BSTR 20A also from AUTOLAB®) is used in connection to the potentiostat and the electrodes are cut down to 1 cm².

The sequence of the chronoamperometric experiment is described below and is repeated for the three test cells.

1. The cell is initially kept close to the OCV before making a step change to lower voltage.

2. The step down in voltage is made from OCV to 0.1V and the transient current response is recorded every 10 milliseconds. 3. The whole procedure is carried out at 160°C, 120°C and 80°C. 4. Polarization curves for the above temperatures are recorded.

Results and Discussion

Polarization curves

The steady state behavior of the three modified electrodes can be seen from their I/E curves at 160°C as shown in Figure 3. The curves for the dry and the regular cell are almost identical. The electrode modifications have no affect on the steady state behavior for these two types. The flooded cell on the other hand shows poor performance throughout. If referred to Figure 2 again, the lower cell current in the flooded cell can be attributed to the absence of the three phase boundary. Since both the dry and the regular cell are assumed to have the same geometric area of the three phase boundary region, the steady state currents are identical over the entire cell voltage range.

As the temperatures are lowered to 120°C (Figure 4), the I/E curves for the same cells present a slightly different picture. The flooded cell shows a similar curve as at 160°C but the dry cell curve is now quite distinct in comparison to the regular cell. At higher cell voltage and low cell current also known as the activation region, the dry cell shows poor performance. This continues to be the case in the quasi-linear ohmic region, but in the mass transport limitation region the regular cell current drops quite early in comparison. The regular cell current drops below the dry cell at 0.4V. The boiling point of water at 2.5 bar absolute pressure is around 129°C. This can make the removal of product water at 120°C rather slow when compared to that at 160°C. Since the regular cell is assumed to have a part of its electrode flooded with electrolyte, further flooding by product water can cause complete flooding and thus induce current losses due to oxygen transport resistances. This however is not the case for the dry cell. Since most of its electrode is expected to be void of the electrolyte, flooding by product water is not as detrimental to its performance at the same voltages.

In Figure 5 the I/E curves at 80°C show identical behavior of the dry and regular cell in the activation and the ohmic region. But the cell current drop due to mass transport losses is now observed much earlier (0.5V) for the regular cell as compared to the dry cell. This is an expected trend due to lowering of temperatures. The dry cell behavior at lower temperatures in the mass transport limitation region has the best performance. Nevertheless, for most fuel cell applications, cell voltages in the range of 0.6V -0.7V are favorable and that's where the regular cell has the better cell currents in the investigated temperature range. During the fabrication stage the partial flooding of the regular cell is difficult to quantify. It is seen clearly that this electrode-electrolyte interface plays a crucial role in the fuel cell performance. In the next section, dynamic measurements on three test cells are done via chronoamperometry. The analysis of the recorded transient currents by Cottrell equation provides a possible diagnostic method for characterizing the electrode-electrolyte interface.

Reaction Zones

The chronoamperometric measurements are carried out on the three test cells at 160°C. In Figure 6, the left graph shows the transient current recorded when a cell voltage step from OCV to 0.1V is applied. The right figure is the corresponding Cottrell plot, where the transient current after the applied voltage step is plotted against the inverse square root of time. The highest peak current is observed for the flooded cell, where maximum platinum catalyst particles are expected to be in contact with the electrolyte. This current however drops rapidly below the currents observed from the other two cells. The regular and the dry cell show almost similar behavior, which was also the case for their polarization curves at 160°C. However, it is observed here that the cell current peak after the voltage step is higher for the regular cell. This indicates that since the electrolyte in this case floods the electrode more than in the dry cell, more platinum catalyst particles are in contact with the electrolyte and therefore electrochemically active. While the steady state behavior shows no such differences for the regular and the dry cell, the dynamic behavior indicates the difference in the electrodeelectrolyte interface.

Similar plots at 120°C are shown in Figure 7. The peak current is the largest for the flooded cell and its Cottrell plot is linear. This straight line heading towards the origin is similar to a planar electrode in the Cottrell experiment. The regular and the dry cell Cottrell plots are more distinct with the peak current of the regular cell larger than that of the dry cell, but the steady state current considerably lower. The chronoamperometric and Cottrell plots at 80°C for the three cells are shown in Figure 8. The flooded test cell Cottrell plot is similar to the Cottrell experiment for a planar electrode. It is linear heading towards the origin. This describes the two phase (liquid and solid) boundary reaction zone where the oxygen permeates i.e. dissolves into the electrolyte and diffuses towards the electrode. The slight non linearity in the plot is due to the capacitive current at short times (3 > t -1/2 >10).

The dry test cell has a Cottrell plot similar to the spherical electrode with a straight line intercepting the cell current axis. The magnitude of the current for the dry cell is almost five times higher than that of the flooded cell at steady state. This can be attributed to the reaction at the three phase boundary, which requires permeation of oxygen in air, which is much faster than that in the electrolyte. The Cottrell plot decreases until t -1/2 = ~1, beyond which a slight increase and then a decrease in cell current in observed. The increase in the cell current is expected to be due to product water, which acts as an extension of the electrolyte in the electrode. This brings previously unused catalyst particles in contact with the electrolyte and therefore slightly increases the active area and also the cell current. For times longer than a couple of seconds, effects other than diffusion (mainly convection) play a significant role and therefore these times on the Cottrell plots (between 0 and 1 on the x-axis) deviate from expected behavior [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF].

The regular test cell Cottrell plot shows a larger slope at short times similar to the flooded test cell. This behavior transitions into a slope more like the dry cell at longer times. It is therefore plausible to assume that the regular test cell with sufficient electrolyte forms both, a two phase and a three phase reaction boundary and has a Cottrell plot similar to a combination of the plots of the other two cells. This can be simulated and validated as shown in the section 4.4. The following sections consider the experimental results performed at 80°C for further analysis.

Electrode Active Area

The Cottrell equation for the flooded cell, Eq. ( 2), is used to simulate the Cottrell plot while taking the active electrode area A as an unknown. The oxygen diffusion coefficient in phosphoric acid, D and initial concentration in phosphoric acid C* are obtained by other ex-situ experiments (see Table 1) and have similar magnitude to the data reported in literature [START_REF] Liu | [END_REF]. This equation is applied only to the relevant measurement data points, i.e., the intermediate measured points. The shorter times that have a large influence from cell capacitance and the times longer than 1 second are neglected for this analysis. This is depicted in Figure 9 where one sees the simulated line being linear heading towards the origin in good agreement with the measurement data at intermediate measured points. The active electrode area is the only unknown in this equation and is estimated for these measured data points to be approximately 3500 cm². As the platinum particles used in electrode preparation have an average weight specific surface area of 500 m² g -1 , the maximum possible surface area based on Pt loading of the catalyst in the cathode is estimated to be around 7000 cm² per cm geometric area. Even in case of the flooded cell, not all catalyst particles are accessible by the electrolyte. This estimation suggests that approximately 50% of the platinum surface area is not available for reaction. This can be due to loss of catalyst particles in the porous carbon support, sintering and other agglomeration effects.

The non-linearity due to cell capacitance is now taken into account by adding the 2 nd term, Eq. ( 4).
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For the second term, the magnitude of the cell voltage step E is a known value, whereas the cell capacitance C d and uncompensated resistance R u are unknown. The two time dependent terms share no common parameters. The double layer capacitance obtained from this equation is approximately 0.0875 F and the uncompensated resistance value of 0.64 Ohms. The solution for this equation with the estimated values of C d and R u also shows good agreement with the measurement points as shown in Figure 9.

This approach can be used as a comparative analysis for estimating the maximum available catalyst area in commercial electrodes. The estimated double layer capacitance is due to the entire Pt/C area in contact with the electrolyte. However, the contribution to the cell current at the intermediate measurement points used to estimate the active platinum area has negligible influence from the capacitive current and therefore the estimated active area is expected to be the active platinum catalyst area,

Thin Film Boundary

The Cottrell plot of the dry cell can be simulated using Eq. ( 3). In this equation, the first time dependent term has the unknown active electrode area A and the second time independent term has the radius of the spherical electrode δ. While the test cell electrode is in no sense spherical, one can treat this parameter as a shape factor. Even though it's difficult to describe this theoretical radius in the context of a porous electrode, its inclusion in the second time independent constant term serves only to ascertain the magnitude of the intercept on the cell current axis. This shape factor therefore has no effect on the slope of the curve, which holds the permeability parameters and the active electrode area.

The three phase boundary reaction zone assumes the oxygen diffusion coefficient and initial concentration are that in air. This input however estimates an active electrode area around 0.6 mm², which is much smaller than the geometrically projected area (~1 cm²) of the test cell and therefore an improbable scenario. An alternative to the simple three phase boundary reaction zone model is the thin film boundary model as seen in Figure 10. Similar model approaches are widely reported in the literature for describing active catalyst regions in a Nafion based PEM fuel cell [16 -18]. In the presented case the catalyst particle are covered by a thin film of the electrolyte and the oxygen which diffuses through the air has to first dissolve in the electrolyte film in order to reach the reaction site. An important assumption here is that the thickness of the electrolyte film is extremely small and all the dissolved oxygen molecules are directly available for reaction on the catalyst surface. This is in agreement with the work done by Bjerrum et al [15]. Here, the thickness of the phosphoric acid film on electrodes was estimated to be 0.1µm order of magnitude. With this consideration, the diffusion of the dissolved oxygen molecule to the active site within the electrolyte thin film can be neglected and only the diffusion of oxygen in air is considered to be rate limiting. The initial concentration of oxygen is however that in the electrolyte itself and not in air. The diffusion term can be accordingly modified as shown here.
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In this equation, the initial concentration of oxygen in air is thereby replaced with the initial concentration of oxygen in phosphoric acid and the model estimates an active electrode area of about 3 cm². The simulation is in close agreement with the experimental data as seen for the dry cell in Figure 11. As seen in the Cottrell plots for all three cells at 80°C, the steady state current for the dry cell is five times larger than that for the flooded cell. Thus it can be concluded that a much smaller active electrode area with fast oxygen transport in the dry cell can account for a larger cell current when compared to a much larger active electrode area but slow oxygen transport in the flooded cell. A build up of such a thin film boundary in the electrode-electrolyte region can therefore determine the performance of the fuel cell.

Commercial Electrode Behavior

Even though the dry cell performs extremely well at low temperatures in the mass transport limitation region, the cell current at working voltages of 0.6V -0.7V, the regular cell performs consistently better in the tested temperature range. This goes to show that a certain degree of partial flooding is important for power generation. However, quantifying such a character of the electrode-electrolyte interface after a commercial fuel cell is assembled is not a trivial task. The Cottrell plot of the regular cell (commercial electrode) can be considered to be combination of the flooded and dry cell plots. Therefore it is possible to add the Cottrell equations for the flooded and dry cells along with an additional transition term to be able to describe the standard cell. One such extension has been presented in the works of S. Mitsushima et al [START_REF] Ota | Handbook of Fuel Cells[END_REF], which was validated for a platinum microelectrode.
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This equation is an extension of the Cottrell equation with the first term representing the flooded part, the second term accounting for the intercept on the current axis and the third term, which contains the exponential time dependence. The diffusion coefficient and initial solubility of the oxygen is in the electrolyte. The third term is a product of the current intercept (second term) and the exponential time dependent term with the preexponential and exponential constants (positive 0.2732 and negative 0.3911). The term r 0 in this equation is the electrode radius and is analogous to the term δ used in all previous equations. The exponential term presented in this work is rather empirical in nature, but can be used to describe the transition of the Cottrell plot from the flooded cell behavior to the dry cell behavior. In case of the standard cell, the electrode is partially flooded along with the thin film boundary. For the Cottrell plot, that would mean partial contribution from the flooded cell equation term and full contribution from the dry cell equation term assuming a similar thin film boundary area. The short time influence of the flooded cell term, which transcends into the long time influence of the dry cell term, is sufficiently connected by the exponential term of the equation. This can be written as:
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In this equation the unknown parameters are x, P and Q, where x is the extent of flooding of the regular cell ranging between zero for a dry cell to one for a flooded cell. The parameter P and Q are left completely free to be solved to match the experimental measurements and the result is shown in Figure 11. The estimated value of parameter x is found to be 0.6 and those of P and Q are 1.3808 and -0.5979 respectively. The empirical constants P and Q have no physical significance, but when compared with Eq. 8 for the microelectrode, one can observe the increase in magnitude for both as well as maintaining the negative sign for constant Q. The value of x signifies the contribution of the flooded cell equation to the regular cell current equation. This technique shows the estimation of flooding of the electrode by the electrolyte in a commercial fuel cell.

Conclusions and Outlook

Chronoamperometric testing and Cottrell analysis performed on commercial electrodes give valuable insights into its electrode-electrolyte interface. This interface is experimentally and analytically described using the combination of the two extreme cases of electrode flooding. Polarization curves as well as Cottrell plots of the three test electrodes show very distinct behavior. The flooded cell analysis provides a new possibility to estimate the maximum available catalyst area in a commercial HT-PEM fuel cell. The formation of the thin film boundary layer in the electrode that determines largely the output of the cell can be seen from the dry cell analysis. A certain level of "floodedness" of the electrode is necessary to maximize the cell performance under typical fuel cell operating conditions as seen from the performance of the regular cell. This approach can be a useful diagnostic method for characterizing MEAs postproduction. Finally, the estimation of maximum active area available in the electrode is a motivation for further optimization of platinum usage for important cost reductions in commercial electrodes. 
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Table 1

 1 Modeling parameters used in and obtained from simulations (for 80°C).
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