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Understanding and improving the durability of cost-competitive fuel cell stacks is imperative to successful deployment of the technology. Factors affecting durability at high power density (≥1 W.cm–2) and low platinum loadings are largely unstudied. We have investigated the durability of fuel cells with low platinum loading (<0.2 mg.cm–2) and high current densities to identify the main mechanisms of performance degradation on automotive cycles. A design-of-experiments approach was utilized to reveal and quantify the sensitivity of durability-critical material properties to high current density at two levels of platinum loading (the more conventional 0.45 mgPt.cm–1 and the much lower 0.2 mgPt.cm–2) across several cell architectures. 
We studied the relevance of selected component accelerated stress tests (AST) to fuel cell operation in power producing mode. New stress tests (NST) were designed to investigate the sensitivity to the addition of electrical current on the ASTs, along with combined humidity and load cycles and, eventually, relate to the combined city/highway drive cycle. Figure 1 shows the designed load cycle commissioned on an eight-cell stack with 360 cm2 total cell active area. The average cell voltage was recorded against the respective current density for the twenty minutes of cycle duration. We conducted these tests under the described protocol lasting from 1000 to 1600 h, using several stacks.
Additionally, the DOE protocol was used to subject the cells to accelerated stress tests (AST) with triangular sweep cycles between 0.6 V and 1 V at 50 mV.s–1 scan rate for 30,000 cycles. The cell polarization curves and high frequency resistance (HFR) were measured with H2/air at 80oC and 100% RH after 0, 1000, 5000, 10,000, and 30,000 cycles. For these tests, we used single cells assembled in single-channel fixtures with co-flow, quad-serpentine flow fields and 50-cm2 active membrane area. We compared the effect of voltage cycling/ASTs on the degradation in performance of two cells with active areas of 50 cm2 each, with different Pt loading on the cathode (0.15 and 0.4 mgPt.cm–2), but identical otherwise (0.05 mgPt.cm–2 Pt loading on anode, 15 μm membrane thickness). 
The cells used in ASTs showed rapid ECSA loss initially, but the ECSA appeared to stabilize at about 20 m2.mg–1. The H2 crossover rate was also measured at the same test times as the ECSA. Our analysis of ECSA loss from V-I curves showed consistency with the direct measurements by cyclic voltammetry, and it correlated well with the increase in average platinum particle diameter determined by XRD analyses, as presented in Figure 2. 
We used the IR-corrected back-scan polarization data at low current densities to determine the Tafel slope for the kinetics of the oxygen reduction reaction (ORR). Our analysis showed that the Tafel slope increased by 5–10% initially, and then more gradually over the rest of the test period. We estimated an average Tafel slope of 71.9 mV.dec–1 for the 0.15-mgPt.cm–2 cell in AST, 77.7 mV.dec–1 for the 0.4‑mgPt.cm–2 cell in AST, and 88.4 mV.dec–1 for the 0.4‑mgPt.cm–2 stack in NST.  We also estimated the exchange current density (i0, normalized for ECSA) for calculating the activation overpotential using the Butler-Volmer equation with a first-order term for PO2. We calculated higher i0 (mA.cmPt–2) for the 0.4-mgPt.cm–2 cell, and observed ~10% increase in i0 with ageing for both cells. This increase in i0 is consistent with our XRD measurements, indicating that, after 30,000 cycles, the average Pt diameter had grown from 2.6 nm to 7.2 nm in the 0.4‑mgPt.cm–2 cell, and to 9.6 nm in the 0.15-mgPt.cm‑2 cell. 
Having determined i0 and the Tafel slope, we estimated the activation overpotentials for ORR and the mass transfer overpotentials, and these are presented in Figs 3 and 4 for the 0.15-mgPt.cm–2 cell subjected to AST. We observed higher activation overpotentials in the 0.15‑mgPt.cm–2 cell but a smaller effect of ageing than in the 0.4-mgPt.cm–2 cell. Conversely, the mass transfer overpotentials were much higher in the 0.15-mgPt.cm–2 cell, and they showed a larger increase with ageing.
Using the experimental dissolution and oxide coverage results, a model was developed for Pt dissolution and Pt particle growth/ECA loss under steady-state and cycling conditions.  The model assumes a non-ideal solid solution between PtOx and Pt where oxide decreases the effective surface activity of Pt.  Under steady-state conditions, it was found that there is a balance between Pt dissolution and protective oxide formation (at >0.8 V) with the activity of Pt strongly dependent on oxide coverage, which is strongly dependent on potential.  Under cycling conditions it was found that at upper potential limits of <0.9 V, deposition is competitive with dissolution and at >1 V, cycling accelerates Pt dissolution compared to potentiostatic conditions due to incomplete protection of the oxide.  Based on modeling of changes in ECA and PSDs, as determined by in-situ ASAXS and ex-situ ASAXS and TEM analyses, the particle growth mechanism was found to be dissolution of smaller particles and, to a lesser extent, re-deposition of Pt causing particle coalescence.
Changes in the cathode ECSA and average oxygen partial pressure on the catalyst layer with aging under AST and NST protocols were compared based on the number of completed cycles. Under AST protocol, an equivalent ECSA loss occurred 5–6 times as fast as in the studied NST. 
We analyzed the electrochemical impedance spectroscopic (EIS) data and set up a model to determine the O2 mass transfer coefficients across the gas diffusion layer (Kgdl) and the cathode catalyst layer (Kcl). We concluded that in these cells, the catalyst layer controlled the overall mass transfer, and that Kcl in the 
0.15-mgPt.cm–2 cell decreased by 53% after 30,000 cycles in AST at 1 A.cm–2.
Finally,  the relative magnitudes of the BOT (beginning of stress test) and EOT (end of stress test, i.e., 30,000 cycles) mass transfer, Ohmic, and activation overpotentials in both the cells were summarized. The cell potential decreased by 54 mV at 1 A.cm–2 after 30,000 voltage cycles, with the increase in mass transfer overpotential (mainly due to the catalyst layer) accounting for more than 70% of the total voltage degradation.
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Fig. 1 Combined city/highway drive cycle performed in short stack.
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Fig. 2 Correlation between cathode ECSA and average diameter of platinum particles by XRD.
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Fig. 3 Activation overpotentials (0.15-mgPt.cm–2 cell) in ASTs.
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Fig. 4  Mass transfer overpotentials (0.15-mgPt.cm–2 cell) in ASTs.
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