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 27 

Abstract 28 

A remaining challenge for deployment of proton-exchange membrane fuel cells is the 29 

limited durability of Pt-nanoscale materials that operate at high voltages during the 30 

cathodic oxygen reduction reaction. In this work, atomic-scale insight into well-defined 31 

single crystalline, thin-film, and nanoscale surfaces exposed Pt dissolution trends that 32 

governed the design and synthesis of durable materials. A newly defined metric, intrinsic 33 

dissolution, is essential to understanding the correlation between the measured Pt loss, 34 

surface structure, size and ratio of Pt-nanoparticles in carbon support. It was found that 35 

utilization of Au underlayer promotes ordering of Pt surface atoms towards (111)-36 

structure, while Au on the surface selectively protects low-coordinated Pt sites. This 37 

mitigation strategy was applied towards 3 nm Pt3Au/C nanoparticles, resulting in 38 

elimination of Pt dissolution in liquid electrolyte, including 30-fold durability improvement 39 

vs. 3 nm Pt/C over extended potential range up to 1.2 V. 40 

 41 
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The high efficiency of polymer electrolyte membrane fuel cells (PEMFC) to convert the 42 

chemical energy stored in hydrogen fuel into electrical power makes them an attractive power 43 

source for a variety of transportation systems1–3. While the development of PEMFCs over the 44 

past 30 years has now led to the commercialization of fuel cell vehicles4, the road to mass-45 

market remains largely unpaved. In addition to an underdeveloped hydrogen infrastructure, 46 

current state-of-the-art Pt-based electrocatalysts still require substantial improvement in 47 

performance to decrease stack cost and increase device lifetime. The main limitations reside with 48 

the cathode due to both the kinetic barriers of the oxygen reduction reaction (ORR) and 49 

durability of employed materials 5. Strategies to improve kinetics have been derived from atomic 50 

level insights towards nano-engineered Pt-based alloys 6–15 with distinct Pt-skin surfaces, which 51 

to date are the most active ORR catalysts 16. Nevertheless, the atomic level approach has offered 52 

just mere observations of degradation processes 17–22, but has not provided sufficient guidance in 53 

materials design to effectively address durability. 54 

The current picture of catalyst degradation comes from observing metal dissolution, 55 

particle size changes, and carbon support corrosion during or after an accelerated stress test 56 

(AST) 17,18,27,19–26. The AST typically induces a decrease in electrochemically active surface area 57 

(ECSA) that is particularly exaggerated for small particles (e.g. 3 nm and below) 28–32. These 58 

changes are often rationalized thermodynamically by Ostwald ripening and Gibbs-Thompson 59 

effects, but provide little-to-no insight into the key physicochemical parameters and the 60 

processes that govern degradation. Only recently with the advent of in situ monitoring of Pt 61 

dissolution 24,33–35 it was possible to identify and quantify the mechanisms of Pt dissolution at the 62 

atomic scale. Electrochemical measurements in combination with mass spectrometry and atomic-63 

scale imaging enabled following Pt dissolution directly from single crystalline surfaces under 64 

conditions relevant to ORR 34. A strong dependence between the geometry of the topmost 65 

surface atoms and dissolution has been found, directly correlating to their average coordination 66 

number. The (110) structure with low-coordinated surface atoms is the most prone to dissolution, 67 

while the most stable (111) surface has the highest coordination of atoms. However, insight into 68 

the atomic scale dissolution mechanism on real-world Pt nanoscale catalysts where 69 

dissolution/redeposition 36–38 is operative remains elusive. Thus, the establishment of such a 70 

functional link is needed to aid the development of viable mitigation strategies.  71 
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Here, the dissolution processes on extended single crystalline and thin film surfaces of Pt 72 

are correlated to nanomaterials that have well-defined particle size and Pt:C ratio to benchmark 73 

intrinsic dissolution rates. The governing Pt dissolution mechanism was mitigated at the atomic 74 

scale by addition of less oxophilic Au. The promotion of Pt stability is linked to Au atom 75 

placement, both as a subsurface and surface spectator. Ultimately, this led to the design and 76 

synthesis of a PtAu nanoscale catalyst with tailored compositional gradients and absence of 77 

dissolution at ORR relevant conditions. 78 

Selected Pt electrocatalysts were synthesized through solvothermal synthesis as 79 

monodisperse nanoparticles (NPs) with controlled particle size of 3, 5 and 7 nm (Figures 1a, b, c 80 

and S1), which enabled to vary the average coordination number of nanoparticle surface atoms 81 
33,34. Additional obstacle to address is the morphology of the fuel cell electrode layer , which is 82 

consisted of catalyst particles, carbon support and tens of nanometer thick ionomer distributed 83 

throughout electrode layer for optimal reactant, water, and proton transport 39,40. However, this 84 

porous morphology might affect the assessment of Pt dissolution by confined evolution of 85 

dissolved Pt ions and promotion of redeposition during potential cycling. In order to investigate 86 

this effect, monodisperse particles of the same catalysts are loaded onto high surface area carbon 87 

supports with targeted Pt:C ratio of 20 and 50 wt.%. Measurements of dissolution rates were 88 

done in situ during cyclic voltammetry experiments in 0.1 mol L-1 HClO4 at 50 mV s-1 by 89 

conjoined stationary probe rotating disk electrode and inductively coupled plasma mass 90 

spectrometer (SPRDE-ICP-MS) with detection limits for Pt of 1 ppt (parts per trillion), 91 

corresponding to 1x10−6 ML (atomic monolayer) or 0.4 pgPt/Au cm-2 s-1 34. The CV protocol was 92 

set to allow monitoring of Pt dissolution unimpeded by enhanced redeposition rates induced 93 

during fast potential transients 36,37.  94 

The RDE cyclic voltammetry (CV) profiles for the selected Pt/C catalysts deposited in 95 

the form of thin layer with equal amount of Pt mass over glassy carbon electrode (see methods), 96 

shown in Figures 1d, e and f, represent the typical Pt-adsorbate interactions in aqueous 97 

electrolytes (Hupd and OHad/Oad) 41. Equal Pt loading is confirmed by variation of the ECSA from 98 

one particle size to another, as reflected by the different Hupd charges between 3 to 5 nm, and 99 

similar Hupd charge for different Pt:C ratios but same particle size, e.g. 5 nm (Figure 1g). As the 100 

upper potential limit (1.0 V) is sufficient to cause PtOad formation, it can also trigger Pt 101 
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dissolution events that are characterized by limited anodic dissolution (positive sweep), and 102 

significant Pt ion release during the sweep towards lower potentials following PtO reduction near 103 

0.8 V. While the overall dissolution curve profiles are similar, there is an obvious trend in the 104 

amount of dissolved Pt, which is retrieved by integration of the dissolution curves in Figures 1d, 105 

e and f (ΓPt), as summarized in Figure 1h. Higher dissolution is observed for smaller particles 106 

(ca. 44.8 pg cm-2 for 3 nm versus 3.9 pg cm-2 for 5 nm) while variation in Pt:C ratio also impacts 107 

measured dissolution. The total amount of Pt loss is 2-3 fold higher for 50 vs. 20 wt.% Pt/C 108 

(Figure 1h), ca. 5 nm, 3.9 pg cm-2 for 20 wt.% versus 8.9 pg cm-2 s-1 for 50 wt.%, despite similar 109 

electrochemical surface area (ECSA, Figure 1g), and same Pt mass over glassy carbon electrode. 110 

These results indicate that 3D porous morphology of the catalyst layer, plays a significant role in 111 

assessed dissolution rates, and controlling both particle size and Pt:C ratio influence activity and 112 

durability through transport limitations as well as Pt ions release from the 3D layer. Therefore, 113 

measuring the true rates of Pt dissolution from nanoparticles would require direct exposure to the 114 

electrolyte, without scavenging effect from the porous matrix. This is achieved with sputtered 115 

thin films of Pt deposited onto a surface of glassy carbon electrode with known geometric 116 

surface area. In order to mimic real nanoparticles, deposition parameters for magnetron 117 

sputtering are tuned to attain thin film topology with high angle grain boundaries and 118 

homogeneous grain size distribution centered about 3 and 5 nm (confirmed by Scanning 119 

Tunneling Microscopy (STM) in Figure S2) 42,43. Such thin film combines aspects of both 120 

extended 2D surfaces and nanoparticles without the influence on eluted metal ion transport and 121 

dissolution/redeposition that is imparted by the 3D layer. Namely, an electrode with well-defined 122 

geometric surface area and tuned surface morphology resembling that of Pt nanoparticles; 123 

however, with lower ECSA due to interconnected-coalesced grains yet with notable roughness 124 

factor when compared to flat 2D electrode surfaces.  125 

A comparison between dissolution rates for nanoparticles and those measured on 126 

extended 2D single crystalline and thin film surfaces requires normalization of dissolved Pt by 127 

ECSA (Figure 1g). This points towards a new metric, spelled as intrinsic dissolution, Γ0 (ng 128 

cmPt
-2). Similarly to the jk, intrinsic specific activity for electrochemical reaction rate, this value 129 

depicts unique character of each surface depending on geometric arrangement of surface atoms, 130 

i.e., coordination number, potential window, sweep rate, electrolyte properties and temperature.  131 
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Figure 1 displays a wide variation of Pt dissolution rates observed on well-defined 2D 132 

single crystalline surfaces, having (111) orientation as the most stable as no dissolution occurs 133 

under given conditions, a direct consequence of delayed PtO formation, which is taking place 134 

only above 1.05 V 34. However, unlike (111) surface, the (100) and (110) orientations have 135 

substantially higher number of under-coordinated surface atoms that leads to higher intrinsic 136 

dissolution rates (e.g. 111<100<<110). Similar trend in dissolution is found for nanoparticle size 137 

effect. As smaller particles have significant surface fraction of corners and edges, these under-138 

coordinated sites correspond to the (110) surfaces 31,32,44. The consequence is a 30-fold increase 139 

in the intrinsic dissolution rate when the size drops from 5 to 3 nm. Additionally, the rate of Pt 140 

loss is 500 times higher on 3 nm particles when compared to (110) surfaces as related to the 141 

Gibbs-Thompson effect 30–33,36. This result provides a quantitative insight for the dissolution of 142 

Pt nanoparticles, which is the leading cause for catalyst degradation (Figure S4 and S5), and 143 

therefore, developing an effective mitigation strategy is one of the biggest challenges in the fuel 144 

cell technology.  145 
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 146 
Figure 1. – Dissolution trends for Pt surfaces: TEM images of monodispersed Pt nanoparticles of various size and 147 
Pt:C ratio (a) Pt/C 3 nm 20 wt.%, (b) Pt/C 5 nm 20 wt.%, (c) Pt/C 5 nm 50 wt.% and corresponding cyclic 148 
voltammetry with in situ dissolution profiles (d), (e) and (f) in a single potential cycle between 0.05 and 1.0 V in 0.1 149 
mol L-1 HClO4 at 50 mV s-1 with 100 rpm at 25oC. (g) Uniform Pt loading is confirmed by integrated Hupd charge 150 
and ECSA retrieved from voltammetry for various Pt/C nanoparticles on glassy carbon electrode. (h) Total amount 151 
of dissolved Pt obtained by integration of the dissolution curves of a single potential cycle. (i) Intrinsic dissolution, 152 
Γ0 (ng cmPt

-2), for single crystalline (111), (100), (110) and polycrystalline Pt surfaces (green bars), nanograined Pt 153 
thin film surfaces of 3 nm and 5 nm (gray bars), Pt/C nanoparticles of 3 nm with 20 and 50 wt.% (red bars) and 5 nm 154 
with 20 and 50 wt.% (blue bars) reveals increasing dissolution trend by lowering carbon content, with maximum 155 
values for nanograined thin film surfaces, confirming scavenging role of carbon matrix within its 3D network.  156 

As mentioned above, the variation in the intrinsic dissolution rates for different Pt to 157 

carbon ratio, suggests a highly dynamic process between dissolution and redeposition. This is a 158 
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distinct property of catalyst supported on high surface area carbon that has not been previously 159 

addressed, and should be considered when comparing different support/particle configurations 160 

and synthesis methods. Comparison between nanograined thin films and corresponding size 20 161 

wt.% Pt/C catalysts reveals that unhindered dissolution rates could be up to 100-fold higher, 162 

which accounts for almost 99% of dissolved Pt being contained inside the carbon matrix, 163 

providing a direct pathway for agglomeration and particle size growth with consequent decrease 164 

in electrochemically active surface area. Yet, the remaining 1% loss amount can be seen as 165 

migration of Pt out of the catalyst layer, as confirmed in MEA studies where Pt aggregates were 166 

found within the polymer membrane near the cathode45,46. It is important to note that both 167 

processes of particle growth induced by redeposition and escape of Pt ions from the catalyst 168 

layer result in a decrease of ECSA and lower fuel cell performance (Figure S4 and S5). These 169 

results highlight the importance of utilization of thin film surfaces with tailored nano-170 

morphology, which enable the assessment of the true intrinsic dissolution of nanoscale materials. 171 

Most importantly, tuning of the Pt surface morphology at the nanoscale should be towards the 172 

(111) structure in order to minimize the number of undercoordinated surface sites. A feasible 173 

mitigation strategy for Pt surface dissolution is introduction of more stable and noble Au into the 174 

catalyst structure. One strategy relies on partial coverage of Au over Pt surfaces, which could 175 

affect the local Pt electronic structure 47,48. Despite observing little changes in catalytic activity 176 

over thousands of AST cycles47, the main challenge of this method is possible negative effect on 177 

ORR catalytic activity due to excessive blocking of Pt surface sites. Alternatively, utilization of 178 

Au in subsurface is shown to improve Pt durability 12,49, but the mechanism for stabilization 179 

remains elusive. In order to investigate the effect of Au, both mitigation strategies are evaluated 180 

here at the atomic level.  181 

First, an underlayer of a nanometer scale thick film of Au was coated over UHV cleaned 182 

glassy carbon surface followed by deposition of the same amount of Pt as described above, (ca. 183 

0.5 and 2 μg cm-2, PtTF of 3 nm and 5 nm respectively). A direct comparison between film 184 

morphologies with and without Au in the subsurface is obtained by STM, and shown in Figure 185 

2a-c. While size of individual interconnected grains for the thin films consisting of pure Pt over 186 

Au remains the same, their surface spatial arrangement is different and exhibits ordering in grain 187 

stacking of Pt over Au, as seen in Figure 2b. Atomic resolution images shown in Figures 2c and 188 

S6, reveal closely packed (111) structure of Pt surface atoms.  189 
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 190 
Figure 2. The effect of subsurface Au on Pt dissolution rates. STM images (100x100 nm area) of UHV sputtered 191 
thin film surfaces with tailored morphology of interconnected Pt grains with uniform 5 nm diameter: (a) over bare 192 
glassy carbon electrode, (b) over thin film of Au deposited on glassy carbon electrode, indicating ordered spatial 193 
arrangement in Pt grains stacking, and (c) atomic resolution image (20x20 nm area) of (b) with ordered and 194 
interconnected 5 nm grains, having closely packed (111)-like surface structure of Pt atoms. (d, top) cyclic 195 
voltammogram for GC/Au/PtTF 5 nm implies surface ordering towards Pt(111) (orange and gray curves), while CV 196 
for GC/PtTF 5 nm (blue curve) resembles polycrystalline Pt features, and (d, bottom) comparison of dissolution rates 197 
obtained by in situ RDE-ICP-MS in a single potential cycle. (e) Atomistic modelling side and top view 198 
representations of most stable Pt layer (√19 × √19) formed over a 4x4 Au underlayer. (f) Intrinsic dissolution, Γ0 (ng 199 
cmPt

-2), for different Pt thin film surfaces compared to polycrystalline Pt surface. Inset shows ORR polarization 200 
curves for both GC/PtTF 5 nm and GC/Au/PtTF 5 nm, indicating no change in the ORR kinetics. 201 

Additionally, the CVs in Figure 2d displays pseudo-capacitance indicative of a certain 202 

degree of ordering. Specifically, the presence of a featureless current plateau in the Hupd region is 203 

typical for Pt(111) voltammogram 41, as well as the appearance of a reversible redox feature 204 
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between 0.6 and 0.85 V, which is attributed to adsorption/desorption of oxygenated species on 205 

Pt(111) surface (so called “butterfly” region). The total charge associated with Pt-OH/O 206 

formation is suppressed by the addition of subsurface Au, indicating a decrease in the surface 207 

oxophilicity (conversion from polycrystalline to (111)-prevailing surface), while Hupd charge 208 

remains similar. These findings suggest that the underlayer of Au does promote an atomic scale 209 

ordering of the Pt overlayer, resulting in the formation of a Pt(111)-like surface, which in line 210 

with Density Functional Theory (DFT) calculations rationalizing overlayer Pt structures (Figure 211 

2e and S7), with important consequences towards Pt dissolution rate.  212 

As observed in Figure 2d (orange curves), the presence of Au underlayer has a profound 213 

effect on Pt dissolution rate, eliminating any measurable Pt loss, while no dissolution of Au 214 

occurred, (Figure S8). Normalization of the total amount of dissolved Pt by ECSA-Hupd (Figure 215 

2f) further confirms the significant improvement of the intrinsic dissolution rate of Pt, making 216 

GC/Au/PtTF 5 nm more stable than Pt(poly), and closely related to Pt(111) (Figure 1i). In 217 

addition, the ORR polarization curves for both thin film samples are very similar (inset Figure 218 

2f), indicating that the Au underlayer has minimal effect on the intrinsic ORR activity. This is in-219 

line with our DFT results for the OH binding energy, a typical ORR reactivity descriptor: -2.45 220 

eV on Pt(111) and -2.41 eV on 4 ML of (111)-restructured Pt overlayers, at the low coverage 221 

limit (see Table S1 and S2 for details). In the presence of subsurface Au, the enhanced Pt 222 

durability extends also to higher potentials, with limited Pt dissolution up to 1.2 V (Figure S9). 223 

The confluence of activity and stability is a strong function of the overlayer Pt thickness/loading. 224 

Decreasing Pt loading to, ca. 0.5 μg cmgeo
-2 (GC/PtTF 3 nm) leads to a lower Pt durability with a 225 

small loss in ORR activity compared to GC/PtTF 5 nm (Figure S10). Although the changes to the 226 

roughness of the Au substrate film has little impact over Pt stabilization (Figure S9), the high 227 

energies involved in the sputter process, in agreement with calculated Pt atom ejection energies 228 

(Figure S11b) and the inherent crystal lattice mismatch between Pt and Au that may naturally 229 

compress Pt-Pt bonds, could lead to the observed ordering effect (see theoretical modeling in Fig 230 

S7). Therefore, optimization of Pt loading, and consequently of particle size leads to a balance 231 

between ORR activity and Pt dissolution by promoting surface ordering to (111)-like structure.  232 

Second, the role of surface Au is explored by electrodeposition over Pt(111) surface with 233 

sub-monolayer control (ca. 0.04 ML steps, Figure 3a; see method section for details). Atomic 234 
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Force Microscopy (AFM) is used to visualize the spatial distribution of Au at different coverage 235 

(Figure 3b, d and f), with impact on both ORR and dissolution rates (Figure 3c and e).  236 

 237 
Figure 3. Effect of surface Au on Pt(111) dissolution and ORR rates: (a) cyclic voltammograms for Pt(111) with 238 
different surface coverage of Au. AFM height (left side images) and phase (right side images) contrast 2x2 µm 239 
images: (b) Pt(111) surface with terraces (50-100 nm wide) and monoatomic step edges, (d) Pt(111) with 0.16 ML 240 
of Au covering preferentially the step edges sites, (f) 0.48 ML of Au spills over to the Pt terraces. (c) ORR kinetics 241 
for various Au surface coverage (jk measured at 0.9 V in 0.1 mol L-1 HClO4 at 50 mV s-1 and 1600 rpm) shows 242 
unmodified catalytic activity for  θAu < 0.2 ML. (e) Pt dissolution rates for Pt(111) and Au at 0.04 and 0.16 ML 243 
measured by SPRDE-ICP-MS by monitoring only the first cycle up to 1.15 V as each subsequent would induce 244 
surface roughening.  245 

While Pt(111) surface shows the typical terrace width (50-100 nm, Figure 3b), images for 246 

θAu = 0.16 ML indicate preferential placement of Au atoms at step-edge sites (Figure 3d), 247 

followed by spillover onto terraces at higher coverages (θAu = 0.48 ML, Figure 3f). This selective 248 

deposition of Au over undercoordinated sites is confirmed in the voltammetry profile (Figure 249 
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3a), as the “wrinkles” from the step-edges in the Hupd region are flattened at low Au coverages, 250 

while at higher θAu both “OHad butterfly” and Hupd features are suppressed, yet preserved. The 251 

effect on both ORR rate and surface stability at different stages of Au coverage is assessed 252 

(Figures 3c and 3e). At Au coverages up to, ca. θAu = 0.2 ML, there is negligible impact on ORR 253 

rate, as jk stays constant at 1.5 mA cm-2 at 0.9 V. However, increasing the Au coverage above 0.2 254 

ML results in a measurable decrease in ORR, which coincides with Au spillover on terrace sites. 255 

Due to the low intrinsic dissolution of Pt(111) surface, Pt(111)/θAu surfaces were cycled up to 256 

1.15 V 34,36,38. Figure 3e shows the representative Pt dissolution profiles for: θAu = 0 ML, 257 

θAu = 0.04 ML, and θAu = 0.16 ML. The selective blockage of undercoordinated step-corner sites 258 

has a direct consequence on Pt dissolution rates, as 0.16 ML of Au, (Figure 3b and d), induces a 259 

3-fold decrease in Pt dissolution rate. 260 

Further increase in Au coverage leads only to modest decrease in dissolution rate. Two 261 

important findings are obtained, the first is related to Au tendency to neighbor with Pt 262 

undercoordinated sites while decreasing their dissolution rates, and the second defines the 263 

threshold surface coverage of Au that does not influence the ORR rate but protects Pt from 264 

dissolution, emphasizing the optimal coverage of up to 0.2 ML of Au. While more substantial 265 

mitigation of Pt dissolution is achieved by (111) texturing through subsurface Au in comparison 266 

to surface bound Au, both of these are viable strategies for improving the durability of real-world 267 

catalysts. In order to extend these findings towards nanoscale system, a tailored solvothermal 268 

synthesis protocol is employed for the targeted compositional profile of PtAu NPs. A one-pot 269 

chemical synthesis approach (see methods), derived a series of monodisperse Pt and core-shell 270 

PtAu nanoparticle with Pt multilayered shell that should be capable to demonstrate the inherent 271 

stabilization imparted by subsurface Au (Figure 4a). For the sake of brevity, only the 3 nm 272 

particles are featured here as an ultimate example, since their size makes them the most prone to 273 

dissolution (Figures 1 and 2). 274 

Despite the difference in surface energy that would drive gold atoms to occupy surface 275 

sites 50, the difference in chemical reduction potential is sufficient to reduce Au at faster rates 276 

than Pt atoms during the one-pot synthesis. This balance between the surface energy and kinetics 277 

of chemical reaction induces targeted compositional gradient required to keep the majority of Au 278 

atoms in the particle core, with only a small portion of Au expected to be on the particle surface. 279 
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As mentioned above, Au surface atoms would provide additional passivation of 280 

undercoordinated Pt neighboring atoms, maximizing catalyst stability while minimizing impact 281 

on the ORR activity.  282 

 283 
Figure 4. – Pt3Au nanoparticles: (a) TEM of as-synthesized particles confirms uniform size distribution of 3 nm. (b-284 
d) high-resolution STEM along with elemental mapping acquired by EDS-contrast of Pt, Au and overlayed images, 285 
respectively. (e) EDS composition line scan in revealing Au-rich core with a Pt shell. (f) Illustration of Pt3Au core-286 
shell nanoparticle with distinct compositional gradient. (g) cyclic voltammograms (top curves) and corresponding Pt 287 
dissolution profiles (bottom) for Pt/C 3 nm 20 wt.% (gray curves) and Pt3Au/C 3 nm 20 wt.% (orange curve) in 0.1 288 
mol L-1 HClO4 at 50 mV s-1 and 100 rpm at 25°C. (h) Comparison between the intrinsic dissolution of Pt for 289 
different positive potential limits (up to 1.2 V) for both pure Pt/C (gray dots) and Pt3Au/C (orange dots) reveals 290 
improvement in Pt stability as measured by decrease in dissolution for the wide range of positive potential limits. 291 

The formation of a core-shell nanostructure is confirmed by HR-STEM (Figure 4b, 4c, 4d) where 292 

distributions for Au and Pt atoms are obtained by EDS-resolved imaging. The core-shell 293 

composition gradient is evident from the EDS line profile for both Au and Pt (Figure 4e), where 294 
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the ~ 2 nm diameter Au rich core is surrounded by a ~ 1 nm thick mixed Pt-Au shell, having Pt 295 

rich surface (depicted in Figure 4f). The characteristic double peak signature in Pt counts is 296 

indicative of a shell structure, while overall composition is confirmed to be Pt3Au. The 297 

voltammetry profile shown in Figure 4g is typical for Pt surfaces, noting that both Hupd and OHad 298 

regions for Pt3Au/C system are slightly suppressed compared to Pt/C particles, further supporting 299 

the presence of some Au atoms on the surface in the amount of less than 10%. 300 

The combined effect of Au is depicted in the Pt dissolution profile, as cycling the 301 

electrode potential up to 1.0 V does not trigger any detectable dissolution from the Pt3Au/C 302 

particles, nor changes to particle size and distribution (Figure S12). Direct comparison to the 303 

Pt/C NPs with the same size and loading, reveals staggering difference in dissolution rates, 304 

which confirms that the presence of Au eliminates detected Pt dissolution at nanoscale up to 1.0 305 

V even for an extreme example such as 3 nm particles. At the same time, the ORR kinetics 306 

(Figure 5g inset) shows similar activity level for both Pt/C and Pt3Au/C nanoparticles, 307 

confirming that the total Au coverage at the surface is below the 20% threshold identified in 308 

Figure 3. Further increase in the upper potential limit points to the onset dissolution potential for 309 

Pt3Au particles to be well above 1.0 V however, at substantially lower rates compared to Pt/C 310 

NPs (Figure 4h). Direct comparison between the intrinsic dissolution rates for 3 nm particles 311 

reveals a consistent over 30-fold improvement for the core-shell particles in the extended 312 

potential window beyond 1.2 V. Increasing temperature to 80°C does not change the conclusions 313 

regarding Pt dissolution, in fact, it fortifies the effect of Au by eliminating Pt dissolution at 314 

potentials relevant for fuel cell operation (Figure S13). 315 

These findings demonstrate that in addition to mere observations of Pt-dissolution, which 316 

was considered to be a fundamental limitation of material properties, the intrinsic Pt dissolution 317 

of the real-world electrocatalysts can be altered, tuned and even eliminated under given 318 

conditions by implementation of the material design rules that have been harvested from high 319 

precision evaluations at atomic scale. It is also shown that carbon support is shadowing the real 320 

dissolution rates, and for that reason, thin film surfaces with controlled morphology and 321 

composition were employed to reveal the true extent of Pt dissolution. Key parameters were 322 

controlled to assure that only one variable was changed at the time. That allowed direct atomic 323 

scale insight into the well-defined electrochemical interfaces and ability to tune them into robust 324 
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highly durable materials. Nevertheless, real electrochemical interface in fuel cells, is more 325 

complex, having additional species such as ionomer molecules which are usually randomly and 326 

unevenly distributed along and around metal particles, carbon support and carbon matrix pores 327 

that can accommodate Pt particles on its surface or inside. That creates substantial uncertainty 328 

about consistency of particular interface at the atomic scale, where other factors such as carbon 329 

corrosion and ionomer interactions are also taking a toll in overall degradation process. 330 

Undoubtedly, these processes should not compromise the intrinsic Pt dissolution rate, as they can 331 

only mask it. For those reasons, evaluation of catalyst stability in MEA, which is crucially 332 

important, goes beyond the scope of this study. In addition, these results sharply delineate and 333 

quantify Pt-dissolution from other degradation routes, which will allow deconvolution of the 334 

overall degradation mechanism as well as strategy to mitigate Pt dissolution in more complex 335 

structures such as different classes of materials based on Pt-alloys with transition metals that 336 

usually come with additional benefits in terms of performance. These findings are foundation for 337 

the future work that will address need for the development of an aging algorithm, which will 338 

enable accurate durability predictions over thousands hours of operation. 339 

Methods 340 

Chemicals: Hydrogen tetrachloroaurate (III) hydrate (HAuCl4.xH2O) (99.995%), Chloroplatinic 341 
acid hydrate solution (H2PtCl6·xH2O, >99.9%), Oleylamine (OAm, >70%), 1,2,3,4-342 
Tetrahydronaphthalene (99%) and Tetrabutylammonium bromide (TBAB, ≥98.0%) were 343 
purchased from Sigma-Aldrich without further purification. Nafion 117 solution (5% in low 344 
aliphatic alcohols – water mixture, Sigma-Aldrich) was further diluted in water before mixing 345 
with water-based nanoparticle suspension. High purity ultra-trace analysis grade perchloric acid 346 
(Omni Trace Ultra, EMD Chemicals) was further purified as described elsewhere 51. Electrolytes 347 
and calibration solutions were prepared with ultra-high purity deionized water (Milli-Q 348 
Millipore). Stock solutions of Pt and Au ICP-MS standards (TraceCERT, Sigma-Aldrich) were 349 
diluted to the desired concentration with ultra-high purity water and used as calibration standards 350 
for ICP-MS. All gases (argon, oxygen, hydrogen) were of 6N quality (Airgas). 351 

Nanoparticle synthesis (Pt and PtAu): Synthesis of pure Pt nanoparticles with selected particle 352 
size of 3, 5 and 7 nm were performed following the procedures described elsewhere 30,52. 353 
Synthesis of 3 nm Pt3Au compositional gradient core/shell NPs: In a typical synthesis, under a 354 
gentle flow of argon (Ar) and magnetic stirring, 0.25 mmol of hydrogen tetrachloroaurate (III) 355 
hydrate (HAuCl4.xH2O), 6 mL of OAm, and 6 mL of tetralin were mixed at 25°C. The 356 
chloroplatinic acid hydrate solution (H2PtCl6 · xH2O) in OAm and tetralin (0.75 mmol of 357 
H2PtCl6 · xH2O dissolved in 3 mL of OAm and 3 mL of tetralin) was added into the solution. 358 
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Then 0.4 mmol TBAB was dissolved in 1 ml of tetralin and 1 ml of OAm via sonication. The 359 
solution was then injected into the HAuCl4 solution at 30ºC. The mixture was further heated to 360 
200°C at a heating rate of 4-5°C min-1. The solution was kept at this temperature for another 30 361 
min before it was cooled down to room temperature. The product was collected by 362 
centrifugation, washed three times with the ethanol/hexane mixture, and then redispersed in 363 
hexane. 364 

Deposition of nano grain Pt thin films: Thin metal films of Pt and Au were deposited by 365 
magnetron sputter deposition42 on a mirror-polished glassy carbon substrate (base vacuum 366 
1×10−9 torr). The deposition rate was calibrated using a quartz-crystal microbalance. For 367 
depositing ultra-low loading Pt thin films the deposition rate was set to 0.3 Å s−1 while varying 368 
the total deposition time and pressure, ~7 s for 0.5 µg cm-2 (1ML) and ~30 s for 2 µg cm-2 369 
(4ML). Deposition of Au thin film was done at 0.75 Å s−1, exposing the glassy carbon surface 370 
during approx. 5 min, making a ~20 nm thick film. Ultra low loading of Pt was further deposited 371 
over Au thin film by utilizing the same conditions as before. An additional step of thermal 372 
annealing was performed on some samples before depositing Pt by heating the sample stage at 373 
400ºC inside the ultra-high vacuum chamber for 1 hour. After cooling the samples to room 374 
temperature, Pt deposition proceeded as described before. After deposition is done, the sample is 375 
removed from the UHV chamber and embedded into the RDE tip for the electrochemical 376 
experiments. 377 

Deposition of Au submonolayers over Pt single crystal surfaces: Au overalyers were 378 
deposited by electrodeposition method from ultra-diluted Au-containing electrolyte. A solution 379 
containing 50-100 ppb of dissolved Au in 0.1 mol L-1 HClO4 was used as the deposition 380 
electrolyte. Pt single crystal was thermal annealed before deposition as described elsewhere34. 381 
After surface preparation, Pt(111) was immersed under potential control in the three-electrode 382 
deposition cell (0.05 V) and immediately cycled between 0.05 and 0.9 V at 50 mV s-1 with 383 
electrode rotating at 1600 rpm. After the desired number of deposition cycles, the working 384 
electrode was removed, rinsed with ultra-pure deionized and deareated water, and then 385 
transferred to another electrochemical cell with clean electrolyte (0.1 mol L-1 HClO4). A cyclic 386 
voltammetry experiment between 0.05 and 1 V at 50 mV s-1 was used to confirm Au coverage by 387 
measuring the charge under the Hupd desorption region (from 0.05 to 0.4 V).  388 
High Resolution and Energy Dispersive Spectroscopy mapping: Scanning transmission 389 
electron microscopy (STEM) images were acquired in bright field (BF)-STEM and high angle 390 
annular dark field (HAADF)-STEM modes using a JEOL JEM-2200FS aberration-corrected 391 
STEM operated at 200 kV. The STEM is equipped with a Bruker X-flash energy dispersive X-392 
ray spectrometer (EDS) for acquisition of Pt and Au elemental maps (spectrum imaging). 393 

Scanning Tunneling Microscopy: Characterization of the deposited nano grain thin films of Pt 394 
over GC and GC/Au was performed at room temperature in air scanning tunneling microscopy 395 
(STM) using a NanoScope III D (Veeco, USA) instrument. We used height imaging mode with a 396 
Pt-Ir tip (current set-point around 1-2 nA and bias voltage between 20 to 100 mV). The mean 397 



19 
 

grain size values were acquired from a few randomly chosen (100x100 nm) areas of STM 398 
images.  399 

Atomic Force Microscopy: Atomic Force Microscopy imaging in standard tapping mode 400 
(Brucker dimension ICON, MA) was used to capture both topography and phase images of the 401 
Pt/Au surface simultaneously. All images were made with a Tespa V2 (Brucker, MA) silicon 402 
probe with < 7 nm radius. Topography image shows varying in heights across the scan area. 403 
Phase imaging is particularly useful in chemical mapping of surface as it is sensitive to surface 404 
stiffness/softness and adhesion between the tip and surface. The AFM data were processed and 405 
analyzed using the Gwyddion software package. Image backgrounds are removed using line by 406 
line correction. 407 

Preparation of Catalyst Layer for Electrochemistry: The as-synthesized NPs were first 408 
deposited onto carbon support (Tanaka 902.4 m2 g-1) in hexane under sonication to make NP/C 409 
catalyst. The catalyst was further annealed at 185°C to remove residual surfactant (capping 410 
agent) before they were collected via centrifugation (8500 rpm, 8 min) and washed with ethanol 411 
twice. The 3 nm Pt3Au/C catalysts were dispersed in Milli-Q water under sonication to make 412 
around 0.5 mg mL-1 catalyst ink. The catalyst inks were prepared to be 0.01% Nafion solution by 413 
adding the appropriate amount of 5% Nafion 117 solution (The Pt/C ratio for the Pt3Au catalysts 414 
is 18.9 wt.% measured by ICP-MS). The made ink was pipetted onto the glassy carbon (GC) 415 
electrode surface (0.283 cm2 geometrical surface area) to make the working electrode with Pt 416 
loadings of ca. 6 µgPt cm-2. Other Pt NPs catalysts electrode were made by the similar method 417 
and desired Pt loading on the GC surface. The nanoparticle results are shown after “pre-cycling” 418 
the electrodes from 0.05 V up to 0.95 V at 50 mVs-1 for 50 cycles. 419 

Electrochemical experiments: All the electrochemical experiments were done with an Autolab 420 
PGSTAT 302N potentiostat (Metrohm), a standard three-electrode electrochemical cell purged 421 
with either argon or O2, and a rotating disk electrode (RDE) setup. All working electrodes were 6 422 
mm outer diameter disks (GC and Pt single crystals) reversibly embedded on a Teflon cup and 423 
further secured in a PCTFE collet that engages with the rotating shaft of the RDE rotor. A carbon 424 
rod (99.99995%, Alfa-Aesar) and a bridged Ag/AgCl reference electrode (BASi) were employed 425 
as counter and reference electrode, respectively, for all electrochemical experiments. Separate 426 
carbon counter electrodes were used for electro-deposition experiment. All electrode potential 427 
are shown versus the reversible hydrogen electrode (RHE), calibrated from a separate 428 
experiment using H2 oxidation and reduction cycles. Typical cyclic voltammetry (CV) 429 
experiments were performed by cycling from 0.05 up to 1 V at 50 mV s-1. Additional 430 
experiments varying the upper potential limit from 1 V up to 1.2 V were also executed to 431 
evaluate the amounts of dissolution at elevated electrode potentials. All experiments were done 432 
by rotating the electrode at 100 rpm, unless otherwise indicated. All experiments were obtained 433 
with solution iR compensation. All the tests were conducted at ambient pressure at room 434 
temperature and 80oC. 435 
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In Situ ICP-MS experiments: Simultaneous electrochemical and Pt dissolution rates 436 
measurements were done by attaching a stationary probe to the RDE (SPRDE method 34), and 437 
the fraction of electrolyte pumped from the electrode surface was analyzed directly into an ICP-438 
MS (Perkin Elmer, NexION 350S). Plasma, auxiliary and nebulization flow rates were 15.6 L 439 
min-1, 1 L min-1 and 1 L min-1, respectively, and plasma RF power set to 1600 W. Pt (195 a.m.u) 440 
and Au (197 a.m.u) ions were simultaneously measured in the ICP-MS at a 4 points per second 441 
total, while the working electrode was controlled by the potentiostat as described above. The 442 
SPRDE collection efficiency at these conditions is 0.2534. 443 

Theoretical Methods: Periodic density functional theory (DFT) calculations were performed 444 
using the Vienna Ab Initio Simulation Package (VASP) 53,54. Projector augmented wave (PAW) 445 
potentials were used to describe the core electron interactions. A plane wave basis set with a 446 
kinetic energy cutoff of 400 eV was used to expand the electronic wave function of the valence 447 
electrons. The generalized gradient approximation (GGA) using the Perdew, Burke, and 448 
Ernzerhof (PBE) exchange-correlation functional was used 55. Geometry optimizations were 449 
performed until the Hellman−Feynman forces on each atom were less than 0.01 eV Å−1. With 450 
these settings, the Pt and Au optimized bulk lattice constants were determined to be 3.970 Å and 451 
4.158 Å, in good agreement with the experimental values of 3.92 Å and 4.14 Å56, respectively.  452 

Unless otherwise stated (see Error! Reference source not found.), 4×4 periodic supercells, 453 
comprising 4 Au underlayers and from 1 to 4 Pt overlayers, were used. The bottom two layers of 454 
the slab were kept fixed at the bulk lattice positions while all the remaining layers were fully 455 
relaxed. We included at least 15 Å of vacuum between successive slabs (in the z-direction), to 456 
avoid spurious interactions between periodic replicas. For these supercells, the first Brillouin 457 
zone was sampled with a (4×4×1) Monkhorst–Pack k–point mesh 57.  458 

To rationalize stability against dissolution and ORR activity trends, as well as the texturing effect 459 
on Pt, induced by the Au underlayers, we constructed several surface Pt/Au slab models. Among 460 
these, we evaluated the stability of three classes of surface models: 1) “stoichiometric” Pt 461 
overlayers on Au, where the ratio between Pt and Au atoms in the adjacent two layers of the slab 462 
defining  the Pt/Au interface is 1; 2) “Non-stoichiometric” Pt overlayers on Au, in which the 463 
ratio between Pt and Au atoms at the Pt/Au interface is greater than 1; 3) single atom alloys-like 464 
surface models, in which a single Au atom substitutes for a Pt atom in the topmost 465 
(stoichiometric) Pt layer of the slab. The stability of these surface models was evaluated using 466 
two different descriptors, namely the surface energy and the “Pt ejection energy”.  467 

The surface energy (Γ) was defined as: 468 

Γ = (ETot – NPtEPt bulk – NAuEAu bulk )/2A   469 
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Where ETot is the total electronic energy of the slab, NPt is the number of Pt atoms in the slab, NAu 470 
is the total number of Au atoms in the slab, EPt bulk is the energy of a Pt atom in bulk Pt, EAu bulk is 471 
the energy of an Au atom in bulk Au, and A is the surface area of the unit cell.  472 

The Pt ejection energy (Eeject) was calculated using the following expression: 473 

Eeject = (EPt + ETot-Pt) – ETot  474 

where EPt is the gas-phase energy of a Pt atom,  ETot is the total energy of the intact slab, 475 
comprising Pt and Au atoms, and ETot-Pt is the energy of the slab in which a Pt atom has been 476 
removed from its topmost layer. Eeject is a descriptor of the stability of the Pt overlayer, which 477 
can be compared with the experimentally observed Pt dissolution trends. The more positive the 478 
Eeject, the more stable Pt is against dissolution. 479 

 All the energy terms used for the calculation of Γ and Eeject are obtained after geometry 480 
optimization of respective initial and final states. 481 

Binding energy of OH (BE) on the studied surface models were obtained using the following 482 
expression: 483 

BE = ESurf+OH – (ESurf  + EOH) 484 

where ESurf+OH is the total electronic energy of the most stable OH adsorption configuration on 485 
the respective slab, ESurf is the electronic energy of the clean slab, and EOH is the gas-phase 486 
energy of OH. Spin-polarization had a negligible effect on the calculated total energy. All 487 
systems had ground state with zero net magnetic moment.  488 

 489 

Data Availability Statement 490 

All data are available in the main text and in the supplementary information, and available from 491 
corresponding author upon reasonable request. Data for bar graphs are available in the Source 492 
Data files.  493 
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