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Abstract
	Electrodeposition and microstructure of thin films close to Pt75Ni25 and Pt25Ni75 stoichiometry are described and their catalytic ORR performance, dealloying, and strain evolution are detailed.  Multiple techniques are used to characterize the morphology, crystalline structure, and chemical homogeneity of the as-deposited and dealloyed films. A fine-scale percolating network of lower-density regions is is evident in the as-deposited Pt74Ni26 films while the the as-deposited Pt26Ni74 films are more homogenous and compact.  Electrodeposition is accompanied by the development of significant in-plane tensile stress that increases at more negative applied growth potentials to reach 1.28 GPa for as-deposited Pt26Ni74.  Dealloying of the near-surface regions of Pt74Ni26 is accompanied by limited expansion or opening of the low-density regions while massive dealloying of the highly stressed Pt26Ni74 results in shrinkage, extensive cracking, and formation of a bi-continuous nanoporous structure with an average pore diameter close to 5 nm.  Relative to electrodeposited Pt, the alloy films exhibit enhanced area-specific oxygen reduction reaction activity (at 0.95 V vs. RHE, iR-corrected) that amounts to a factor of 3.4 for dealloyed Pt74Ni26 and 5.1 for dealloyed Pt26Ni74 while the Pt-based mass activity increased by a factor of 5.1 and 12.3, for the respective films. 
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Introduction
[bookmark: _Hlk163467270][bookmark: _Hlk163467197]Pt alloys and related bimetallic surfaces have been explored as catalysts for a wide range of reactions with Pt-Ni alloys being among the most active binary alloys for the performance-limiting oxygen reduction reaction (ORR) in low-temperature fuel cells.[1-4]  For example, Pt3Ni (111) single crystals with a Pt-segregated surface and Ni-rich subsurface exhibit a 10-fold enhancement in ORR kinetics over Pt(111).[ 5]  Further still, two monolayer Pt films grown on top of Pt50Ni50 (111) and Pt25Ni75 (111) are reported to be 20 to 25 times more active than Pt (111), respectively.[6,7]  Similar effects have been reported for different iron group metal-Pt alloys and other orientations.[8, 9]  The increased activity has been attributed to reduced interactions between Pt and the ORR reaction intermediates. The reduced interactions are related toreflect electronic and structural modifications such as d-band shifts due to strain and concentration gradients that arise from nucleation and growth, and/or dealloying processes.[1-18]  These findings have motivated further exploration of analogs to extended Pt3Ni (111) surfaces, such as octahedral nanoparticles, or 111-textured thin films, and more broadly, investigations into the surface chemistry of other Pt100-xNix compositions.[4,13,15-32] Of particular interest is the prospect of obtaining higher ORR activity from Ni-rich compositions where alloying and subsequent dealloying offer the means for restructuring the near-surface for improved catalysis.  While dealloying yields a thin Pt-enriched layer or “Pt skin” covering the underlying Pt100-xNix substrate, bulk dealloying of Ni-rich alloys can be used to create high surface area nano-porous material with bicontinuous core ligaments of Pt100-xNix covered with a Pt-enriched shell structure. [3-32].  For simple dealloying protocols, the compositional threshold between transient near-surface dealloying of Pt-rich fcc alloys versus massive dealloying of Ni-rich alloys occurs near 50-60 at% of the more reactive component.[33]  That said, more complicated dealloying protocols can yield enhanced surface mobility of the more noble species and significantly thereby impact the compositional threshold for extended dealloying. [1, 3-33]. The resulting structures exhibit large variations in surface area and remnant subsurface Ni content that reflect both the details of the alloy formation and  path-dependent activation processes.  For buried regions not exposed to the electrolyte, the original alloy composition can beis maintained even for severe dealloying conditions.[ 34, 35]  Importantly, the above differences contribute significant dispersion to the ORR electrocatalytic activity and durability reported for Pt100-xNix alloys produced by different varying means and and on differing on a variety of support structures. [3-32,36-38] 
Examples of the above range from improved surface area and mass normalized ORR activity for sputter-deposited Pt100-xNix to negligible enhancement in activity for films fabricated by pulsed laser deposition.[1,24,25,30]  A particularly striking example of processing sensitivity is an unusual spike in ORR activity for graded multilayered sputtered films grown on 3-D nanostructured substrates with a nominal composition of Pt30Ni70.[25]  In contrast, more uniform Pt100-xNix alloy nanoparticles reveal a maximum specific activity and mass activity for Pt50Ni50 precursors that are subsequently roughened by dealloying to give a thin Pt surface skin with an overall particle composition close to Pt73Ni27.[26]  In still another study, a maximum ORR activity is reported for Pt100-xNix particles with an initial composition between 50 at% and 80 at% Ni that are subject to significant dealloying during ORR measurements resulting in fully activated particles that contain only 7 at% to 20 at% Ni.[23]  For electrodeposited Pt100-xNix thin films, the highest initial ORR activity is reported for as-deposited Pt20Ni80.[28]  Subsequent work using an extended activation procedure yields a maximum specific activity for films with an initial composition close to Pt50Ni50.[29]  In both instances, X-ray diffraction of the ORR active dealloyed material reveals scattering characteristics, i.e. peak positions, close to that nominally associated with bulk Pt75Ni25.  Similar ORR enhancements with dealloying have also been reported for metallurgically prepared Pt23Ni77 foils.[39]  A large positive shift in the ORR half-wave potential due to the expanded surface area is observed, although the measured specific activity is constrained by the limited accessibility of O2 to remote surface sites within the dealloyed matrix.  In all the above examples significant atomic rearrangements accompany ORR, particularly during potential cycling where the surface dynamics associated with various parallel and/or competing adsorption and desorption processes support continued dealloying and coarsening that create longer-term durability challenges.[35-38,40-42]  Some of these detrimental effects can be partially mitigated by the addition of higher melting temperature elements that hinder surface transport, such as Rh and Mo.[43,44]
Herein the structure and composition of two potentiostatically deposited binary alloys, Pt74Ni26 and Pt26Ni74, are studied in both the as-deposited and dealloyed forms.  The two alloys were selected for their contrasting behavior with respect to the parting threshold for bulk dealloying.[33]   Pt74Ni26 corresponds to the electrocatalyst composition that in (111) single crystal form yields one of the higher specific ORR activities reported to date, with surface segregation forming a Pt skin.[ 5] In contrast, the Ni-rich Pt26Ni74 was subject to substantial Ni dissolution and sharp expansion in the electroactive area that leaves a Pt-enriched bicontinuous ligament structure that is catalytically active.[23,25,26,28,29,35-38]   Electroanalytical measurements of H underpotential deposition (Hupd) in acid were used to track the evolution of the electroactive surface area during dealloying or “activation” while parallel studies with involving periodic transfer to alkaline solution were used to assay the Ni surface sites via the Ni(OH)2/NiOOH reaction.  The structure, composition, homogeneity, and morphology of the as-deposited and dealloyed films were examined by analytical transmission and scanning transmission electron microscopy (TEM/STEM) coupled with energy dispersive X-ray spectroscopy (XEDS) and electron energy-loss spectroscopy (EELS), X-ray diffraction (XRD) and reflectivity (XRR), field emission scanning electron microscopy (FESEM) combined with XEDS, and Rutherford backscattering (RBS).  Stress evolution during electrodeposition was monitored by optical measurement of changes in electrode curvature to to reveal the development of significant tensile stress.  The same method was also also used to follow subsequent stress relaxation during dealloying experiments which, in part, manifests as a form of stress corrosion cracking.  The ORR and dealloying behavior of the films were also examined as a function of as-deposited film thickness.  Thick films, grown for 30 minutes, provide significant scattering power that favorably matches the capabilities of laboratory XRD, S/TEM, XEDS, EELS, and FESEM measurement tools and associated analysis.  Thin films, more relevant to electrocatalysis applications, were grown for 2 minutes and examined with XEDS, XRR, RBS, and in situ electrochemical quartz crystal microbalance (EQCM),[ 45] and stress measurements.  The thin films yield area (Hupd) and mass (Pt) specific ORR activities comparable to that of Pt100-xNix alloys prepared by other more time-consuming and/or complicated means.
Experimental
Electrodeposition 
Pt100-xNix thin films were electrodeposited from 3 mmol/L K2PtCl4 + 0.1 mol/L NiCl2 + 0.5 mol/L NaCl in 18 MΩ-cm water with a a pH of of 2.5 established by dropwise addition of 1 mol/L HCl.  The deposition cell consisted of a glass beaker containing 0.2 L of the plating solution, a Pt counter electrode, and a saturated calomel reference electrode (SCE).  Electrodeposition was performed with the cell open to the laboratory ambient and all potentials are reported against the SCE.  The working electrodes were either physical vapor deposited (e-beam evaporated) Au thin films on a Si substrate, typically 500µm Si/5nm Ti /25nm Au, or a Au (0.196 cm2) rotating disk electrode.  The Au thin films were typically masked with 3M electroplater tape to define a circular area of 1.27 cm2. The Au rotating disk electrode was freshly polished to a 0.05 µm alumina finish before electrodeposition.  The Pt100-xNix deposits on the Au thin film were all grown under quiescent conditions.  Non-uniformities in film thickness arise, vide infra, primarily due to the tertiary current distribution associated with transport-constrained Pt deposition.  A brief survey of film growth under hydrodynamic control with a rotating disk electrode reveals that films of more uniform thickness and composition can be obtained as shown in Figure S1.  An increase in rotation rate and thereby transport of hydronium and PtCl42- precursor leads to both a lower current efficiency for alloy deposition due to enhanced proton reduction and a shift to more Pt-rich deposits for a given deposition potential, reflecting a kinetic constraint associated withon the Ni co-deposition reaction (not shown).  For most potentiostatic growth experiments the alloy deposition potential was applied to the working electrode before immersion into the electrolyte.  After a specified time, the working electrode was rapidly removed from the electrolyte, rinsed with 18 MΩ-cm water, and disconnected from the potentiostat.  The emersion process was performed swiftly, in less than a second, to minimize cementation (i.e. galvanic displacement) between the Pt complex in the residual electrolyte meniscus and the freshly deposited alloy surface.  For measurement of the ORR catalytic activity, attention was focused on thin films electrodeposited for 2 minutes while the thicker films, grown for 30 minutes, were used for microstructural analysis by XRD and TEM.  The Ni-rich Pt26Ni74 alloy films were grown at -0.65 V vs. SCE and Pt-rich Pt74Ni26 alloy were deposited at -0.35 V vs. SCE. For reference purposes, pure Pt films were grown at -0.35 V vs. SCE using the same electroplating solution but with no NiCl2 addition.  Similarly, elemental Ni films were electrodeposited at -0.85 V vs. SCE from the same solution without K2PtCl4.

Electrode Activation
Before characterization of the ORR behavior, the electrodeposited films were activated by voltammetric cycling between -0.250 V vs. SCE and 0.800 V vs. SCE at a scan rate of 100 mV/s in a 100 mL solution of 0.1 mol/L HClO4 under ambient conditions.  It is important to note that the upper potential limit lies in the regime where structural and compositional rearrangement of the surface begins to occur due to place exchange and dynamic rearrangements that accompany the oxidation of Pt and its subsequent reduction and/or dissolution.[42]  Unless otherwise stated, all thin films, defined by electrodeposition times of less than 10 minutes, were activated by cycling for 30 scans while thicker films associated with longer electrodeposition times, 12.5 minutes and 30 minutes, were cycled 100 and 200 scans, respectively.  For Ni-rich alloys, significant dealloying accompanies potential cycling.  Following activation, the electroplated RDE or thin film electrodes were rinsed with 18 MΩ-cm water and transferred to another cell for ORR measurements. 

ORR Measurements
ORR activity was measured in a cell containing oxygen-saturated 0.1 mol/L HClO4, a Pt plate counter electrode, and a reversible hydrogen electrode (RHE) reference electrode of the trapped H2-Pt variety.  The main cell was sparged with oxygen for 30 minutes before and during all measurements.  The rotating disk working electrode (RDE) was rotated at 26.7 Hz (1600 RPM) while the potential was swept between 0.05 V vs. RHE to 1.1 V vs. RHE at a scan rate of 20 mV/s.  The positive-going sweep of the 4th cycle was used for quantification purposes.  For each experiment, the RHE was checked against a SCE (RHE = SCE+0.309 V) in 0.1 mol/L HClO4 and typically found to be within 1-2 mV of the stated value.  The i-V curves were corrected for electrolyte ohmic losses after the experiment.  The solution resistance between the working and reference electrodes in the cell was determined to be 25 Ω by extrapolation of the high-frequency impedance measurements to the real axis of the Nyquist plot.  The geometry of the three-electrode cell was held constant for all measurements.

Electroactive Area Measurement
Hupd Electroactive Area
Following ORR measurements Hupd was used to quantify the electroactive area.  Measurements were performed by transferring the electrode to another cell containing deaerated 0.1 mol/L HClO4 with the same port configuration and reference electrode detailed for ORR measurements.  The cell was sparged with 99.998% Ar for half an hour before and during all measurements.  The Hupd surface area was quantified using cyclic voltammetry and chronoamperometry.  Voltammetry was performed at two different scan rates: (1) 20 mV/s for 4 cycles from 0.05 V vs. RHE to 1.10 V vs. RHE and (2) 5 mV/s for 3 cycles from 0.05 V vs. RHE to 0.5 V vs. RHE.  The Hupd surface area was calculated by integrating the oxidative charge from 0.05 V vs. RHE to 0.50 V vs. RHE, subtracting the extrapolated flat background contribution attributed to double-layer charging and normalizing the remaining quantity by the conventional conversion factor of 0.210 mC/cm2 as an estimate for a monolayer coverage.  Chronoamperometric stripping experiments involved stepping the potential to form the Hupd layer at 0.05 V vs. RHE for 10 s followed by stepping to 0.5 V vs. RHE to oxidize the layer.  The charging associated with the double layer was assumed to be negligible in the chronoamperometric analysis.  
Exposed Ni Surface Sites
In a separate set of experiments, the evolution of available Ni surface sites during the activation/dealloying process was tracked by measuring the surface redox waves associated with the Ni(OH)2/NiOOH reaction in alkaline 0.1 mol/L NaOH.  The activation procedure in 0.1 mol/L HClO4 was periodically interrupted, with the specimen rinsed and transferred to 0.1 mol/L NaOH to measure the Ni(OH)2/NiOOH redox waves, followed by transfer to deaerated 0.1 mol/L HClO4 to assay the Pt sites by Hupd and then back to the activation cell for further cycling.  The overall process was repeated multiple times to reveal the presence and track follow the evolution of accessible Ni surface sites during the activation/dealloying process albeit subject to dispersion associated with pH shear and related effects that accompany the repetitive emersion and immersion cycles.

Microstructure, Morphology, and Composition 
 	The Pt100-xNix films were subject to extensive metallurgical analysis to quantify the structure, composition, and morphology of the as-deposited and dealloyed materials. A detailed description of the methods and procedures used in the analysis are provided as supplemental information (SI).   

In situ stress measurements
The Pt100−xNix alloys and elemental Pt were electrodeposited onto 111 textured physical vapor-deposited Au films supported on borosilicate glass cantilevers (Schott North America, Inc.). The glass cantilevers were 60 mm long, 3 mm wide, and 108 μm thick with Young’s modulus of 72.9×109 N/m2 and Poisson’s ratio of 0.208.  Before Au evaporation, the glass cantilevers were cleaned in acetone, followed by piranha solution (3:1 volume mixture of concentrated H2SO4 and 30% H2O2).  The PVD Au layer was 250 nm thick with an underlying 5 nm Ti adhesion layer. 
The stress bench electrochemical cell was a single-compartment Pyrex cell with a PTFE cap, a Pt sheet counter electrode, and a saturated mercury-mercurous sulfate reference electrode (SSE) held in a salt bridge filled with saturated K2SO4.  All potentials reported are with respect to the SCE (E vs. SCE = 0.400 V + E vs. SSE in pH 2.5).  Before electrodeposition, the electrolyte was purged with argon for an hour and then the flow was directed to the cell headspace during measurements.  The stress-driven deflection of the cantilever was measured optically by reflecting a He-Ne laser beam from the backside of the glass-metal electrode cantilever onto a position-sensitive detector (PSD).  The geometry of our system allowed a small angle approximation to estimate the curvature of the glass cantilever directly from the laser spot displacement on the PSD. The estimated curvature was converted to stress-thickness (average stress multiplied by the thickness of the film) using Stoney’s equation.  Positive values of stress-thickness correspond to in-plane tensile stress, whereas the negative values are compressive.  Further details about the experimental apparatus as well as the procedures used for making the stress measurement are available elsewhere. [46-49]

Results and Discussion
Electrodeposited Pt100-xNix 
Pt100-xNix thin films were co-deposited at potentials more positive than that required to deposit pure Ni.  The shift in the Nernst potential for co-deposition of the less noble element is largely ascribed to the free energy of alloy formation as previously reported for a variety of Pt-transition metal alloys.[50,51]  Deposition of the Pt-rich alloy proceeds by burial of underpotentially deposited Ni (Niupd) concurrent with ongoing Pt deposition where the much larger bulk Ni2+ concentration enables the kinetically constrained Niupd process to occur at rates sufficient to maintain the alloy stoichiometry given the faster diffusion-limited Pt deposition.  Experiments with either increased hydrodynamics and/or variation in the K2PtCl42- concentration, between 1 mmol/L and 3 mmol/L, reveal that an increase in PtCl42- flux can outrun the Ni co-deposition kinetic leading to a shift to more Pt-rich compositions as noted in a prior study[45,50].  The present work focuses on a detailed examination of Pt-rich and Ni-rich Pt100-xNix films deposited under quiescent conditions.  
X-ray diffraction patterns and XEDS-derived compositions for a series of Pt100-xNix films deposited in 50 mV increments are shown in figure 1.[28,29,45,46,50,52]  Deposition times for this series were chosen using prior knowledge of the current efficiency[45,46] to obtain an approximate 500 nm film thickness for all samples in the series.  XRD revealed the films to be face-centered cubic (fcc) alloys with a lattice parameter that increased monotonically with increasing deposition potential.[45,46,50]  Vertical dashed markers indicate the respective 2 values for Au (JCPDS 00-004-0784),[53] Pt (JCPDS 00-004-0802),[53] and Ni (JCPDS 00-004-0850)[53] along with calculated values for Pt3Ni and PtNi3 interpolated from elemental Ni and Pt using Vegard’s law.[45] For deposition potentials at and below -0.8 V vs. SCE, a subtle, but broad additional peak develops near ~ 43o that is ascribed to Ni(OH)2.  
[bookmark: _Hlk163474493]XEDS measurements on these films as well as separate sets of films grown for fixed 2- minute and 30-minute durations, reveal a smooth monotonic increase in Pt content as the potential is advanced to more positive values (Figure 1b).[28,29,45,46,50]  Combining the composition and structural data (Figure 1c) shows the lattice parameter scales linearly with composition.  A slight negative displacement from Vegard’s law was observed, though a range of deviations can be found in the literature.[52, 54]  This deviation may be at least partly attributed to some combination of the in-plane tensile stress, that in the present work corresponds to lattice compression along the surface normal sampled by symmetric XRD,[46] electronic effects, chemical disorder effects,[54] or possibly a systematic error in the XEDS composition measurement.  Coherence lengths were determined to be ≈ 9 nm for Pt74Ni26 and ≈ 7 nm for Pt26Ni74 from XRD peak widths using Scherrer’s equation that convolves contributions from both the small grain size and microstrain.

Electrochemistry in Acid and Alkaline Electrolytes
Slow scan voltammetry
Elemental Ni and Pt can both undergo dissolution during voltammetric cycling in acidic electrolytes.  Specifically, in 0.1 mol/L HClO4 Ni undergoes an active-passive transition that overlaps the potential range where Hupd occurs on Pt,[55] as evident in Figures 2a and 2b.  This has important consequences for understanding the nature of various activation pretreatments on the performance and durability of the Pt-Ni ORR catalysts.  In contrast to the oxidative dissolution of Ni, Pt dissolution in 0.1 mol/L HClO4 is more limited and has been shown to occur largely during Pt oxide reduction using gravimetric and solution analysis. The loss is not necessarily obvious from cyclic voltammetry measurements on bulk Pt.[42, 56] 
The dissolution characteristics of the Pt74Ni26 and Pt26Ni74 thick alloy films were briefly examined by slow scan rate voltammetry in 0.1 mol/L HClO4.  The oxidation peaks in the positive and negative-going potential sweeps near 0.20 V and 0.25 V vs. RHE correspond to active Ni dissolution from the Ni-rich alloy as shown in Figures 2a and 2b.  The peak magnitudes are surprisingly large compared to pure Ni which may reflect halide carryover from the Cl- rich electroplating bath and/or Cl- incorporation within the electrodeposited material itself, or alternatively some chemical heterogeneity, porosity, or strain effect associated with alloy deposition.  For the Pt-rich alloy, the Ni dissolution peak is substantially smaller.  The net oxidative Ni dissolution charge from the respective voltammograms reflects the more extensive dealloying for the Ni-rich alloy.  Cyclic voltammetry in 0.1 mol/L NaOH leads to distinctly different behavior for Ni and Pt as shown in Figure 2c.  The Ni(OH)2/NiOOH redox waves near 1.40 V to 1.35 V vs. RHE are congruent with literature observations where the peak and shoulder in the negative going sweep have been ascribed to the reduction of anhydrous -NiOOH and hydrated -NiOOH phases.[57]  In contrast, electrodeposited Pt displays an almost constant pseudo-capacitance for this potential window, while the smoother, freshly polished Pt RDE exhibits a smaller capacitance.

Dealloying during extended potential cycling
To study the evolution of the dealloying process with potential cycling, Pt74Ni26 and Pt26Ni74 alloy films were electrodeposited for 30 min at -0.35 V vs. SCE, and -0.65 V vs. SCE, to yield 250 nm and 500 nm thick films, respectively.[45,46]  For reference purposes, a Pt film electrodeposited at -0.35 V vs. SCE was also examined.  The dealloying process of these films was monitored by following the surface redox waves associated with Pt and Ni surface sites in voltammetric measurements.  The electrodes were sequentially transferred between acid and alkaline electrolytes with the Pt sites probed by Hupd in acid solution, while the Ni sites were assessed by monitoring the Ni(OH)2/NiOOH redox waves in alkaline media.  Pt oxide formation and reduction in alkaline media was used as an additional metric for Pt surface sites.  A prior voltammetric study of Pt monolayer films on Ni indicates that the situation is much more complicated such that the present experiment provides only a survey of the relevant landscape.[58]  
The as-prepared electrodes were first examined in the alkaline electrolyte, Figures 3a, 3c, and 3e.  After one cycle in 0.1 mol/L NaOH, the specimens were rinsed and transferred to a 0.1 mol/L HClO4 solution, and Hupd and Pt oxidation monitored, Figures 3b, 3d, and 3f, using the same potential limits used for subsequent measurements of ORR kinetics.  The transfer process was repeated for the first two cycles.  Thereafter, the specimens were cycled in an acid solution for 50 cycles and then transferred back to the alkaline electrolyte for interrogation by a single cycle followed by 50 more cycles in the acid medium, and so forth.  
[bookmark: _Hlk145924064]Electrodeposited Pt (Figures 3a and 3b) displays a flat pseudocapacitive voltammogram in NaOH and characteristic Hupd and oxide formation in HClO4.  For the freshly deposited Pt74Ni26 surface, the Ni(OH)2/NiOOH redox wave is readily evident on the first voltammetric cycle (Figure 3c).  However, after one voltammetric cycle in 0.1 mol/L HClO4, the Ni(OH)2/NiOOH redox waves almost vanish in the subsequent voltammogram in alkaline media, while a significant increase in the background pseudocapacitance characteristic of a Pt surface is evident.  After 50 voltammetric cycles in the acid, the voltammetry in the alkaline solution stabilized with a flat pseudocapacitance associated with the oxidized Pt surface and no indication of the Ni(OH)2/NiOOH redox waves.  At the same time, Hupd and the oxide formation and reduction waves associated with Pt species are well expressed in Figure 3d after 50 cycles in acid solution indicating removal of Ni from the near-surface region.  With continued cycling, the rate of change slows considerably, with a slight decrease in the Hupd and Pt oxide waves as further loss of Ni is accompanied by coarsening and smoothing of the Pt-enriched surface.  For the dealloyed Pt74Ni26 film the ratio of the Hupd in 0.1 mol/L HClO4 to the oxide pseudo-capacitance CPt-oxide in 0.1 mol/L NaOH, i.e. Hupd/CPtoxide, compares favorably with that observed for an electrodeposited Pt film reflecting the dominating behavior of the Pt skin (Figure 3a-d and Figure S3). 
	Unlike the fresh Pt74Ni26 film, the Ni(OH)2/NiOOH redox waves for the as-deposited Pt26Ni74 alloy are readily evident in Figure 3e and sustained for many transfer cycles.  Similar behavior has been observed for mesoporous Ni-rich Pt100-xNix films.[59] For the first 200 cycles  in acid the Ni(OH)2/NiOOH waves in alkaline media increase due to the expansion in interfacial area.  With further cycling, the Ni(OH)2/NiOOH waves recede as the capacitive background associated with Pt surface sites approaches saturation leaving a small residual wave after 300 potential cycles.  In acidic media, summarized in Figure 3f, the first voltammetric cycle in acid media is dominated by the electrochemical characteristics of Ni although significantthat reflects significant inhibition is provided by the NiO/Ni(OH2)/NiOOH layer that was initially formed in alkaline media.  Nevertheless, as with active Ni dissolution observed during 1 mV/s slow scan voltammetry, Figures 2a and 2b, the etching of Ni dissolution process overlaps the Hupd-double layer region for Pt in acid.  Sustained Ni dissolution and formation of a porous Pt-rich layer leads to continued expansion in the Hupd area that only tapers off after 200 scan cycless indicating that the dealloying front has reached the Au substrate.  With continued cycling a slight diminution of the Pt Hupd and oxide waves accompanies the coarsening of the Pt-enriched surface.  Compared with parallel studies performed solely in acid media, the periodic transfer of the specimens to alkaline media, where NiO/Ni(OH2)/NiOOH is formed, results in a significantly slower Ni dealloying process as evident in the greater number of dealloying scans required for Ni removal.  It is noteworthy that even after extended cycling in both acidic and alkaline solutions, voltammetry for the as-deposited ~250 nm thick Pt74Ni26 is remarkably similar to that derived from the as-deposited ~500 nm thick Pt26Ni74 with the Hupd charge being less than two times larger despite the more extensive Ni dissolution from the latter. 

Composition and Structure Evolution with Dealloying
XRD
Dealloying is a central process in the activation, operation, and durability of Pt100-xMx (M=Ni, Co, Fe, Cu) electrocatalysts.  The extent of the phenomenon depends on the initial alloy composition and results in a Pt-enriched surface skin on Pt-rich alloys while massive removal of the transition metal, e.g. Ni from a Ni-rich alloys, leaves a porous Pt-rich 3-D network.  Symmetric XRD data from the as-deposited Pt100-xNix films grown at -0.35 V vs. SCE and -0.65 V vs. SCE, along with the subsequently dealloyed variants, are summarized in Figure 4a.    
For the Pt-rich film grown at -0.35 V vs. SCE, dealloying gives rise to a small shift and additional broadening of the (111) and (200) peaks reflecting enrichment of Pt with Ni dealloying from the near-surface regions.  By Vegard’s law, the 2 shift of -0.2˚ corresponds to an estimated overall bulk composition change of nearly 5%.  This is a surprising inference for what is expected to be near-surface etching of Ni from a compact thin film and accordingly draws attention to assessing the contributions of surface roughness and porosity, along with cracking and relaxation of the in-plane tensile stress, to the observed peak shift.  The latter represents a manifestation of stress corrosion cracking, a topic of long-running interest in the corrosion community, e.g. dealloyed film-induced cleavage models.[60]  
For the Ni-rich alloy grown at -0.650 V vs. SCE, the extent of dealloying is far more extensive with the (111) and (200) XRD peaks shifting to values similar to that observed for the Pt-rich alloy.  The resulting diffraction data suggest that dealloying has propagated through the entire Ni-rich film leaving a Pt-enriched remnant.  The differing behavior of these two alloys reflects the parting limit and site percolation threshold for the fcc lattice associated with bulk Ni dealloying from the Ni-rich film.[33] The XRD peak position is similar to that of the as-deposited Pt-rich film although considerable broadening, and skewing of the peak is evident.  This suggests the material may have a range of lattice dimensions with the overall peak shape representing a convolution of scattering from the exposed Pt-enriched surfaces supported on ligaments with significant Ni gradients that are subject to continued dealloying action.[34, 35]  The inflection on the high-angle side of the peak indicates some small remnant close to the original alloy composition remains within the film.
XEDS	
XEDS was used to measure the average composition of the respective films and the results are summarized in Figure 4b along with an estimate of the film composition derived from the application of Vegard’s law to the XRD peak positions.  XEDS analysis of the as-deposited films indicates Ni fractional contents of 0.26 and 0.74 for the Pt- and Ni-rich films, respectively, and Ni contents of 0.14 and 0.22 for the corresponding dealloyed variants.  Based on the XRD analysis, the dealloyed Pt74Ni26 and Pt26Ni74 films end up with a similar overall composition between Pt79Ni21 and Pt81Ni19.  The convergence of the XRD and XEDS-determined compositions for the two films does not mean the films are the same, rather they have distinctly different morphologies and compositional gradients related to the dealloying process.  The differences between the XEDS and XRD measurements also reflect the uncertainties and difficulties related to quantifying the effect of film density and porosity on XEDS-derived compositions, while likewise, uncertainties in the X-ray diffraction-alloy composition correlation arise from the idealized linear relationship (e.g. Vegard’s law) with no attempt to deconvolve contributions from growth and/or residual stress that accompany film deposition and dealloying, respectively. 

FESEM
	FESEM was used to examine the microstructure and morphology of the films grown for 30 minutes, both before and after the activating dealloying treatment.  Plan-view and cross-section images for both alloy films are shown in Figure 5.  Cross-sections of the as-deposited films show, as expected, that the Ni-rich film is substantially thicker than the Pt-rich alloy due to the additional Ni co-deposition that accompanies precursor -constrained Pt co-deposition.  The Pt74Ni26 film surface is noticeably rougher than that of the Pt26Ni74 film.  The thickness and morphology of the as-deposited (Figures 5a and 5c) and dealloyed (Figures 5b and 5d) Pt-rich alloy appear to be largely similar and consistent with expectations based on XRD and XEDS results.  However, close inspection of the top view of the as-deposited Pt74Ni26 film surface indicates expansion in the width of the low-density grooved or creviced regions during the 200-cycle activation or dealloying treatment. 
In contrast, activation and dealloying of the Ni-rich Pt26Ni74 film results in more obvious changes in morphology and thickness with substantial porosity and cracking evident throughout the film.  For the example shown in Figures 5e-h, dealloying of the as-deposited film results in 37% shrinkage reduction in film thickness, while a companion study indicates that even higher larger shrinkage approaching 50% is possible and dependenting on the detailed dealloying procedure.[28,29] Extensive micron-scale cracks are visible on the top surface along with larger crevices that reflect substantial shrinkage within the plane of the film (Figure 5f and inset). Similar dimensional changes with dealloying have been previously noted for Au100-xAgx,[61] and and recent analysis suggests that deformation of the remaining nanoscale ligaments driven by surface stress and curvature may also contribute to shrinkage of the Pt-rich remnant.[62,63]  The compositional shift indicated by XRD and XEDS, Figure 4b, combined with the dimensional changes, indicates substantial porosity must exist that is not resolved in the cross-sectional FESEM images. 

Analytical Transmission Electron Microscopy 
Multiple TEM and STEM modes combined with XEDS and EELS analyses (see Figures 6-10 and S4-S7) were used to examine the crystalline structure, morphology, chemical composition, and bonding of the as-deposited 30-minute films and following 200 voltammetric cycles of dealloying in 0.1 mol/L HClO4.  Large-area view cross-section bright field (BF) TEM images and associated selected-area electron diffraction (SAED) patterns for as-deposited Pt74Ni26 and Pt26Ni74 nanocrystalline fcc films and their dealloyed variants are shown in Figure 6.   Medium-magnification cross-section BF-TEM images shown in Figure S4 reveal contrast due to strain within the as-deposited alloy films comprised of 5 nm to 15 nm diameter grains while subsequent dealloying yields significant porosity. Complementary high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images of the as-deposited and dealloyed films are shown in Figures 7 and S5.  In contrast to BF-TEM images in Figures 6 and S4 that are dominated by amplitude contrast, the inverted HAADF signal is generated by incoherent Rutherford-like electrons scattered out to high angles >50 mrad, in which the registered images have different levels of contrast monotonically related to the atomic number (Z), and the thickness (mass-thickness) of the material roughly as Zn () due to screened Rutherford scattering.  Accordingly, the HAADF-STEM images in Figures 7 and S5 reveal differences in compositional phase homogeneity and morphology due to variations in the mean atomic number and mass-thickness in the as-deposited and dealloyed films.  HAADF-STEM cross-section images of the films reveal random partially coalesced lattice-resolved nanocrystallites while the presence of 2 nm to 5 nm pores due to dealloying is evident in Figure S5.  Compositional homogeneity of was also assessed using a combination of STEM-XEDS imaging Figure S6 and EELS Figure S7. High magnification, phase-contrast atomic-resolution HRTEM cross-sections of the as-deposited and dealloyed films are shown in Figures 8a-d.  Fast Fourier Transform (FFT) analysis yields lattice spacings along with broad-band Moire patterns from overlapping grains and numerous distortions and bending contours due to stress and accumulated strain fields.  A more detailed description of the results for each specimen is presented below.  A summary of lattice parameters determined by XRD are compared with the values obtained from electron diffraction, and with values for thin films in Table S1.
As-deposited Pt74Ni26 
Consistent with FESEM observations, cross-section BF-TEM (Figure 6a) and HAADF STEM (Figure 7a) show the surface of the cross-sectioned as-deposited Pt74Ni26 alloy to be quite rough with local peak-to-valley roughness elements spanning  51 nm.  The fcc lattice parameter derived from the SAED pattern is 0.382 ±0.02 nm (Figure 6a, inset), consistent with the 0.3818 ±0.0002 nm value derived from -2 XRD measurements.  The non-uniform intensity of the diffraction rings in the pattern reflects either the finite sampling of grains or some texturing of the Pt74Ni26 film.  Film composition and electronic structure were examined by STEM-XEDS and STEM-EELS, Figures S6-S7.  Two major challenges to obtaining quantitative composition information were were variations in the film density and lamella thickness.  The composition profile of the Pt74Ni26 film obtained after appropriate corrections for drift and mass thickness variation is shown in Figure 9a.  Averaging the results over the film thickness gives a composition of Pt75Ni25 ± 5 at%, in good agreement with the XEDS result obtained in the FESEM.  X-ray EDS mapping of a 100 nm square region shown in Figures 7a, 7e, and 7f reflects the relative compositional homogeneity of the film while the STEM image reveals some lower-density regions within the film.  The lower-density regions and extent of percolation may arise from some strain relief or occlusion-generating process during alloy film growth.  Density modulations and individual grains are evident in medium-magnification BF-TEM (Figure S4a) and HAADF-STEM images (Figures 7a and S5a).  The grain size is close to the coherence length of 9.1 nm derived from /2 XRD (Figure 1b).  The slight texture evident in the growth direction is somewhat analogous to textured voids seen in sputter-deposited thin films as described in structural zone models like that reported by Thorton and others.[64,65]  
Such microstructures are associated with the growth of sputter-deposited films at low temperatures and high gas pressure that reflect both the limited surface diffusion and kinetic energy of arriving atoms, with tapered crystallites forming that are separated by void spaces elongated along the growth axis.  The impact of growth stress on the development of mesoscale structures is an interesting question that needs remains to be addressed.  Indeed, HRTEM lattice resolved imaging in Figure 8a reveals individual grains that are significantly distorted and bent due to a combination of induced stress and accumulated strain fields.  FFT analysis of selected regions, like that highlighted by the red box, gives some indication of local L12 ordering, e.g. (100) and (110) scattering intensity.  As a cautionary note However,the such ordering may be related to TEM specimen preparation, and therefore thesuch that the presence and impact of short-range ordering in the present as-deposited films remains remains a subject for further study.
Dealloyed Pt74Ni26 
Following activation by 200 voltammetric cycles of dealloying, several changes are evident for the Pt-rich alloy.  The free surface is smoother than the as-deposited film while the original cracks and crevices have widened and are more visible in the FESEM image, Figure 5b.   and Figure 5d. Some cracks extend to the Au substrate as shown in BF-TEM images, Figures 6b and 6d.  The propagation and lateral expansion of the cracks in the BF-TEM images may be associated with the release of thin film growth stress during lamella formation, vide infra.  The SAED pattern (Figure 6b, inset) indicates that the lattice parameter for the voltammetrically cycled film is 0.385 nm ±0.02 nm, which is slightly larger than that for the as-deposited material and congruent with the XRD (0.3833 nm ±0.0002 nm) measurements (Figure 4).  BF-TEM (Figure S4b), Z-contrast STEM (Figures 7b and S5b), and phase-contrast HRTEM (Figure 8b) reveal examples of near-surface dealloying of the exposed surface segments that result in expansion and extension of surface fissures that in combination with finer scale surface pores, 2 nm to 5 nm, may increase the surface area accessible to the electrolyte.  This result is more complicated than a simple picture of near-surface dealloying of a fully consolidated planar Pt-rich alloy surface where dealloying is thought to extend only a few monolayers deep into 300 nm thick film.  Rather, the increased surface area associated with the high density of finer scale cracks/pores evident in STEM imaging along with the additional cracking that accompanies dealloying, provides both stress relief and expanded electrolyte contact to the recessed regions.  The geometry also helps account for the unexpected sensitivity of the XRD to “near-surface” dealloying of the Pt-rich Pt74Ni26 alloy.  Spot XEDS and EELS analyses (Figures S6 and S7) and STEM-XEDS profiling across the entire thickness of the film (Figure 9b) indicate a modest but unambiguous Pt enrichment throughout the film thickness with dealloying, indicating the electrolyte had access to internal surfaces beyond the nominal free surface.  The most obvious access path is provided by crack expansion and dealloying along the freshly exposed low-density regions. 
As-deposited Pt26Ni74 
The surface of the Ni-rich Pt26Ni74 film was significantly smoother than the as-deposited Pt-rich alloy, as evident by comparing FESEM images in Figures 5e and 5g with Figures 5a and 5c, and the BF-TEM cross-section images in Figures 6a and 6c, respectively.  Occasionally, spherical-shaped Pt-rich particle precipitates were observed to be incorporated into the growing Ni-rich alloy surface.  These particles form as artifacts of parasitic homogenous cross-reaction between co-generated H2 and reduction of different aquo-chloro Pt complexes that develop with time and extended electrolysis, e.g. due to ligand exchange and scrambling by the Pt2+/Pt4+ conversion at the counter electrode.  The SAED pattern in Figure 6c yields a lattice parameter of 0.364 nm ±0.02 nm that compares well with the 0.3616 nm ±0.0003 nm value determined by XRD.  The uniform intensity of the diffraction rings indicates the film is comprised of randomly arranged 5 nm to 15 nm crystal grains (Figure 7c).  Inspection of the film by BF-TEM (Figures 6c and S4c), HRTEM (Figures 8c), and HAADF-STEM (Figure S5c) reveal the grain size is close to the 6.4 nm coherence length determined by XRD, while the lattice distortion in Figure 8c suggests a significant contribution from residual growth stress, vide infra.  STEM-XEDS and STEM-EELS examination of cross-sections of the as-deposited alloy film (Figures 9c, S6c, and S7c,d) confirm its rather uniform composition that is close to the expected molar ratio of Pt/Ni = 0.33-0.34 through the thickness of the film except for the bright horizontal line across the Figure 9c image that is attributed to some unaccounted for transient potential perturbation during the deposition process.  
[bookmark: _Hlk131784693]Dealloyed Pt26Ni74  
Following electrochemical activation, the film thickness is significantly diminished by extensive Ni dealloying.  The 37% decrease is evident in FESEM images, (Figures 5g  and 5h), and from BF-TEM cross-section images (Figures 6c and 6d), the local thickness decrease as compared to the as-deposited Pt26Ni74 specimens exceeds 50%, in line with prior reports.[28,29]  The dispersion in the observed shrinkage may reflect not only variations in the dealloying procedures but also variations in the film thickness of the as-deposited material due to tertiary current distribution associated with mixed control electrodeposition under free convection.  Examples of such thickness variations in the present system have been previously articulated[52] and an example is shown in Figure S8.  Regardless of the thickness variation in the as-deposited films the subsequent dealloying is accompanied by significant shrinkage and extensive multiscale cracking (see Figures 5f, 5h, 6d, 7d, 9d, and 10) that include through-thickness cracks as well as finer scale openings whose orientation is biased along the surface normal, congruent with the in-plane tensile growth stress and mechanical constraint provided by the substrate during the dealloying step.[28, 29,46] Extensive fine-scale porosity from dealloying is evident in the BF-TEM and HAADF-STEM cross-section images (Figures 6d, S4d, 7d, S5d, 9d, and 10a,c,d, and high magnification top view FESEM image (Figure 10a).  The FESEM of the free surface and HAADF-STEM cross-section images (Figures 10a-d) indicate a porous network with openings ranging from 3 nm to 10 nm while measurement of the differential size distribution of 500 pores in Figure 10d gives a mean circular pore diameter of 4.9 nm ± 0.1 nm at a 95% confidence level.  The larger scale voids evident in Figures 5f, 6d, S4d, 7d, 9d, and 10c likely arise from shear localization during film shrinkage with Ni dealloying.  The SAED pattern from the entire film cross-section shown in Figure 6d yields a lattice spacing of 0.38 nm ± 0.02 nm that compares well with the out-of-plane value of 0.3828 ±0.0008 nm determined by XRD.  Applying Vegard’s law this corresponds to the average composition between Pt67Ni33 and Pt76Ni24.  HRTEM imaging of the film interior (Figure 8d) exhibits nanocrystalline alloy with (111) and (200) lattice spacing corresponding to a disordered fcc structure with numerous distortions and bending due to induced stress and accumulated strain fields as well as broad-band Moire patterns from overlapping grains. 
The chemical compositions of the dealloyed film measured by XEDS and EELS at various points across the thickness are found to scatter in a wide range between Pt70Ni30 and Pt84Ni16or higher Pt content (see Figures S6d, S7d, and 9d), although the measurements are subject to the uncertainties and quantification challenges associated with thickness variations and the graded porous structures.  In summary the high spatial resolution imaging and spectroscopic compositional studies reveal the mesoscale-to-nanoscale structural and compositional inhomogeneities that develop with nickel dealloying to leave a Pt-rich 3D network with interconnected nanopores and cavities.  Nevertheless, a more refined compositional analysis requires a more detailed assessment of the density and porosity of the dealloyed material.
Shrinkage and Porosity Estimation
Different combinations of physical and chemical measurements, i.e. film thickness, coulometry, gravimetry, lattice parameter, and film composition, can be used to estimate the free volume or porosity within the as-deposited and dealloyed films.  For as-deposited films, coulometry and gravimetry combined with XRD and XEDS enable the current efficiency to be determined and film thickness calculated by Faraday’s law for comparison with dimensional measurements as detailed elsewhere. [29,45,46,50,52] While the thick films considered in the preceding sections are amenable to these techniques, other strategies are better suited to thin films (i.e. 2- minute films) with loadings in a range more relevant to fuel cell applications.   Two other approaches explored herein involve combined analysis based on RBS, XRD, and XRR measurements.  In one, the porosity of the as-deposited films can be assessed by comparing film thicknesses determined by a combination of RBS and XRD with thicknesses determined by XRR.  The accuracy, precision, and traceability of XRR measurements of film thickness have been previously evaluated for ultrathin SiO2 layers on Si.[66]  In another variation, X-ray scattering length densities (SLDs) determined by XRR can be compared with SLD values calculated from RBS-determined compositions and XRD-determined number densities of the solid portions of the material.  The above methods are also applied to the dealloyed films.  Before pursuing the detailed analysis, a first-order estimate of the increase in porosity due to the dealloying of the 30 minute  electrodeposited films is derived from the change in film thickness measured by two different methods; FESEM cross-sections and the XEDS thin film algorithm.[67,68]
FESEM, TEM, XEDS, and XRD Analysis of Thick Films
The following analysis assumes the as-deposited film is fully dense with thickness, d, and that there is no loss of Pt during voltammetric cycling.  The latter is not strictly true as Pt loss is known to occur during the oxide reduction, however much of the Pt dissolved within a porous dealloyed layer is likely to be redeposited during voltammetric excursions to more negative voltammetric potentials and thereby conserved.[42,56]  An upper bound for the specific volume V of an idealized compact alloy film is calculated from M/ where  is the mass density, M is the atomic weight, and Vegard’s law interpolation between the elemental constituent and XEDS composition measurement for the as-deposited and dealloyed films in terms of mole fraction, i gives:
              		(1) 
The increase in porosity with dealloying, P, is determined from the change in film thickness before, d, and after dealloying, d′:
          									(2)
[bookmark: _Hlk135764181][bookmark: _Hlk153029567]where the absence and presence of the prime distinguish the parameters for the alloyed and dealloyed film, respectively.  The estimated changes in fractional porosity with dealloying of the Pt74Ni26 and Pt26Ni74 thick films are 0.11 and 0.41, respectively, as summarized in Table 1.  Similar numbers are estimated from the film thickness, d and d′, determined from thin film XEDS algorithms based on the ratio of the film to substrate signals. [50,67,68]  The shrinkage following dealloying of the Ni-rich film is near 43 %, which is comparable to the values of 37 %  from the FESEM cross-section shown in Figures 5g and 5h and 53 % from the BF-TEM cross-section shown in Figures 6c and 6d, respectively.  Further discussion of the challenges and dispersion associated with shrinkage measurements of dealloyed electrodeposited films is presented in the SI with particular attention drawn to the impact of the tertiary current distribution for Pt co-deposition on the as-deposited film thickness as shown in Figure S8. 
[bookmark: _Hlk124518456][bookmark: _Hlk131689376]XRR, RBS, and XRD Analysis of Thin Films
	Further insight into the porosity of both the as-deposited and dealloyed films is garnered by applying XRR, RBS, and XRD to a given set of thin film specimens to probe the composition, density, and film thickness.  RBS enables the determination of the number and identity of atoms per unit area and XRD provides dimensions of the atomic lattice and thus the number of atoms per unit volume.  The combination enables an estimate of the electron density and film thickness.  Fitting of XRR data with a three-layer Ti/Au/Pt-Ni model yields the scattering length density, film thickness, and interface roughness.  A self-consistent outcome from the combination of RBS, XRR, and XRD measurements provides a sensitive method for quantifying the as-deposited and dealloyed thin films. 
[bookmark: _Hlk153027669]Attention was focused on thinner films grown for 2 minutes that are more relevant to the ORR catalysis application.  Two pairs of Pt100-xNix films were electrodeposited at -0.35 V vs. SCE and -0.65 V vs. SCE, respectively.  One specimen from each pair was dealloyed by potential cycling between +0.051 V vs. RHE to +1.151 V vs. RHE (-0.25 V vs. SCE to +0.85 V vs. SCE) in 0.1 mol/L HClO4 for 30 and 50 cycles, respectively.  The four specimens were subject to XRR, RBS, symmetric /2 XRD, and glancing angle (GIXRD) measurements.  
As a first step, XRR was used to determine the thickness of the Au seed layer.  This was instrumental in distinguishing the Pt and Au RBS signals, as is apparent from the extensive overlap of their peaks in the spectra shown in Figure 11.  When fitting the RBS data for each specimen, the Au thickness parameter was held fixed at the value obtained from the fit of the XRR data for the same specimen.  Lattice parameters extracted from the Pt100-xNix 111 peak, measured with a 1° incident angle in a 2θ scan configuration, shown in Figure 12, were used to calculate volume-specific number densities, which were used to convert the area-specific atomic number densities obtained from RBS into thicknesses.  The quotients of the thicknesses so determined and the thicknesses obtained from fits of a three-layer model to the XRR data shown in Figure 13 (fitted parameters shown in Table 2 and Table S2) give an estimate of the porosity:
                                                  (3)			
where dRBS and dXRR are thicknesses determined by RBS and XRR, respectively, δRBS is the area-specific number density measured by RBS, NA is Avogadro’s number, and a is the fcc lattice parameter.  For all four samples, the thickness determined from XRR was larger than that determined by RBS and XRD and by XEDS as shown in Figure 14b.  While this may indicate all four films have some unaccounted contributions for porosity, it could also reflect a systematic difference in the thicknesses determined by the two methods, e.g. effect of strain on XRD.
 Similarly, the porosity could also be estimated by comparing the XRR scattering length density (SLD) determined from fitting the XRR data to that calculated from the RBS Pt100-xNix composition and XRD number density, though this approach is more susceptible to error associated with sample alignment and specimen warp.  Calculated SLD values and SLD values determined from XRR are compared in Figure 14a.    In this method, porosity is calculated as:
 		(4)
where SLDfit is the value obtained from fits of the XRR data, xNi and xPt are the mole fractions determined by RBS, bcNi, and bcPt are the coherent x-ray scattering lengths of the elements (which are equal to the product of the classical electron radius and the atomic scattering factor f1, here obtained from the python periodictable package69), and a is the lattice parameter from XRD (2θ measurement at a 1° incident angle).  Porosity values determined by this method tended to be larger than those determined by the thickness ratio method (Figure 14c).
The XRR data and accompanying fits are shown in Figure 13 along with the fitted three-layer SLD-depth profiles.  Fitted parameter values are given in Table S2.  Improved χ2 value fits could be obtained by adding another layer at the surface (i.e. a four-layer model).  This layer tended to be a relatively small portion of the overall Pt100-xNix thickness and slightly higher in SLD (though in one case lower in SLD).  In an initial series of fits, there was dispersion in the fitted values of the Ti and Au layer SLDs across the samples.  The Au layer SLD parameter fit yields a value of 127×10-4 nm-2 for the two films deposited at -0.65 V, which compares relatively well with the value calculated (124.7×10-4 nm-2) using the reported density of Au (19.3 g/cm3) but differed for the films deposited at -0.35 V in preliminary fits of the data sets.  As significant variation in the gold density is unlikely, and possibly associated with alignment errors, when fitting the XRR data for the films deposited at -0.35 V vs. SCE, the Au SLD parameter value was fixed at the value determined from the films deposited at -0.65 V vs. SCE in the final versions of the fits presented here.  The trends and relative magnitude of the shrinkage and porosity determined for the different specimens, Table 1 and Table 2, are in reasonable agreement with that determined by the STEM/TEM, FESEM, and XEDS analyses, all of which are subject to the additional variations in the number of the dealloying cycles and upper potential vertex used. 
As-deposited Pt74Ni26 
RBS analysis of the as-deposited Pt-rich film indicates the composition is Pt73Ni27, which is in good agreement with the Pt74Ni26 composition determined by XEDS and EELS of thicker films.  As summarized in Table 2, XRR measurements and modeling of the as-deposited film, shown in Figure 13a, indicate significant porosity with a void fraction between 0.157 (thickness) or 0.293 (SLD) that can be at least partly associated with the low density and crevice or cracked regions seen in the TEM and STEM images.  The /2 XRD measures the spacing of the subset of 111 planes aligned with the substrate normal that is globally, but not necessarily locally, aligned with the growth normal. Prior work indicates Pt100-xNix electrodeposition is associated with the development of in-plane tensile stress that by Poisson’s ratio leads to compression of the film along the surface normal.[46]  In contrast, the GIXRD sample scattering from 111 planes at  20o from the surface normal and thus represents a less sensitive measure of the biaxial state of strain.  The smaller lattice parameter 0.3847 nm measured by /2 XRD versus 0.3853 nm from GIXRD is consistent with in-plane tensile stress that accompanies film growth.[46,70]
Dealloyed Pt74Ni26 
Dealloying the Pt-rich film results in a  0.08 (RBS) to 0.13 (XRR) fractional decrease in apparent thickness in good agreement with the 0.07 decrease observed by different means for the thicker films detailed in Table 1.  XRR indicates an increase in SLD consistent with Pt enrichment accompanied by some contraction of the film.  Likewise, the smoothing of the alloy-solution interface with dealloying seen by FESEM and STEM/TEM analyses of thicker films is also evident in the narrowing of the interface width in the SLD profile shown in Figure 13a and Table S2 XRR fitting parameters.  RBS indicates dealloying shifted the average film composition from Pt73Ni27 to Pt85Ni15.  -2 XRD measurements reveal the lattice parameter shifts from 0.3847 nm to 0.3866 nm, which corresponds to a Vegard’s law shift equivalent to an incremental Pt enrichment of 5 at% which is half that indicated by RBS but likely within the uncertainty budget.  GIXRD reveals a smaller shift in lattice parameter from 0.3853 nm to 0.3858 nm that in the Vegard’s law approximation corresponds to a ~1 at% Pt composition, which is clearly at odds with the RBS result.  Further still, compared to the as-deposited Pt-rich film, dealloying results in the lattice parameter determined from symmetric scattering being greater than that measured by GIXRD.  The above observations speak to the complexity of microstructural and compositional evolution during the dealloying process that will be further examined by in situ stress measurements, vide infra.

As-deposited Pt26Ni74 
For the Ni-rich as-deposited thin film RBS indicates the composition is Pt28Ni72, in good agreement with Pt26Ni74 determined by XEDS and EELS for thicker films.  Modeling of the XRR data gives a porosity void fraction of 0.109 (thickness) or 0.205 (SLD) that are lower than the respective measurements for the as-deposited Pt-rich alloy. The substantially lower surface roughness, compared to the as-deposited Pt-rich alloy, is also captured by the SLD profile and congruent with FESEM and S/TEM analyses of the thicker Pt26Ni74 films in Figures 5 and 6.  Vegard’s law assessment of the symmetric  /2 XRD indicates an alloy composition of Pt30Ni70 while GIXRD yields Pt26Ni74.
Dealloyed Pt26Ni74 
Significant Ni removal by dealloying leads to a dramatic shift in the lattice parameter from 0.3629 nm to 0.3840 nm.  By Vegard’s law, this corresponds to a shift from Pt26Ni74 to Pt79Ni21 while RBS indicates the average composition has shifted from Pt28Ni72 to Pt65Ni35.  The corresponding shrinkage in film thickness amounts to a fractional decrease of 0.22 (XRR) and 0.35 (RBS and XRD).  Significant uncertainty in this analysis arises from anisotropy in the lattice dimensions for the as-grown sample due to growth stress and its subsequent release during dealloying which will be detailed in the next section.  Extensive dealloying leads to a substantial change in the SLD congruent with the shift in composition.  The porosity or void fraction increases from 0.11 for the as-deposited state to 0.25 following dealloying as estimated from the change in RBS thickness.  XRR SLD analysis also indicates a doubling of the porosity from 0.21 to 0.41. 
Limitations in the combination of RBS, XRR, and XRD measurements and the models implemented are captured in Figure 14 where the thickness and porosity determined by the two different methods are compared.  For reference, the SLD for fully dense Pt100-xNix alloys are given for comparison with the SLD profiles shown in Figure 13.  The magnitude of the porosity for the as-deposited film, derived from the XRR, RBS, and XRD analysis, is far from obvious in the FESEM, TEM and STEM images, particularly for the as-deposited Ni-rich film.  The discrepancy presumably involves some combination of vacancies, H and O incorporation and unresolved occluded void volume.  Examination of the impact of annealing on the dimension of the as-deposited films would be useful in future work.  Likewise, post-experiment analysis of the thickness of films grown on an EQCM crystal could also shed further light on the density of the as-deposited films.

In Situ Stress Measurements
It has previously been demonstrated that the electrodeposition of Pt100-xNix films less than 50 nm in thickness is accompanied by the development of in-plane tensile stress ranging from 0.5 GPa to 1.4 GPa.[46]  The same cantilever curvature technique is used herein to characterize the deposition and subsequent dealloying of the Pt-rich Pt74Ni26 and Ni-rich Pt26Ni74  films. 
Electrodeposition of Pt74Ni26 
Deflection of the cantilever-shaped electrode was monitored during the electrodeposition of a Pt-rich film at -0.35 V vs. SCE for 300 s as shown in Figure 15a.  EQCM studies indicate the steady-state current efficiency for deposition of Pt74Ni26 at -0.35 V vs. SCE is 86 %, and accordingly the deflection data are rendered in Figure 15b as a stress-thickness versus thickness plot where the slope reflects the stress state within the film.[45,46]  After an initial transient period of elevated tensile stress development with nucleation, growth, and grain coalescence to form a continuous film, a near steady-state response is observed that corresponds to an in-plane tensile stress of 207 MPa as shown in Figure 15.  This assignment assumes that the stress state in previously deposited material does not relax over the time scale examined, i.e. the observed change in stress-thickness is only due to the newly deposited material (increased thickness).
Dealloying of Pt74Ni26 
The as-deposited Pt-rich film was dealloyed in 0.1 mol/L HClO4 by voltammetric cycling as shown in Figure 16a.  The deflection measurements shown in Figure 16b reveal a systematic increase in the tensile stress with each cycle.  On the first negative going scan, the large oxide reduction wave is accompanied by the largest incremental rise in tensile stress.  Progressively smaller incremental increases in tensile stress are observed during subsequent cycles.  Superimposed on the net increase in tensile stress are repetitive transient compressive-tensile excursions associated with electrocapillarity (charge-induced surface stress) and changes associated with oxide formation and Hupd, as previously noted for Pt electrodes. [70-76]
The net increase in tensile stress with successive cycles is attributed to near-surface dealloying of Ni and vacancy injection accompanied by coarsening and shrinkage of the Pt-rich alloy film.  The film stress sampled at 0.8 V vs. SCE in each potential cycle and the incremental change in stress between cycles are summarized in Figure 16c.  The large change for the first cycle is associated with the reduction of the oxide layer that forms during the transfer between the electroplating and dealloying electrolytes.  Progressively smaller incremental tensile stress increases following each cycle reflecting the loss of available Ni sites and dissolution from the increasingly Pt-enriched surface region.  Crack extension into the film during the dealloying process will relax some of the in-plane tensile stress and counter, to some extent, the increase in tensile stress with on-going dealloying.  Finally, the decrease of the Hupd and oxide formation/reduction waves with cycling in Figure 16a indicates a decrease in surface area, consistent with the coarsening and film shrinkage that lead to a rise in tensile stress.
Electrodeposition of Pt26Ni74 
Cantilever deflection during Pt26Ni74 deposition at -0.65 V vs. SCE was monitored as a function of the deposition charge as shown in Figure 17a.  Independent EQCM studies indicate the current efficiency for deposition of the Ni-rich film at -0.65 V vs. SCE is 61.6%.[45,46]  Cantilever deflection data for growth of the 40 nm film are rendered as stress-thickness versus film thickness are shown in Figure 17b.  The linear profile indicates the development of a large in-plane tensile stress of 1.28 GPa during steady-state film growth.
Dealloying of Pt26Ni74 
The as-deposited Ni-rich film was subject to dealloying for 30 voltammetric cycles in 0.1 mol/L HClO4.  Significant dealloying is evident on the first positive-going voltammetric sweep, with Ni dissolution reaching a peak current at potentials that overlap the Hupd region on elemental Pt as shown in Figure 18a.  The first cycle yields an oxidative charge of 32.8 mC/cm2 and the second cycle contributes another 30.0 mC/cm2 as summarized in Figure S10.  Following two cycles, the original +50 N/m force associated with the 1.28 GPa in-plane tensile growth stress in Figure 17b is completely relaxed as shown in Figure 18b.  This is congruent with the microscopy results in Figures 5 and 6 which show a percolating void volume across the dealloyed film cross section that, combined with shrinkage, leads to tearing and cracking that extends to the substrate.
The mass balance associated with Ni dealloying is briefly examined.  Given the 60.6 % current efficiency of alloy deposition based on EQCM measurements, the Faradaic charge for growth of the 40 nm thick Pt26Ni74 film was 106 mC/cm2 based on 2 equivalents for the Pt and Ni partial reactions.[45,46]  The dealloying charge for the first two voltammetric cycles was 62.8 mC/cm2.  If the charge is exclusively assigned to Ni dissolution, then the composition of the remaining deposit corresponds to Pt67Ni33 in excellent agreement with the ex-situ RBS determination of Pt65Ni35 and XEDS value of Pt66Ni34.  A small additional increment of Ni dissolution charge is evident on the third voltammetric cycle where the current exceeds that associated with Hupd although precise evaluation of the charge would require separating the contribution of each process. Following massive dealloying small increments of tensile stress develop during subsequent voltammetric cycles as shown in Figure 18c.  The trends are captured by sampling the increase in stress-thickness, and its incremental change, at +0.8 V vs. SCE.  The increase in tensile stress is correlated with the ongoing decrease in the Hupd and Pt oxide formation /reduction waves that indicate a decrease in surface area.  This is analogous to that seen during dealloying of the Pt-rich alloy although the rate of tensile stress gain per voltammetric cycle is higher and its attenuation with cycling is measurably slower.  The increase is ascribed to vacancy injection and microstructural coarsening from both continuing near-surface dealloying and shrinkage of the remaining Pt-enriched material.[35,60,72] The tensile response seen herein is distinctly different from the increase in compressive stress reported for the dealloying of Pt50Cu50 sputtered thin film.  One possible explanation for this difference is the significant overlap with Cuupd and anion adsorption that occurs in the potential range examined in the Pt-Cu alloy study.[51,73] 
 
Electrochemically Active Surface Area
[bookmark: _Hlk157165421]Area-specific activity is a key parameter for evaluating the intrinsic catalytic behavior of electrode materials.  Substantial deviations from the projected geometric area derive from the roughness of the electrodeposited surface and the recessed or reentrant nanoporous and cracked regions that form during dealloying.  For such tortuous surfaces, area measurements by profilometry or scanning probe microscopy are not viable, but rather the charge associated with a surface-limited reaction such as Hupd or CO oxidation is typically used.  The Hupd charge derived for a series of activated films as a function of the original deposition time was determined using cyclic voltammetry at 20 mV/s as summarized in Figure 19. The shape of the waves, e.g. Hupd in Figure 3, closely resembles that reported for sputter-deposited nanostructured Pt100-xNix thin films after electrochemical dealloying.[40,75,77]  Potentiodynamic and pulsed potential techniques produced similar results as shown in Figure S11.  The surface area as a function of Pt deposition charge passed and of platinum mass deposited are shown in Figure S12.  The “surface roughness” parameter represents a scaling of the measured Hupd charge to the conventional benchmark value of 0.210 mC/cm2 commonly used for Hupd on a planar polycrystalline Pt electrode.  For reference purposes, the electroactive area of a series of Pt films deposited at -0.35 V vs. SCE was also examined.  The surface roughness of the electrodeposited Pt increases monotonically with deposition time for the first few minutes but saturates shortly thereafter at a value that is 12 times that of a polished Pt electrode.  The thinnest activated Pt74Ni26 and Pt26Ni74 alloys exhibit a thickness-dependent roughness increase for the first two minutes nominally like that of Pt, but thereafter roughness evolution diverges significantly.  The Pt-rich films are slightly rougher than the pure Pt films, reflecting the impact of near-surface dealloying and cracking on otherwise similar surface morphology.  However, for the Ni-rich films the roughness is at least twice that of the pure Pt series.  Despite the smoother as-deposited surface, potential cycling leads to massive dealloying and expansion of the surface area that at the same time is constrained by shrinkage of the film thickness.  For deposition times beyond 2 min, the electroactive areas of the activated alloys continue to expand with increasing thickness of the original electrodeposit.  The area expansion of the Pt-rich alloys scales with the low-density regions within the as-deposited films, while for the Ni-rich film, area expansion derives primarily from massive dealloying that dominates roughening compared to the relatively smooth as-deposited surface.  For alloy deposition times >10 min, the change in slope reflects a change in the dealloying procedure, namely an increase from 30 to 100 voltammetric dealloying cycles.  As noted earlier, the as-deposited Pt-rich alloy films are associated with significant low-density regions and cracking, that in combination with near-surface dealloying, lead to a continuous increase in Hupd with overall film thickness.  In contrast, the as-deposited Pt26Ni74 film surface is smooth and compact while massive dealloying during the activation process leads to the large expansion in the electroactive area that is proportional to the original film thickness with the final thickness being reduced by 35 % to 45 %.  Compared to nanoporosity from dealloying, large-scale cracking contributes less significantly to the electroactive area of the activated Pt26Ni74.
ORR Catalytic Activity
The oxygen reduction reaction (ORR) activity was examined on both the thick (30-minute deposition) and thin (2-minute deposition) film versions of the two alloys.  While the thin films are of course more relevant for catalysis applications, the thick films enable linkage with the microstructural work detailed earlier.  In contrast to prior evaluations of the ORR kinetics on these materials,[28,29] the kinetic parameters were corrected for ohmic losses associated with the electrolyte.[78]  This also includes an iR correction of the O2-free voltammetry as the ORR data were normalized by subtracting the background voltammetric currents, Figure 20a and 20b, on the premise that Pt oxide formation and O2 reduction processes are additive under these conditions.[75,78] The kinetics were determined for the positive going voltammetric scans shown in Figures 20c and 20d.  The Hupd and background oxide formation processes are readily evident in unprocessed scans with significant distortion evident for the thicker films (Figure S13).  Relative to electrodeposited Pt, the half-wave potential of the dealloyed Pt74Ni26 and Pt26Ni74 thin films are shifted in the positive direction by 0.060 V and 0.079 V, respectively.   The Koutecký-Levich equation was used to extract the kinetic current ik from the measured value that is otherwise obscured by the diffusion-limited current.  The dependence of the kinetics current on potential is shown in the inserts in Figures 20c and 20d.  The kinetic results at 0.9 V vs. RHE and 0.95 V vs. RHE are summarized in Table 3.  For 0.95 V vs. RHE, the nominal ORR kinetic activity of the dealloyed Pt74Ni26 and Pt26Ni74 thin films is enhanced by factors of 5.2 and 11.75 relative to electrodeposited Pt.  Even greater enhancement factors of 7.5 and 20.8 are derived for 0.9 V vs RHE although the Koutecký-Levich normalization is less reliable in this potential region as the response is close to the diffusion-controlled limit for O2 reduction.  For thicker films, enhancement of the nominal ORR activity at 0.90 V vs. RHE is even greater due to the large catalytic surface area generated by activation.  However, the kinetics are such that the most remote sites do not contribute to the reaction due to depletion effects that are analogous to the effect of excessive loading of catalytic nanoparticles for any mixed controlled reaction.  Accordingly, thinner films provide more effective Pt utilization and yield a more accurate assessment of catalytic activity.  
The appropriate measure of the catalytic activity is the area-specific kinetic activity. Normalizing ik by the Hupd electroactive area or roughness factor gives the specific activities listed in Table 3.  The enhancement factor for ORR for the thin 2-minute alloy films with respect to that for electrodeposited Pt at 0.95 V vs. RHE is 3.35 for dealloyed Pt74Ni26 and 5.14 for dealloyed Pt26Ni74.  As indicated in Figure 21, even larger enhancement values are observed at 0.9 V vs. RHE although these are subject to increased uncertainty as the measured ORR response approaches its diffusion-limited value.  The enhanced catalytic ORR activity of the alloy films follows that reported in a companion paper[29] although the absolute magnitude of the specific activity reported herein is slightly greater due to correction for the ohmic iR losses and background Pt oxidation.  More accurate kinetic values can be obtained by using slower scan rates to more closely approximate steady-state conditions.  Further still, it should be recognized that the upper potential limit in the voltammetric activation process lies 0.1 V more positive than that used in many other studies.  The more aggressive conditions favor place exchange reactions between Pt and O that lead to interface roughening that facilitates further dealloying of subsurface transition metals.  Accordingly, the kinetic enhancement results presented herein may be considered conservative relative to at least a subset of other published findings.
The as-deposited Pt74Ni26 film has a composition closer to Pt80Ni20 following dealloying and exhibits an area-specific ORR activity that is about half that of dealloyed Ni-rich Pt26Ni74 alloy.  Although the overall composition of the dealloyed materials is very similar, the higher activity of the Pt26Ni74 alloy is attributed to the larger subsurface Ni content in line with studies of single-crystal Pt3Ni surfaces where subsurface enrichment of the transition metal exerts an important role in the enhanced activity reported.[ 5-18,32,75,78].  An additional contribution is the nature of the strain associated with the Pt-enriched overlayer, a topic that has received significant attention in the literature.[ 1-4,6-14,16,17,27,36]  In the experimental regime, the state of the strain in the system is strongly path dependent with enrichment via dealloying being quite different from forming a capping shell layer in an additive process.  Stresses arise not only from lattice misfit but also from morphological evolution related to vacancy injection and the complex dynamics of clustering mobile atoms and vacancies, and the associated step line tension associated with islands.[72] In comparing existing ORR results with theory it is also important to recognize the preponderance of kinetics studies on Pt and its alloys focus on the potential regime where strong overlap with oxide formation and reduction processes as is readily evident in Figure 20.  The motivation for correcting ORR kinetics for the partial current associated with electrode oxidation has been previously detailed.[75,78]  However, it is noteworthy that recent electrochemical cell X-ray photoelectron spectroscopy (EC-XPS) experiments indicate significant differences exist between oxides formed on Pt alloys in the presence and absence of O2 that challenge the veracity of this simple approach.[79]
	The ORR mass activity is an important parameter of practical technical applications.  Electrochemical quartz crystal microbalance studies combined with XEDS compositional analysis from a parallel study of Pt, Pt-rich, and Ni-rich films electrodeposited for 2 minutes provide a good  estimate of the Pt mass loading as summarized in Table 3.[29,45]  Pt loadings were also calculated from the alloy film thickness value in Table 1 and found to be slightly lower.  The difference may reflect dispersion associated with current distribution convolved with the specific location of the cross-sections examined.  For self-consistency, the Pt mass activities of the alloys are compared to elemental Pt using EQCM loading values from a companion study that provides a conservative estimate.[45]  The resulting Pt mass-specific activity at 0.95 V vs RHE is 0.101 A/mg and 0.241 A/mg for the 2-minute electrodeposited Pt74Ni26 and Pt26Ni74 thin films, respectively.  This translates to a 5 and 12-fold improvement relative to electrodeposited Pt.  At 0.9 V these mass activity numbers are higher subject to the added uncertainty in evaluating ik near the O2 diffusion limited value.  The mass activities approach those of some of the most active catalysts reported to date and can be expected to increase further for thinner films.[80]  The dispersion between the enhanced kinetics at two different potentials along with the various correction factors employed speaks to the limitations of focusing such comparisons on a single parameter and the need for further standardization in the reporting of kinetic values.  Surfactant-free electrochemical synthesis of the Pt100-xNix films provides very clean surfaces that at least partially accounts for the high activity numbers compared to materials produced by other more complicated means.  The enhanced mass activity of the Pt-rich and Ni-rich compositions is attributed to increases in both area-specific activity and the electrochemically active surface area.  Future studies should focus on thinner films deposited on technologically important conductive supports analogous to the extensive work with sputtered thin films.[1,18,25,30,37,40,56,75,77,79,81]   Similarly, the prospects for further improvement in electrocatalysis by microstructure design using surfactant mediated growth and other methods to produce multiscale mesoscale porosity in Pt-based alloys is of significant interest.[82,83,84]  Likewise, further exploration of monolayer-level Pt shell capping treatments and the search for strategies to improve the robustness of such layers are topics of ongoing importance. [6-9,16,17,43,44, 58,77,81,85,86,87]

Conclusions
Pt100-xNix films were electrodeposited by underpotential co-deposition of Ni accompanied by transport-constrained Pt deposition from a Ni-rich chloride electrolyte at pH=2.5.  Potentiostatic deposition enables control of the alloy composition with a monotonic increase in Ni content with decreasing deposition potential.  The morphology, crystalline structure, chemical bonding, and composition of two representative nanocrystalline fcc Pt-rich, Pt74Ni26, and Ni-rich, Pt26Ni74 electrodeposited films were examined.  The as-deposited Pt74Ni26 films were rough with discernable low-density regions while the Pt26Ni74 films were comparatively smooth and compact.  The compositions of the as-deposited films were rather homogenous with good agreement between XEDS, EELS, and RBS determinations of the composition.  
Voltammetric cycling of the Pt-rich Pt74Ni26 film between 0.05 V vs. RHE and 1.1 V vs. RHE leads to significant near-surface dealloying that also includes cracking and expansion of low-density regions that percolate into the film.  In contrast, massive dealloying of Ni-rich Pt26Ni74 films leads to shrinkage and tearing during voltammetric cycling under the same conditions.  The dealloyed Pt26Ni74 film is strongly Pt-enriched with an average composition approaching a Pt3Ni stoichiometry.  Surface-limited reactions such as Hupd in acid and Ni(OH)2-NiOOH in alkaline media were used to monitor the surface area and composition during dealloying although oxides formed in alkaline media appear to slow down subsequent dealloying in acid media.  FESEM, TEM and STEM examination of microstructural and morphological evolution following dealloying of Pt74Ni26 revealed expansion of the low density region and cracking that resulted in more dealloying of the as-deposited film than would be expected if it were a fully compact alloy.  The Pt26Ni74 film was subject to massive bulk dealloying with high-resolution FESEM, HRTEM, and STEM revealing a bicontinuous nanostructure with an average pore size close to 5 nm. 
RBS and XRR were used to examine the density of the as-deposited materials and the additional porosity introduced by dealloying.  In situ stress measurements tracked the development of significant in-plane tensile stress during the electrodeposition of the alloy films.  Dealloying of the Pt-rich films gave rise to a slow increase in the net in-plane tensile stress with cycling that was not observed on elemental Pt electrodes.  At positive potentials, 0.8 V to 1.0 V, oxide formation yields a modest, almost reversible, increment of compressive stress that decreases the net tensile stress.  Significantly, this potential range overlaps that used to characterize ORR kinetics and indicates an additional layer of complexity in the evaluation of strain effects in ORR electrocatalysis that needs to be considered.  Electrodeposition of the Ni-rich alloy was accompanied by in-plane tensile growth stress exceeding 1 GPa.  The tensile stress was entirely removed during massive dealloying.  With continued cycling the highly porous film began developing a net in-plane tensile stress like that of the as-deposited Pt-rich film.  Stress evolution during massive dealloying of thin film systems leads to geometries that greatly differ from idealized strained overlayer models used to frame the effect of strain on ORR kinetics.  The area-specific ORR activity of activated, dealloyed, Pt74Ni26 and Pt26Ni74 thin films is enhanced by factors of 3 and 5, respectively, relative to Pt at 0.95 V vs. RHE.  The improvement seen for the Ni-rich alloy is attributed to the electronic and strain effects of increased subsurface Ni species on the electronic properties of Pt-enriched surface.  The mass activity for Pt74Ni26 thin films was at least 5 times greater than the more compact pure Pt film deposited at the same potential and fixed time.  The mass activity for Pt26Ni74 thin films was more than double that of Pt74Ni26 due to a combination of enhanced specific activity and electroactive area.
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Figure 1. 
(a) Symmetric θ/2θ XRD of as-deposited Pt100-xNix films grown on (111) textured Au films at potentials between -0.1 V vs. SCE and -0.9 V vs. SCE in increments of 50 mV for various times to maintain similar thickness. (b) Lattice parameter and coherence length as a function of alloy composition, (c) XEDS-determined composition of the same films.
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Figure 2. 
(a) Slow scan (1 mV/s) cyclic voltammetry for 30-minute electrodeposited Pt, Ni, Pt74Ni26 (-0.35 V vs. SCE), and Pt26Ni74 (-0.65 V vs. SCE ) films in 0.1 mol/L HClO4. (b) Logarithmic plot of the absolute value of the current for the same data. (c) Cyclic voltammetry (20 mV/s) for electrodeposited Ni and , Pt, and a Pt RDE in 0.1 mol/L NaOH. The electrodeposited Pt films were grown at E = -0.35 V vs. SCE from the Pt100-xNix electrolyte without NiCl2. The electrodeposited Ni film was grown at E = -0.35 85 V vs. SCE from Pt100-xNix electrolyte without K2PtCl4.
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Figure 3. 
[bookmark: _Hlk163465382]Cyclic voltammograms tracking oxide formation on (a) electrodeposited  Pt, (c) Pt74Ni26 (-0.35 V vs SCE) and (e) Pt26Ni74 (-0.65 V vs. SCE) in 0.1 mol/L NaOH at a scan rate of 20 mV/s. Voltammetric dealloying of (b) electrodeposited  Pt, (d) Pt74Ni26 (-0.35 V vs. SCE) and (f) Pt26Ni74 (-0.65 V vs. SCE ) in 0.1 HClO4 at 100 mV/s for the indicated number of scans in the acid medium.  The films were electrodeposited for 30 minutes at the respective potentials followed by sequential voltammetric measurements in the alkaline medium interspersed by dealloying and Hupd measurements in acid. The current density refers to the projected geometric area.

(b)
(a)

Figure 4. 
(a) XRD patterns (θ/2θ) of as-deposited and dealloyed Pt74Ni26 (bottom) and Pt26Ni74 (top) thick films (30-minute deposits). (b) XEDS (unhatched) and XRD (hatched)-derived composition values for the respective as-deposited and dealloyed films reported in atomic % Ni with the color scheme from (a).  Compositions from XRD are calculated from Pt1-xNix (111) peak positions using Vegard’s law. 
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Figure 5. 
Plan-view and cross-section FESEM images of (a-d) -0.35 V vs. SCE (Pt74Ni26) and (e-h) -0.65 V vs. SCE (Pt26Ni74) 30-minute films before (a, c, e, g) and after (b, d, f, h) dealloying. Dealloying was performed by voltammetric cycling in 0.1 mol/L HClO4 for 200 cycles at 100 mV/s. The scale bar for (a-h) is 500 nm shown in (h) except for the 5 µm marker in the inset figure (f).
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Figure 6. 
BF-TEM of a cross-section of (a, b) Pt74Ni26 and (c, d) Pt26Ni74 thin films on the gold substrate for the (a, c) specified as-deposited 30-minute films and (b, d) following dealloying. The corresponding inset SAED patterns show diffraction rings for the respective fcc Pt-Ni alloys and diffraction spots for the larger-grained Au substrate.   
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Figure 7. 
HAADF-STEM (a-d) and drift-corrected EDS X-ray imaging (e, f) of cross-sections of Pt74Ni26 (a, b) and Pt26Ni74 (c, d) 30-minute films indicating structural differences between as-deposited alloys and dealloyed samples in compositional homogeneity and morphology: (a, c) as-deposited film; (b, d) dealloyed film; (e, f) enlarged Ni K and Pt L X-ray maps of the area marked by the red box in (a).
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Figure 8. 
HRTEM, cross-sections of nanocrystalline Pt74Ni26 (a, b) and Pt26Ni74 (c, d) 30-minute films. An interior of films exhibits (100), (111), and (200) lattice spacing with numerous distortions and bending due to induced stress and accumulated strain fields as well as Moire patterns from overlapping grains: (a, c) as-deposited film; (b, d) dealloyed film. FFT pattern (inset in (a)) of the area marked by red box displays (100) reflections indicating local short-range ordering (Ll2), while FFT patterns of the Pt74Ni26 dealloyed film area (inset and red box in (b)) and both Pt26Ni74 alloy thin films (insets and red boxes in (c) and (d), respectively) show only (111) and (200) reflections, corresponding to a disordered fcc structure.



Figure 9. 
HAADF STEM with STEM-XEDS compositional profiles along selected lines (in red) through cross-section segments of (a, b) Pt74Ni26 and (c, d) Pt26Ni74 30-minute thin films for (a, c) as-deposited films and (b, d) dealloyed films. In image and graph (d) 1 and 2 denote a horizontal line profile and a vertical line profile, respectively.   









































Figure 10. 
FESEM, surface topography (a, b) and HAADF STEM cross-section (c, d) of dealloyed Pt26Ni74 (30-minute) film. The intensity profile (b) along the red line in (a) demonstrates rough surface topography with up to 10 nm wide elongated cracks of 30 nm to 50 nm in length propagating through the film and smaller nm-sized voids. HAADF STEM also reveals numerous fine-scale pores from 2 nm to 10 nm in diameter. The differential size distribution histogram (inset) measured for 500 pores in image (d) gives the mean circular diameter dcirc = 4.9 ± 0.1 nm at a 95% confidence level that satisfactorily fits the lognormal distribution (red dot curve). The corresponding cumulative pore size distribution (blue curve) is shown for comparison.

















Table 1 
Shrinkage and porosity from dealloying of thin 2 minute films (XEDS thin film algorithm) and thick 30-minute films (FE-SEM cross-sections). The thin and thick films were dealloyed for 30 and 200 cycles, respectively, between 0.050 V vs. RHE and 1.10 V vs. RHE. 

	Deposition potential
(mVSCE)
	Deposition
Time 
(min)
	Composition
XEDS (Pt%)
	Thickness,
XEDS/SEM (nm)
	Porosity XEDS
(%)
	Shrinkage XEDS 
(%)
	Porosity SEM 
(%)
	Shrinkage SEM
(%)%

	-350 mV
	2
	70.54
	16.6
	
	
	
	

	
	30
	74.12
	248
	
	
	
	

	-350 mV (dealloyed)
	2
	79.02
	15.5
	5.6
	7.1
	
	

	
	30
	86.13
	238
	
	
	10.6
	4.0

	-650 mV
	2
	23.47
	35.5
	
	
	
	

	
	30
	26.33
	569
	
	
	
	

	-650 mV (dealloyed)
	2
	66.19
	20.1
	32.4
	43.4
	
	

	
	30
	77.74
	358
	
	
	40.7
	37.1




  Shrinkage = 100*(dPtNi’-dPtNi) /dPtNi where prime’ denotes dealloyed film thickness.



































Figure 11. 
(top) Rutherford backscattering of the as-deposited Pt74Ni26 and Pt26Ni74, thin films grown for 2 minutes at -0.35 V SCE and -0.65 V SCE, respectively, along with the respective dealloyed variants. (bottom) Composition of the same films as analyzed by XEDS and RBS.










Figure 12. 
XRD of as-deposited and dealloyed 2-minute Pt74Ni26 and Pt26Ni74, respectively measured in a symmetric /2 configuration (right) and measured in a 2 scan configuration at a fixed 2o incident angle (left). The solid black line corresponds to the bare Au film substrate used for the Pt26Ni74 dealloyed sample and the dashed black line to the more strongly 111 textured substrate used for the other three specimens.  Lattice parameter values obtained from these data, those in Figures 2 and 6 are summarized in Table S1.




















Figure 13. 
(a) Fitted three-layer scattering length density-depth profiles (Ti/Au/Pt100-xNix), (b) XRR data and fits, and (c) residuals for Pt100-xNix films deposited at -0.35 V vs. SCE and -0.65 V vs. SCE for 2 minutes in the as-deposited and dealloyed states.  In each case, 68% and 95 % confidence bands derived from the fit posterior distribution are shown but are smaller than the line width in most places.  Full model parameters are given in Table S2.
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Figure 14. 
(a) Film thickness determined by RBS and XRD (◑) and by XEDS (◐) plotted against film thicknesses determined by XRR.  (b) X-ray SLD calculated for Pt100-xNix alloys using Vegard’s law (dashed line) and using a corrected version of Vegard’s law54 (solid line) with previously reported XRD data.52  The large circles mark expected SLD values calculated from RBS-determined compositions using number densities from XRD.  The connected small circles mark the SLD values obtained from fits of the XRR data.  (c) Porosity determined from SLDs from XRR plotted against porosities determined from thicknesses by RBS and XRR.  The diagonal lines in (a) and (c) are included as a guide to the eye and demark equivalence between the values on the two axes.







Table 2 
Porosity determination of Pt100-xNix thin films by RBS and XRR measurements 

	
	
	
	-0.35 V
	-0.65 V

	
	units
	layer
	as-deposited
	dealloyed
	as-deposited
	dealloyed

	RBS Pt atomic fraction
	 
	 
	0.732
	0.847
	0.281
	0.65

	RBS thickness*
	nm
	 
	15.31
	14.14
	31.82
	20.61

	 
	nm
	Ti
	5.53
	4.64
	4.8
	6.41

	XRR thickness
	nm
	 
	18.46
	16.04
	35.39
	27.43

	 
	nm
	Au
	23.29
	23.47
	24.61
	17.96

	 
	nm
	Ti
	4.27
	4.51
	4.75
	5.05

	Porosity (ΔP)
	 
	 
	0.157
	0.12
	0.109
	0.248

	SLD calculated
	10-4 nm-2
	 
	119.1
	129.8
	90.4
	112.4

	SLD from XRR
	10-4 nm-2
	 
	90.39
	94.79
	71.9
	66.9

	Porosity (ΔSLD)
	 
	 
	0.241
	0.269
	0.205
	0.405








 *Thickness calculated using Pt/Ni ratio from RBS, number density calculated from XRD.







Figure 15. 
(a) Electrodeposition of Pt74N26 thickness as a function of electrodeposition time at -0.35 V vs SCE. Thickness is derived from EQCM-derived knowledge of the current efficiency and of XRD-derived number density. 45, 46, 50 (b) Simultaneous monitoring of the cantilever specimen deflection yields the stress-thickness as a function of deposition time to reveal a steady state growth stress of 207 MPa.
















Figure 16. 
(a) Voltammetry (20 mV/s) and (b) stress evolution during dealloying of Pt74Ni26 in 0.1 mol/L HClO4. The progressive increase in tensile stress to 20 N/m over 30 voltammetry cycles is attributed to the coarsening and shrinkage that accompanies dealloying of all exposed surface segments. (c) The incremental changes decrease with cycling. The current density refers to the projected geometric area.







Figure 17. 
(a) Thickness increase of Pt26Ni74 over a 2-minute deposition at -0.65 V vs. SCE. Thickness quantification derives from EQCM measurements of the current efficiency. 45, 46, 50  (b) Simultaneous monitoring of the cantilever specimen deflection yields the stress thickness as a function of deposition time to reveal a steady state growth stress of 1.28 GPa.















Figure 18. 
(a) Voltammetry and (b-d) stress evolution during dealloying of Pt26Ni74 in 0.1 mol/L HClO4. Complete relaxation of the 1.28 GPa tensile growth stress occurs within two voltammetry cycles coincident with the dealloying growth front reaching the substrate. The subsequent much slower rise in tensile stress is attributed to coarsening and shrinkage of the remaining Pt-enriched porous dealloyed material similar to that observed for the Pt-rich alloy in Figure 16. The current density refers to the projected geometric area.















Figure 19. 
The roughness factor of dealloyed, activated films determined by HUPD cyclic voltammetry (20mV/s) as a function of the original electrodeposition time for Pt26Ni74 (-0.65 V vs. SCE), Pt74Ni26 (-0.35 V vs. SCE), and electrodeposited Pt (-0.35 V vs. SCE). The roughness parameter represents a scaling of the measured Hupd charge to the conventional benchmark value of 0.210 mC/cm2 commonly used for Hupd on a planar polycrystalline Pt electrode.  (b) A smaller scale is shown for shorter deposition times. For a deposition time of 10 minutes or less the activation treatment was 30 cycles, while for deposition times of 20 and 30 minutes, 200 activation cycles were used.  
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Figure 20. 
Hupd (20 mV/s) and ORR (20 mV/s at 1600 rpm) scans for (a, c) 30-minute and (b, d) 2-minute Pt26Ni74 (-0.65 V vs. SCE), Pt74Ni26 (-0.35 V vs. SCE), electrodeposited Pt (-0.35 V vs. SCE) films grown on a Au RDE along with results for a polished Pt RDE.  Tafel plots for the respective ORR scans are inset (c, d).  The current density refers to the projected geometric area.



















Table 3 
ORR Kinetics for Thin and Thick Electrodeposited Pt100-xNix Films 
	Catalyst

	Deposit time
(min)
	Roughness (cm2)

	E1/2 (V)
	ik
0.9 V (mA/cm2)
	ik
0.95 V
(mA/cm2)
	Specific Activity 0.90 V (mA/cm2)
	Specific Activity  0.95 V (mA/cm2)
	Mass
(µg/cm2)
	Mass Activity
0.90 V
(A/mgPt)
	Mass Activity 0.95 V
(A/mgPt)

	Pt RDE
	N/A
	1.94
	0.867
	2.02
	0.31
	1.04
	0.16
	N/A
	N/A
	N/A

	Pt
	2
	4.44
	0.875
	3.00
	0.63
	0.67
	0.14
	(32.1±3)
	(0.093)
	(0.020)

	Pt
	30
	12.59
	0.899
	5.74
	1.02
	0.46
	0.08
	482.1
	(0.012)
	(0.002)

	Pt74Ni26
	2
	6.95
	0.935
	22.38
	3.26
	3.22
	0.47
	27.3 
(32±3)
	0.820
(0.693)
	0.119
(0.101)

	Pt74Ni26
	30
	56.12
	0.987
	60.41
	18.19
	1.08
	0.32
	423.7
	0.143
	0.043

	Pt26Ni74
	2
	10.32
	0.954
	62.89
	7.40
	6.09
	0.72
	22.6 (30.75±3.25)
	2.763
(2.031)

	0.327
(0.241)

	Pt26Ni74
	30
	81.24
	0.997
	110.65
	41.36
	1.36
	0.51
	402.6
	0.274
	0.103


The mass activity shown is from the quotient of ik and the mass loading.  Mass loadings and activities for the Pt26Ni74 and Pt74Ni26 films, given in parenthesis, were derived from EQCM measurements detailed in Ref. 28. The other mass loading values, no parenthesis, were calculated from XEDS composition and XEDS/SEM thickness values for as-deposited thin and thick film composition/thickness given in Table 1. 


















Figure 21. 
Enhancement factor for (a) area specific and (b) mass specific ORR activities at 0.90 V and 0.95 V vs. RHE for electrodeposited Pt74Ni26 and Pt26Ni74 films relative to Pt derived from data for films deposited for 2 minutes at the potentials specified in Table 3.
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