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i) Synthesis of binary and ternary Pt-TM nanoalloy catalysts (TM=Ni, Co and Cu).  

Binary and ternary Pt-TM nanoalloys, where TM=Ni, Co and Cu, were synthesized by a one-pot 

route reported in Refs. [S1, S2]. It involved mixing relevant metal precursors, in particular 

PtII(acetoacetonate)2, NiII(acetoacetonate)2, CoIII(acetoacetonate)3, CuCl2 and/or 

CuIII(acetoacetonate) in pre-desired molar ratios into octyl ether solvent. Oleylamine and oleic 

acid were added into the solutions and used as capping agents.1,2-hexadecanediol was also 

added and used as a reducing agent. The solutions were purged with N2 and heated to 105 C. At 

this temperature the purging with N2 was discontinued, the mixtures heated to 280 C and 

refluxed for 40 min. The solutions were then cooled back to room temperature and the resulting 

Pt-TM alloy nanoparticles (NPs) were precipitated out by adding ethanol followed by 

centrifugation. The NPs were dried under N2 atmosphere and re-dispersed in a solution of fine 

carbon powder (XC-72) in hexane. Furthermore, the NPs were post-synthesis treated at 260 °C 

under N2 atmosphere for 30 min followed by calcination at 400 °C under 15 vol% H2 atmosphere 

for 2 h. The treatment is necessary to remove the organic capping agents from the NP’s surface 

and improve the degree of alloying of Pt and TM species in the NPs. Hereafter, the post-

synthesis treated NPs are referred to as fresh NPs.  
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ii) Determining the average chemical composition, size and shape of Pt-TM nanoalloy 
catalysts.  

The overall chemical composition of the fresh and electrochemically cycled (~1500 cycles/300 

min) Pt-TM NPs was determined by inductively coupled plasma atomic emission spectroscopy 

(ICP-AES). Measurements were done on a Perkin Elmer 2000 DV ICP-AES instrument. 

Calibration was done against standards dissolved in the same acid matrix as the unknowns. 

Several batches of the unknowns were analysed thus ensuring < 2 % error in the overall chemical 

composition. Experimental data showed that the average chemical composition of the fresh 

binary and ternary alloy Pt-Ni/Co NPs is Pt68Co32, Pt58Ni17Co25, Pt37Ni39Co24 and Pt12Ni53Co35. 

Upon undergoing 1500 potential cycles inside a proton exchange membrane fuel cell (PEMFC), 

the NPs appeared with a chemical composition of Pt81Co19, Pt72Ni16Co12, Pt58Ni16Co26 and 

Pt45Ni36Co19, respectively. The average chemical composition of the fresh Pt-Ni-Cu alloy NPs 

turned out to be Pt21Ni40Cu39 and Pt51Co18Cu31. That of cycled Pt-Ni-Cu alloy NPs appeared 

Pt44Ni32Cu24 and Pt66Co15Cu19, respectively. The ICP-AES data were confirmed by independent 

energy dispersive x-ray spectroscopy (EDS) experiments described below. 

The size and shape of the fresh Pt-TM alloy NPs were determined by Transmission Electron 

Microscopy (TEM) on a JEM-2200FS instrument operated at 200 kV. Exemplary TEM and 

high-resolution (HR)-TEM images for Pt-Ni/Co/Cu alloy NPs are shown in Figure S1.  As can 

be seen in the Figure, the NPs are approximately 8.7 (1.5) nm in size and largely spherical in 

shape. Furthermore, lattice fringes seen in the HR-TEM images indicate that the NPs possess a 

good degree of crystallinity. 

iii)  Studies on the performance of Pt-TM nanoalloys as catalysts for ORR under actual 
operating  conditions

A fully functional PEMFC optimized for simultaneous EDS and high-energy x-ray diffraction 

(HE-XRD) experiments was used to study the concurrent changes in the chemical composition, 

atomic structure and catalytic activity of Pt-TM alloy NPs under realistic operating conditions. 

The PEMFC is shown in Figure S2. Membrane electrode assemblies (MEAs) for the PEMFC 

were prepared using fresh pure Pt (E-tek) and Pt-TM alloy NPs as ORR (oxygen reduction 

reaction) catalysts. Standard Pt NPs (E-tek) were used as a HOR (hydrogen oxidation reaction) 

catalyst. For reference, the ORR and HOR take place at the PEMFC cathode and anode, 

respectively. In particular, the respective NPs were dissolved in a Nafion-containing solution and 
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then brush coated on (2.5 cm x 2.5 cm) pieces of a wet-proof carbon paper (Spectracarb). The 

ORR and HOR catalyst coated pieces of carbon paper were fused to the opposite sides of a 

Nafion membrane (DuPont) by hot pressing at 120 oC. The resulting sandwich-type {Carbon 

Paper-HOR Catalyst-Nafion Membrane-ORR Catalyst-Carbon Paper} MEA assemblies were 

transferred to the custom-made PEMFC and cycled between 0.6 V and 1.0 V for 5 to 6 hours, 

following a protocol suggested by DOE.S3, S4 In total, the catalyst particles underwent about 1600 

potential cycles as deposited on the cathode side of MEAs. During the cycling, high purity 

hydrogen (3.5% H2 balanced by N2) and nitrogen gas was fed to the PEMFC anode and cathode 

compartments, respectively, at a rate of 50 mL/min. Before reaching the PEMFC, the gases were 

forced through water bubblers to achieve 100 % humidity and heated up to about 80 oC. In 

addition, the plastic gas delivery tubes were thermally protected. A heater wrapped around the 

PEMFC (clearly seen in Figure S2) was used to keep its operating temperature as close to 80 oC 

( 5 oC) as possible. Hence, and per our observations, the PEMFC was never let dry during the 

potential cycling.  The current output of the PEMFC was non-stop recorded during the potential 

cycling. Experimental polarization curves (~1600 in number) representing the current output of 

the PEMFC resulted from the repetitive application of external voltages are summarized in 

Figure 1. Selected polarization curves are shown in Figure S3. In line with the practices of ex situ 

catalytic studies, S5-S10 the current output of the PEMFC at a fixed voltage value, in particular at 

0.9 V on the polarization curves, was used to assess the electrocatalytic activity of the respective 

nanoalloys. The rationale is that this output is sensitive to the formation and reduction of 

oxygenated surface species, such as Pt(O) and Pt(OH), which are an important factor in 

determining the kinetics of ORR over the surface Pt-TM nanoalloys.  

        In particular, without loss of generality, the catalyzed electrochemical reduction of oxygen 

to water (ORR) taking place at the cathode of PEMFCs can be described as O2 + 4H+ + 4e- → 

H2O.  A widely accepted view is that atomic-level changes of Pt-TM nanoalloy catalysts that 

would prevent ORR intermediates, such as Pt(O) and Pt(OH), from blocking O2 adsorption sites 

would have a positive impact on the ORR kinetics, i.e. improve the activity of nanoalloys as 

ORR catalysts, and vice versa. To be more precise, the ORR current, iORR, generated in the 

PEMFC cathode catalyst layer at a particular potential, U, temperature, T, and concentration of 

the reactants is considered to dependent strongly on the coverage, θ, of the catalyst surface with 

reactive intermediates as follows:  
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                                  iORR ~ io(1-θ) exp(-γΔG/RT)exp(-βFU/RT),                               (S1)

where io is the so-called exchange current density, ΔG is the Gibbs energy of adsorption and β, γ, 

F and R are constants.S7  Notably, θ values are assessed through studying Pt-TM nanoalloys 

under humidified N2 atmosphere. That is because studies have indicated that i) the exposure of 

Pt-based catalysts to humidified O2 vs. humidified N2 gas would not make much difference on 

the degree of oxidation of their top surface during (0.6 V-1.0 V) potential cycling and ii) 

typically, the removal of the oxygenated species is the step limiting the kinetics of both 

reactions. S11-S15 Logically, changes in the “redox” current at 0.9 V on the polarization curves 

measured under humidified N2 atmosphere were considered as a measure of changes in θ, i.e., 

relative number of surface Pt atoms capable of reducing O2, and, hence, in the electrocatalytic 

activity of the respective nanoalloys. Here is to be noted that the iORR current at 0.9 V is indeed 

very week (see Figure S3) and so possible IR (resistive-type) losses are minimized. Nevertheless, 

we measured the PEMFC resistance under 100 % H2 and 3.5 % H2 atmosphere in the anode 

compartment and found that the former was smaller than the latter by 0.5 Ω. This would have 

resulted in an IR drop of no more than 50 mV. We also evaluated the IR drop possibly resulting 

from deteriorated thermal protection of the gas delivery tubes and found that it would be in the 

order of 30-50 mV.  Such IR drops would have little impact on the results reported here because 

the potential range for the PEMFC cycling would not change much, which is important for the in 

operando measurements. Regardless, we did not attempt to extract absolute values for the 

electrocatalytic activity of Pt-TM nanoalloys from the in operando polarization curves. That is 

because studies have shown that, due to intrinsic differences (e.g. in pH, temperature, humidity, 

catalyst environment/support, PEMFC configuration and MEAs preparation) between laboratory 

and fuel cell measurements for ORR catalyst testing, full quantitative agreement between 

measures for electrocatalytic activity, including its changes, derived from data obtained under 

laboratory and operating conditions cannot be expected. It is important though that trends 

between different catalysts and with respect to their aging behavior are correctly represented.S15 

Hence, changes in the “redox” current at 0.9 V on the polarization curves with the potential 

cycling were represented in terms of percentage differences from the initial value of the current 

and considered merely as a quantity describing relative changes in the apparent (as measured) 

ORR activity of cycled nanoalloys as deposited on MEAs. Relative changes in ORR activity 

derived as described above were cross-checked against similarly normalized data for changes in 
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ORR activity obtained on a standard 3-electrode cell. Results from the comparison are shown in 

Figure S5. As can be seen in the Figure, overall, trends of data for relative changes in ORR 

activity of Pt-TM nanoalloys obtained by laboratory and in operando experiments agree, 

testifying to the reliability of the results reported here.  In addition, changes in ORR activity 

(decay) derived as described above were compared with relative changes in the area of respective 

polarization curves (collapsing) with the potential cycling, which are related to relative changes 

in the oxidation/reduction charge during the cycling. Results are shown in Figure S4. As can be 

seen in the Figure, trends in the both sets of data provide a consistent picture of the evolution of 

the apparent ORR activity of Pt-TM nanoalloys during the PEMFC operation.  

iv)  In-operando energy-dispersive x-ray spectroscopy (EDS) experiments

Changes in the elemental composition of Pt-TM alloy NPs under the corrosive conditions at the 

cathode of the operating PEMFC were determined by EDS spectroscopy. EDS spectra were 

taken simultaneously with the HE-XRD patterns, i.e., in intervals of 1 min, using a Si Vortex 

detector coupled to a multi-channel analyzer. The spectra were processed and elemental 

composition determined using standard procedures.S17 Exemplary EDS spectra for Pt-Ni/Co 

alloy NPs are shown in Figure S7. Changes in the average chemical composition of Pt-TM alloy 

NPs (TM=Ni, Co) with the potential cycling  are  summarized in Figure 6. Changes in the 

chemical composition and mass distribution (loading) of the catalyst particles over the PEMFC 

cathode occurring during the potential cycling were also investigated by scanning a 4.5 mm by 

4.5 mm area of the respective MEAs with a narrow collimated x-ray beam (40 µm by 20 µm). 

Exemplary maps showing the elemental composition and loading of fresh and cycled 

monometallic (pure Pt), bimetallic (Pt81Co19) and ternary (Pt12Ni53Co35) catalyst particles over 

the scanned area shown in Figures 2, 3 and S8, respectively.  

v) In-operando total x-ray scattering experiments 

Atomic-level changes of pure Pt and Pt-TM alloy NPs (TM=Ni, Co, Cu) functioning as ORR 

catalysts at the cathode of a PEMFC were studied by x-ray total scattering experiments involving 

high-energy x-ray diffraction (HE-XRD) coupled to atomic pair distribution function (PDF) 

analysis. Experiments were done at the 1-ID-C beamline of the Advanced Photon Source at the 

Argonne National Laboratory. X-rays with energy of 84.917 keV (λ=0.1458 Å) and a large area 
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detector (see Figure S2) were used. HE-XRD patterns were collected in intervals of 1 min 

throughout the PEMFC operation (potential cycling). HE-XRD data for both the “empty” 

PEMFC (no MEA) and the PEMFC with a MEA containing the anode catalyst alone were taken 

separately. The data were used to correct the HE-XRD patterns for the catalyst particles collected 

during the PEMFC operation. In operando HE-XRD patterns for pure Pt and Pt-TM nanoalloy 

catalysts are summarized in Figure 1. As can be seen in the Figure, the HE-XRD patterns exhibit 

a few strong, Bragg-like peaks at low diffraction angles and almost no sharp features at high 

diffraction angles. This rendered the well-established, sharp Bragg peaks-based procedures for 

characterizing the 3D atomic structure of bulk metals and alloys difficult to apply to the ORR 

catalysts studied here. Therefore, in operando HE-XRD patterns were analysed in terms of 

atomic PDFs which have proven very useful in structure studies of metallic NPs.S18,S19 

Derivation of atomic PDFs from HE-XRD patterns is described in Section vi) below. Note that 

for a given amount of atomic species in a spherical NP, the surface area that can be associated 

with the species, usually referred to as a geometric surface area (GSA), is inversely proportional 

to the diameter, i.e. size of the NP. Studies have shown that, in general, the GSA and the so-

called electrochemical active surface area (ECSA) of metallic NPs used as ORR catalysts are 

related to each other. Hence, changes in the former can be used as a relative measure of changes 

in the latter.S20,S21 The average size of fresh and cycled pure Pt and Pt-TM alloy NPs was 

determined from the full width at half maximum (FWHM) of the strongest Bragg-like peak in 

the respective in operando HE-XRD patterns using the Scherrer formalism.S22 As it may be 

expected, results showed that the cycled NPs grow in size, that is, their GSA decreases during 

the PEMFC operation.S3,S23  Changes in the GSA of cycled NPs during the PEMFC operation are 

summarized in Figure 6.

vi) Derivation and interpretation of atomic PDFs for Pt-TM nanoalloy catalysts

Experimental in operando HE-XRD patterns for pure Pt and Pt-TM alloy NPs were corrected for 

experimental artifacts, in particular for the strong background-type scattering originating from 

the PEMFC hardware, and then used to derive the so-called total structure factors defined as: 

                S(q ) = 1 +                                   (S2),)(/)()(
22. qfcqfcqI iiii

coh  



 

where Icoh.(q) are the coherently scattered x-ray intensities, ci and fi(q) are the concentration and 

x-ray scattering factor, respectively, for atomic species of type i, where  i= Pt, Ni, Co and/or Cu. 
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The structure factors were Fourier transformed into the so-called total atomic PDFs, G(r), as 

follows: 

                 ,                                                              (S3)



max

0

)sin(]1)([2)(
q

q

dqqrqSqrG


where q is the magnitude of the wave vector (q=4sin/), 2 is the angle between the incoming 

and outgoing x-rays,  is the wavelength of x-rays used (0.1458 Å), r is the radial (real space) 

distance and qmax extends to 25 Å-1. Experimental in operando atomic PDFs for pure Pt and Pt-

TM alloy NPs are shown in Figure S6. Note that the Fourier transformation is a unitary operation 

and so does not alter in any way the atomic-structure relevant information contained in HE-XRD 

patterns.S18,S24  

As defined, the atomic PDF G(r) = 4πr[ρ(r)-ρo], where ρ(r) and ρo are the local and 

average atomic number density, respectively. Hence, G(r)s peak at real space distances 

separating pairs of metal atoms, immediate and all farther neighbors, within the studied NPs. The 

area under the peaks is proportional to the number of atomic pairs at those distances. In 

particular, the first PDF peak reflects metal-to-metal atom bonding distances and coordination 

numbers. Furthermore, since surface atoms at the opposite sides of NPs are separated the most, 

PDF peaks at higher-r distances largely reflect pairs of atoms close to the NP surface. Therefore, 

experimental atomic PDFs are sensitive to the atomic-level structure throughout metallic NPs 

(typically < 15 nm) explored for catalytic applications, including the NP surface. This fact may 

not come as a surprise since i) atoms at the surface of such NPs occupy a substantial fraction of 

their overall volume (~ 30 % in the case of the NPs studied here) and  ii) XRD is known to be 

sensitive to the volume fraction of the constituents of a metallic material down to a few %. 

vii)  X-ray photoelectron spectroscopy (XPS) studies on fresh Pt-TM alloy NPs   

The electronic properties of near-surface Pt atoms in fresh Pt and Pt-TM alloy NPs were 

investigated by XPS. Measurements were done on a Kratos AXIS Ultra DLD spectrometer 

equipped with a monochromatic Al source. The spectrometer was calibrated using the C 1s peak 

at 284.8 eV, Cu 2p3/2 peak at 932.7 eV and Au 4f7/2 peak at 83.96 eV as internal standards. The 

pass energy was fixed at 20 eV for the detailed scans. Exemplary XPS Pt 4f spectra are shown in 

Figure S13. Data in the Figure indicate that, in addition to finite size effects, the electronic 

structure of Pt atoms changes with the type of TM atoms, and the change is different for the 

different NPs. 
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xi) 3D structure modeling 

Structure models shown in Figures S10-S12 were built by MD simulations. The simulations  

were carried out with the help of computer program LAMMPS 24 under canonical NVT ensemble 

in the absence of periodic boundary conditions. Velocity Verlet algorithm with a time step of 2 fs 

was used. Initial model atomic configurations were equilibrated for 200 ps at 400 oC, which is 

just about the temperature at which Pt-TM alloy NPs were post-synthesis treated. The models 

were then cooled down to room temperature (300 K) in steps of 50 oC and again equilibrated for 

100 ps.

Reverse Monte Carlo (RMC) simulations were used to refine further the MD generated models. 

In the spirit of RMC simulations, positions of atoms in the MD models were adjusted as to 

minimize the difference between the model computed and respective experimental atomic PDFs. 

During the simulations Pt and TM atoms were constrained both to maintain as maximal (i.e. as 

close to 12) as possible coordination numbers and, at the same time, not to come closer than pre-

selected distances of closest approach (~ the sum of their radii Rij). The distances were 

determined from the positions of the first peak in the experimental atomic PDFs. During the 

simulations, model’s energy was described by pair-wise potentials taken from literature sources 

and maintained as close as possible to its value achieved by MD. Nevertheless, when necessary, 

models underwent a sequence of MD and RMC runs.  The success of the simulations was 

evaluated using a goodness-of fit indicator, Rw, described below. Simulations were done with the 

help of a new version of the program RMC++. 25. More details of modelling the 3D structure of 

metallic NPs by joint MD and RMC computations can be found in ref. [S19]. 

x) Evaluating the quality of model nanostructures for pure Pt and Pt-TM alloy NPs

The overall quality of tested model nanostructures was also evaluated by computing model’s 

quality factors, Rw, defined as:S18,S24

                                                                               (S4)                                                 
2/1

2.exp

2..exp
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where Gexp. and Gcalc. are the experimental and model computed atomic PDFs, respectively, and 

wi are weighting factors reflecting the experimental uncertainty of the individual Gexp. data 

points. Here wi(Gi
exp)  were considered to be uniform which, as predicted by theory S21 and 

largely corroborated by experiment,S26-S28 is a reasonable approximation.  Note that typical 

values of Rw for good quality structure models are in the order of 15-25 %. 
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Figure S1. Representative TEM (first and third row) and HR-TEM (second ant forth row) 
images for fresh Pt-TM alloy NPs (TM=Ni, Co, Cu). The NPs appear with an average size of 8.7 
(1.5) nm and rounded shape. Also, as the lattice fringes in the respective HR-TEM images 
indicate, the NPs are fairly crystalline. Note that the “”  deviation from the average NP size is 
the half width at full maximum of a gaussian-like distribution of sizes extracted from 
populations of several hundred NPs sampled by different TEM images. Size bars are highlighted 
for better visibility.
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     Figure S2. Custom-built PEMFC for in operando HE-XRD and EDS studies on ORR 
     nanocatalysts as set up on a translation stage and used at the beam line 1-ID-C at the 
     Advanced Photon Source, Argonne. The PEMFC cathode side looks into a 2D detector  
     used to collect x-rays scattered from the PEMFC cathode (ORR) catalyst. A Si Vortex 
     detector is used to collect EDS spectra from the catalyst. Gas lines supplying the 
     PEMFC anode and cathode with H2 and humidified N2 gas, respectively, are clearly 
     visible. A heater wrapped around the cell (in brown) helps maintain the PEMFC operating 
     temperature at 80 oC.  
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Figure S3. Selected polarization curves representing the PEMFC current output recorded 
during the electrochemical cycling of Pt-TM nanoalloys (TM=Co, Ni) under humidified N2 
atmosphere. The curves tend to collapse, i.e. the PEMFC current output diminishes, during 
the cycling (see the solid black arrows on both sides of the curves). As discussed in the text, 
the observation indicates a diminishing of the apparent ORR activity of studied nanoalloys 
during the PEMFC operation.  Note that, due to a limited display of the diffusion limited 
current as well as potential difference due to IR drops, the CV curves look like a loop, i.e. 
near featureless in the particular narrow window of fast potential cycling (0.6 to 1.0 V). The 
CV curves definitely do not exhibit a pure resistor’s behavior but are related to Pt 
oxidation/reduction reactions. That is because a pure resistor would show much smaller 
currents with a much smaller rectangular-like loop.  Indeed, the polarization curves presented 
here resemble very much curves reflecting the kinetics of formation and reduction of surface 
oxide for Pt catalysts cycled inside PEMFCs under humidified N2 atmosphere (e.g. see Figure 
3 in ref.[S5]).  As an example, changes (in %) in the area of the curves for cycled 
Pt12Ni53Co35 NPs, which are related to changes in the oxidation/reduction charge during the 
PEMFC operation [S14], are shown in Figure S4. As can be seen in the Figure, relative 
changes in the PEMFC current output at 0.9 V on the polarization curves and area of the 
respective curves with the potential cycling are highly correlated, providing a consistent 
picture of the evolution of the apparent ORR activity of studied Pt-TM nanoalloys under 
operating conditions.   
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Figure S4. Relative changes in the apparent ORR activity of cycled Pt12Ni53Co35 NPs. 
The changes are evaluated from the decay of the PEMFC “redox” current at 0.9 V on 
polarization curves (dark triangles) and collapse of the area of the respective 
polarization curves (red circles). The latter is related to changes in the 
oxidation/reduction charge during the PEMFC cycling [S14].
.
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Figure S5.  Relative change in the electrocatalytic activity of  Pt-TM nanoalloys cycled 
inside a PEMFC (red traingles), as  derived from the decay of the PEMFC “redox” current 
output at 0.9 V on the respective polarization curves. Relative change in the electrocatalytic 
activity of the same nanoalloys (black squares), as derived from data obtained on a standard 
3-electrode laboratory cell.  Laboratory cycling has been done between 0.6-1.2 V (vs. RHE) 
in N2-saturated 0.1 M HClO4 solution. The respective ORR activity vales are determined by 
measuring the kinetic current of RDE curves at 0.8 V vs. RHE in O2 saturated 0.1 M HClO4 
solution. Dotted black line is a guide to the eye. Trends of data for relative changes in 
electrocatalytic activity obtained by in operando and Lab experiments are seen to agree rather 
well. Note that in operando data for Pt12Ni53Co35 NPs are those shown in Figure 6e. Data for 
Pt45Ni33Co23 and Pd51Cu49 NPs are obtained in our prior in operando studies described in refs. 
[S26 and S27]. 
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Figure S6. In operando atomic PDFs for pure Pt and Pt-TM alloy NPs (TM=Ni, Co) 
derived from the respective HE-XRD data sets shown in Figure 1.     
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Figure S7. Exemplary EDS spectra for (black line) fresh and (red line) 300 min cycled (~1600 
cycles) Pt-TM alloy NPs (TM=Ni, Co). Relative changes in the intensity of spectral lines 
(follow the vertical arrows) reflect changes in the chemical composition of the NPs. The 
changes are due to leaching of TM species induced by the highly corrosive conditions at the 
PEMFC cathode. Note that values for the chemical composition of fresh NPs determined by the 
independent ICP-AES and EDX experiments carried out here are virtually the same.
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Figure S8. (first row) Mass distribution (loading) of fresh (left), 150 min (middle) and 300 min 
(right) cycled Pt12Ni53Co35 alloy NPs over a 4.5 mm x 4.5 mm area of the MEA. The distribution 
is irregular showing large fluctuations (up to ~ 200 %) from the average catalyst loading for that 
area. (second row) Distribution of Pt species over the same MEA area. The distribution is 
normalized against the average chemical composition of the NPs, as determined by EDS. Note 
that, due to leaching of both Ni and Co species during the PEMFC operation, the average 
chemical compositions of the NPs changes from Pt12Ni53Co35 to (300 min cycled) Pt45Ni36Co19 
(follow the dotted arrows). Nevertheless, the chemical composition of the NPs at different spots 
of the membrane do not exhibit large fluctuations about the average value. 
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Figure S9. In operando atomic PDFs for Pt12Ni53Co35 alloy NPs undergone 5 hours of 
potential cycling inside the operating PEMFC. As a result, the average chemical 
composition of the NPs has changed to Pt45Ni36Co19, as determined by EDS (see Figure 
S7). The PDFs are derived from HE-XRD data sets collected from 4 different spots of the 
MEA, whereat the mass loading the NPs exhibits large fluctuations about the average 
value. The PDFs are near identical indicating that the NPs at the respective spots have a 
very similar atomic-scale structure.     
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Figure S10. (left) Representative HAADF-STEM image and elemental maps of Pt45Ni33Co22 

nanoparticle cycled for 300 min. The maps indicate that the cycled particles are likely to 
possess a TM rich core-Pt rich shell type structure. (right) In operando (symbols) and 
computed (red line) atomic PDFs for the NPs. The computed PDFs are derived from structure 
models shown as insets. Residual difference (blue line) between the experimental and model 
computed PDFs is shifted by a constant factor for clarity. Among others, a model featuring a 
particle with a core and shell somewhat rich TM and Pt species, respectively, approximates the 
experimental data to an acceptable level. The agreement between the findings of independent 
HAADF-STEM and structure modeling studies testifies to the reliability of “nanophase” 
analysis based on atomic PDFs. Pt, Co and Ni atoms are in gray, green and red, respectively. 
Note that due to leaching of TM species during the potential cycling, the chemical composition 
of Pt45Ni33Co22 NPs changes to Pt59Ni23Co18 (follow the horizontal broken line).
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Figure S11. Larger size rendition of the structure models shown in Figure 5. The models 
feature ~ 8.7 nm fcc particles with a spherical shape and relevant chemical composition. 
Pt, Co and Ni atoms are in gray, green and red, respectively.
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Figure S12. Larger size rendition of the 3D structure models shown in Figure 6. Models for 
activated and respective fresh nanoalloy catalysts are shown. The models feature ~ 8.7 nm fcc 
particles with a spherical shape and relevant chemical composition. Pt, Co and Ni atoms are in 
gray, green and red, respectively.
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Figure S13. Typical XPS Pt 4f 7/2 spectrum for fresh pure Pt and Pt-TM alloy NPs. 
Spectral lines (dotted arrows) for the NPs appear shifted to higher energies as 
compared to that (71.09 eV) for bulk Pt (magenta arrow). Furthermore, the shifts 
for the different NPs appear different in magnitude. Note that the Pt 4f5/2 spectral 
line is also seen at a higher binding energy. 



S25

Figure S14. (left) In situ HE-XRD patterns for 300 min cycled (End-of-Test /EOT/red 
line) and respective fresh (Beginning-of-Test/BOT/black line) Pt-TM nanoalloy 
catalysts (TM=Ni, Co).  FCC-lattice parameters obtained from the patterns using 
Rietveld refinement are shown for each data set. (right) FCC-lattice parameters for 300 
min cycled (closed symbols) and respective fresh (open symbols) catalysts vs. their 
chemical composition expressed in terms of Pt percentage. The percentage is obtained 
by ICP-AES and confirmed by EDS. The parameters are obtained from the HE-XRD 
patterns on the left. Solid black arrows link data for a given pair of fresh and cycled 
catalyst. Magenta dotted line represents the expected composition dependence of the 
lattice parameter for Pt-TM alloy obtained from the elemental volumes of the 
intermixed atomic species (eq. 3 in the text). Red dotted line represents the expected 
composition dependence of the lattice parameter for Pt-TM alloy obtained from the 
elemental volumes of the intermixed atomic species plus a quadratic correction term 
involving a quantity Ω referred to as an “excess volume” in the text (eq. 4 in the text). 
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       Composition

       fresh/cycled

 Fcc lattice parameter 

      fresh/cycled

       Structure type   

        fresh/cycled 

                Pt/Pt      3.920 Å/3.924 Å            fcc/fcc

       Pt68Co32/ Pt81Co19     3.855 Å/3.862 Å  fcc ordered alloy/

 fcc disordered alloy

Pt58Ni17Co25/ Pt72Ni16Co12     3.825 Å/3.838 Å  fcc disordered (?) alloy/

 fcc disordered (?) alloy

Pt37Ni39Co24/ Pt56Ni16Co26     3.750 Å/3.789 Å  fcc disordered (?) alloy

 fcc disordered (?) alloy

Pt12Ni53Co35/ Pt40Ni39Co21     3.639 Å/3.740 Å   fcc disordered (?) alloy

 fcc disordered (?) alloy

Table S1. Fcc-lattice parameter and nanoalloy type of fresh and 300 min cycled Pt-TM NPs 
obtained by a traditional analysis of their atomic PDFs. The question mark (?) indicates an 
increased level of uncertainty concerning the nanoalloy type. The uncertainty arises from the 
decreased quality of the respective fcc lattice-constrained fits.


